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ABSTRACT
Several methods have been proposed for sale and payment mechanisms in electricity markets; but, 
appropriate evaluation of this mechanisms is so difficult. The offer cost minimization (OCM) has been 
presented previously for solving this problem which minimizes the total offer cost through the evaluation 
by locational marginal prices (LMPs). In recent years, payment cost minimization (PCM) method is 
suggested which directly minimizes the consumer payments and is more complicated than OCM in terms 
of framework and converting to single-level linearized optimization problem as well as computational 
burden. In the current study, a new meta-heuristic optimizer has been proposed for to PCM through 
solving the joint energy-reserve PCM problem. The achievements are put in comparison with conventional 
model based offer cost minimization through various studied cases.  
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1. INTRODUCTION
The Unit Commitment (UC) can be modeled 

as a problem of optimization in which the on/
off condition and percentage of generation of a 
generators’ set are determined so that a specified 
goal, for example minimized cost of energy, is 
obtained [1]. Presence of many generations, large 
coverage that lead to a big power network with 
many limiters like limitation in correlation of 
supply and demand, ability of transmitting sector, 
efficient higher and lower generation bounds 
and mid-term restrictions in production and 
restrictions in reserving, lead to an large problems 
of optimization such as integer variables (i.e., 
the number on/off condition of the generators 
hourly) and constant variables like percentage of 

generation and committed reserve (CR) of each 
power generators hourly. The objective functions 
(OF) and restriction are basically non-linear. 
Accordingly, we can present the UC problem as 
nonlinear, big scale, mixed integer, and restricted 
problem of optimization [2]. 

Having similarities with the base UC, for 
market clearing (MC), the auction system of 
Offer Cost Minimization (OCM) has been used to 
many power markets [3]. Hence, marginal pricing 
(MP) approach that is well-known recently is 
usually performed in prices regulating [4]. Trade 
techniques defined by OCM auction and MP 
are inconsistent in [5, 6]. Assuming that the MP 
is the proper approach of pricing, the aforesaid 
inconsistency causes to a problem considering 
the auction structures. Hence, we recommend the 

http://creativecommons.org/licenses/by/4.0/.
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PCM as a replacement. Different models have been 
applied for dealing with OCM UC problems with 
[7,8] and without [9,10] consideration of reserve 
challenges. Moreover, a variety of methods are 
implemented in solving PCM problems. In [11], 
the authors implemented dynamic programming 
in dealing with the plain UC problem in PCM 
structure. In [5], the authors used Augmented 
Lagrange Relaxation (ALR) procedure by dealing 
with a PCM UC problem. The alternative method 
initially implemented by [12] which applied by 
[3] and [13] in facing the indivisible Lagrangian 
problem as well. The extent of use of this method has 
been demonstrated in diverse studies. In [14], [15], 
[16] and [17], the authors solve the same problem. 
To have a monotonic cost, Market Clearing Price 
(MCP) has been used. A number of studies has 
made comparison between the achievements of 
PCM and OCM systems like [18], [19]. In [18], 
[19], [20], [21], [22] the authors debated on the 
feasibility of achieving lesser MCP by PCM system. 
An essential tool for obtaining payment of the 
customer can be calculated by applying Lagrange 
multipliers (LM) that are unknown before the 
optimization. Hence, a PCM defines as a self-
referring problem (SRP). The mono optimization 
technique was implemented on solving the SRP 
used in different studies like [6], [23] where the 
higher-level optimization is a PCM UC problem, 
which gives the state of generators and the lower-
level optimization is an OCM OPF that gives the 
percentage of generation and generator LMPs. 
Regarding to the fact that the obtained results of 
Optimal Power Flow (OPF) are the same in OCM 
and PCM models so, we can assume lower-level 
optimization as OCM. The solution for the upper-
level optimization mustn’t violate the practicality 
and optimality of the lower-level one. In most of 
the earlier literature e.g. [6], Karush–Kuhn–Tucker 
(KKT) conditions was considered as substitutes for 
the lower-level problem. A number of literatures 
have implemented branch and cut procedure for 
dealing with the aforementioned problem, e.g. [23]. 
To show some the critical comparison of presented 
references a key table is presented through some 
published works review.

In [24], the authors have presented a price-
based market clearing method and one of the main 
factors compounding to the complexity is because 
the LMPs are parameters associated with decision. 
They proposed an equation for a mixed-integer 
nonlinear bi-level structure considering bilinear 

conditions. In [25], the authors have studied the 
outcomes of this approach. Payment minimization 
(PM) objectives are getting famous in various 
utilizations in electrical structures. As an example 
in [16], the differences between loss minimization 
and loss payment minimization strategies were 
investigated. 

Despite the fact that branch and cut techniques 
(BCT) are extensively applied to deal with the 
problem of clearing in OCM system, several 
particular characteristics of PCM system needs 
more time to solve. This issue is further debated 
in 4.1. Hence, a number of earlier contribution 
have proposed some workarounds for enhancing 
the process of solving problem of PCM. In [26], 
a technique for omitting some of branching 
processes in branch and cut approach have been 
suggested. But this approach can result in far less 
optimization. In [27], an approach was performed 
to evaluate the condition for the target of knowing 
of generators hourly, which is taking too much time, 
and also it is necessary to notice that it may not be 
effective or cost-efficient to perform with mid-term 
restrictions, for example the minimized on/off time 
of generators and ramping restrictions. In [28], 
MIGA for solving a problem of PCM is performed, 
which finds continuous variables (percentage of 
generation, power generator’s CR and MCP) also 
integer variables (on/off state of generators). Due 
to the trouble of performing with restriction of 
association of power fee and other continuous 
variables considering the optimization in genetic 
method, the technique used in [28] is taking too 
much time. No workaround exists to enhance the 
solution.

Despite [28], we take bi-level programing 
scheme into account, implement an integer 
genetic technique in searching for integer 
parameters (upper-level problem) and apply linear 
programming procedure in dealing with the OPF 
and searching for continuous parameters (lower-
level problems). Furthermore, various formulas 
have been suggested for enhancing the solution 
and concluding a general optimization. Moreover, 
a procedure is implemented here which makes use 
of bi-level framework, transforms the problem to 
an identical problem with only one level, makes the 
objective function and the limitations linear and 
finally implements the branch and cut procedure. 
A comparison is made on the outcomes in terms of 
the optimization and required time of the suggested 
approach.
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Considering the initialization, the solution 
causing power generation less than demanded 
or the minimum production more than the 
demanded are not assumed. The restriction of 
binary parameters of problem have been addressed 
in the initialization step. The technique prevent the 
population generation from time-consuming.

Few references tackled the problem of joint 
energy-reserve PCM (JER-PCM). A reserve 
MCP is the highest approved offer rate defined 
the payments for reservation in [5]. In [29], [30], 
[31], [32] and [33] the energy Locational Marginal 
Prices (LMPs) have been computed at demanded 
side, when the supply-side Reserve MCP (RMCP) 
has been applied to compute the reserve payments 
(RP). In this way, the minimized payment is neither 
the payment to the suppliers nor the consumers’ 
payment. It can be so useful that the solution of 
PCM problem provide the prices which solve the 
issues of market settlement at one side. This work 
provides a procedure for solving the JER-PCM 
problem, based on the restrictions of network. 
Prices of reserve and energy have been evaluated 
at the provisioning rate. Due to the nonlinearity in 
the problem formulation it is a SRP Mixed Integer 
Nonlinear Programming (MINLP) problem. To 
solve the mentioned problem, a new bio-inspired 
optimizer has been resented that is called chaotic 
binary shark smell optimizer (ChB-SSO). 

Actually, the BCT is used widely as the solution 
method of the clearing problem under OCM 

mechanism, the PCM model includes several 
particular specifications which enhance the time of 
solution. So, some of the previous works tried to 
expedite the solution of PCM problem. A technique 
was introduced in [26] to decrease the branching 
operations’ number of BCT. Nevertheless, the 
technique proposed in [26] might cause to high 
sub-optimum solutions. This algorithm is cope with 
linearization of the problem and constrains with the 
problem of reserve assuming the “computational 
burden”. This paper’s contribution are summarized 
as follows:

● Decreasing the computational burden by 
combination of a local enhancement procedure to 
enhance the solutions with high cost of payment. 

● PCM and OCM solution based on cut and 
branch technique and an optimization algorithm 
by considering to reserve energy.

● Implementation of new meta-heuristic 
algorithm for PCM problem solution. 

● Improvement of proposed algorithm by 
increasing the exploration in local and global 
search and coupling with chaotic operator. 

The JER-PCM problem in Section 2. The 
suggested optimization algorithm has been defined 
in Section 3. The BCT is presented in Section 4 
for solving the mentioned problem. Obtained 
numerical achievements have been discussed in 
Section 5. Eventually, conclusions are presented in 
section 6.

Table 1. Comparison of published references over different methods 
 

References Method Test Case Number of decision 
variables 

Formulation 

[5] ALR 
Five deterministic and 

four stochastic case 
studies 

3 
Mathematical 
optimization 

[19] GAMS IEEE 24-bus test 
system 4 

two-step stochastic 
mixed-integer linear 

programming 

[20] 
interval-parameter 

minimax regret 
programming 

Power management 
system 

power levels, MCP 
and startup 

linear programming 
and minimax regret 

programming within a 
general optimization 

procedure 

[27] Optimization in 
MATLAB IEEE test case power levels, MCP 

and startup 
Optimization 

algorithm 

[15] Optimization by PSO 
and Neldere Mead 

four power generating 
units 3 Optimization 

algorithm 

[13] Lagrangian relaxation IEEE test case 3 Optimization 
approach 

 
  

Table 1. Comparison of published references over different methods
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2.  PROBLEM STATEMENT 
A JER-PCM problem has been defined in this 

section with assuming the transmitting restrictions 
by DC flow of power. In this model the units on 
or off states defined as the design parameters of 
problem hourly. The mentioned parameters for 
continues optimization problem are the outputted 
power, marginal cost, and the reserve marginal 
costs hourly. For this purpose, the suggested 
parameters have been defined in the following. 

2.1. PCM Problem
The first equation defines the OF of complex 

problem denoted by Nl lines, Nd nodes, and Ng 
generation units indexed by j, l and i, assumptions. 
Here, T-hour period of time indexed by t. moreover, 
u, y, and z, are respectively the indicators of on/off, 
start-up and shut-down. Pgi defines the outputted 
electricity of unit i and R denotes the CR. 

1 1
{ [ 2 ( ). 2 ( ) 1 ( ) 1 ( ) ]

2( ) ( )}

NgT

i i i i i i
t i

req

ELMP t Pg t y t SU z t SD

RMCP t R t
= =

+ × + ×

+ ×

∑ ∑  
      (1)

For the lowest up-/down-time limitations 
defined by [34]: 

1 ( 1) 1 ( 1) 1 ( 1) 1 ( )
0 1 ( ) 1 ( ) 1
0 1 ( ) 1, 0 1 ( ) 1 ,

i i i i
i i
i i

y t z t u t u t
y t z t
y t z t i t

+ − + = + −
≤ + ≤
≤ ≤ ≤ ≤ ∀

  
      (2)

Additional constrains are presented in lower-
level problem as OCM. 

2.2. OCM Problem
In this problem, the OF is the energy and 

reserve’s overall cost. The segments’ number in the 
offer of unit i is defined by NSi. SLi,s and pi,s denote 
the offered rate (OR) and generation of unit i in 
segment s. The OR for reserve supply has been 
defined by Q.

, ,
1 1 1

{ ( ) 2 ( ) ( ) 2 ( )}
iNSNgT

i i i s i s
t i s

Q t R t SL t p t
= = =

× + ×∑∑ ∑  (3)

In subsequent, the production-load trade-off 
limitation hourly (Eq. (4)); the needed reserve (Rreq) 
limitation (Eq. (5)); the lowest/highest outputted 
limitations of units (Eq. (6)); the limitations 
on production of units in every segment (Eq. 

(7)); the ramping up/down limitations (Eq. (8)); 
highest accessible reserve limitations (Eq. (9)); 
Line/Transformer flow limitations (Eq. (10)) have 
been defined. Consequently, the demand at bus 
j is defined by Pdj and MSR refers to the highest 
sustainable ramp rate and superscript “of” shows 
the highest OR. X is the “DC load flow matrix’s” 
inverse. The reactant, sending and receiving end of 
line l have been respectively defined by xl, sendl and 
recl.

1 1
( ) 2 ( ) 0 ( ( ) 0)

NgNd

j i
j i

Pd t Pg t t tγ
= =

− = ∀ ≥∑ ∑  (4)

1
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i
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{1    if unit i is connected to bus j
0       otherwiseijBG                              (13)
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≤

                         (14)

2.3. ELMPs and RMCP in Generation-side
For the problem of OCM, the LMs of the 

limitations have been applied to achieve the 
energy locational marginal prices (ELMPs) and 
reserve market clearing price (RMCP). ELMP at 
bus j defines the change rate in the cost of system 
regarding the demand enhancement at bus j. then:

( )
1

( ) ( ) . ( ) ( )
bN

j lj l l
l

ELMP t t a t t tγ ϕ ϕ+ −

=
= − − ∀∑  (15)

Moreover, the RMCP is achieved by the LMs of 
the problem of OCM. In this section, the reserve’s 
MP has been denoted as the amount of reduction 
in the cost of system while 1 MW free extra reserve 
has been suggested. Consequently, the reserve’s MP 
is the highest OR that is approved. Mathematically, 
a binary variable has been applied for every reserve 
provider showing if or not the RO was approved 
(w2i). In Eq. (16), M defines a adequately big 
positive constant. Problem of RMCP is formulated 
as below: 

2 ( ) 2 ( ).i iR t w t M≤  (16)

( ) 2 ( ). ( )i iRMCP t w t Q t i≥ ∀   (17)

3. PROPOSED ALGORITHM FOR PCM 
SOLUTION
3.1. Chaotic-Binary SSO

The proposed chaos binary shark smell 
optimizer (ChB-SSO) has been presented to solve 
the PCM problem. At first, the original design 
of the technique has been introduced. Then, 
the enhancements are defined for increasing its 
searching capabilities.

A. Review on SSO 
This method is proposed recently by Abedinia 

et al. [35], and is population base algorithm which 
is motivated by shark’s abilities to find the prey as 
optimal answer. Here, the shark motion is on the 

basis of odor concentration through smell sense. 
Detail of this optimization algorithm is presented 
in [35]. In the following, implementation of this 
algorithm is presented to proposed problem as:

A.1. Initializing
This optimizer begins by generating the first 

amounts of design parameters that is defined by 
shark location as individuals of the algorithm:

1 1 1
i 1 2SX =[sx ,sx ,…,sx ], =Population SizeNP NP   (18)

here the ith first location vector is indicated by 
1
isx , i.e. ith first competitor solution. The speed for 

each member has been defined as below:

1 1 1
,1 ,2 ,SP [sp ,sp ,…,sp ], 1,...i i i i ND i NP= =  (19)

where 1
,i jsp  is the jth design parameters that 

is created by random in each member authentic 
interval. Therefore, each OF for associated 
population is determined by OF(SXNP) and can be 
stored for each one after computation. First, this 
optimizer begins which 0 as number of iteration. 

A.2. Process of Movement 
After initializing, the shark goes to get the 

prey based on “forward” and “rotational” motion 
integration. Thus, the direction of shark by high 
odor concentration can be as follows:

( ). 1. . 2.

1,..., , 1,... , 1,...,

1,, ,
OFsp R sx R sp
x

j ND i NP m M

m m mm i j mi j i jj
µ α∂

= +
∂

= = =

−

 

(20)

Here, the OF gradient can be stated by ( )OF∇  
and μm defines as the gradient constant. The number 
of stage is denoted by m and M that is the highest 
amount of steps by process of forward movement 
(FM). For the rest free variables in (20), the μm and 
αm ∈ (0,1], R1 and R2 have been created between 
0 and 1.  

For the shark velocity constraint, the (20) as:

( ). 1. . 2.

, .

1,..., , 1,..., , 1,...,

1
, ,

,
1

,

OFR sx R sp
xsp Min

sp

j ND i NP m M

m mm mi j i jm j
i j

mm i j

µ α

γ

 ∂ +
 ∂

=  
 
 
 

= = =

−

−

 

(21)



S. Mobayen

Journal of Smart Systems and Stable Energy, 1(2): 166-182 Spring 2022 171

here γm denote the higher bound of current 
speed as concerns the former one. Each component 

,
m
i jsp  of the vector m

iSP  is defined by (21). For the 
shark’s global searching, the updated location 
assessment is defined by 1GYm

i
+ , as follows:

1GY =SX . 1,..., 1,...,m m m
i i i mSP t i NP m M+ + ∆ = = (22)

here, Δtm is the period of time for mth step. Thus, 
the shark’s local searching is as below: 

1, 1 1=GY 3.
1,..., 1,..., 1,...,

m l m m
i i iNX R GY

l L i NP m M

+ + ++ ∆

= = =  
(23)

here, R3 is created by random in the range 
(-1,+1); L is the points’ number in the local 
searching of each step. 

The optimum point has been chosen by shark 
that is defined in this optimizer as below:

1 1 1,1 1,SX =argmax{ (GY ), (NX ),..., (NX )}
1,...

k m m m L
i i i iOF OF OF

i NP

+ + + +

=
(24)

B. Proposed Enhancement
Chaotic Enhancement: In this step, SSO is 

modified to enhance its abilities in global and local 
searching. For this purpose, the chaos theory is 
considered by logistic map (LM) which generated 
by random for covering different regions in search 
space [36]. Accordingly, after calculation of (26) for 
every member cause to creation of GYiit+1, where 
the rest competitor solutions will be calculated 
through chaotic model as:

1,1 1 1
, , , , ,GY GY .(GY )

1,2,..., , 1, 2,...,

m m m m m
i j i j i h i j i jChao chm SX

j ND i NP

+ + += + −

= =
                                                            

 (25)

1,2 1 1
, , , , ,GY GY .( )

1,2,..., , 1, 2,...,

m m m m m
i j i j i h i j i jChao chm SX GY

j ND i NP

+ + += + −

= =

                                                      
 (26)

1,3 1
, , , , ,GY .( )

1,2,..., , 1, 2,...,

m m m m m
i j i j i h i j i jChao SX chm SX GY

j ND i NP

+ += + −

= =

                                                              
 (27)

1,1 1
, , , , ,GY .(GY )

1,2,..., , 1, 2,...,

m m m m m
i j i j i h i j i jChao SX chm SX

j ND i NP

+ += + −

= =

                                      
 (28)

here the produced number of chaos for jth design 
variable is presented by chmit

i,j for ith individual in 
mth iteration. Also, it is performed by LM function 
as follow:

1 1
, , , ,

0 0
, 4 ,

4. .(1 ) 0 1

, {0.25,0.5,0.75}

m m m m
i j i j i j i j

i j i j

chm chm chm chm

chm md chm

− −= − < <

= ∉
                                             

 (29)

In this relationship, the suggested LM function 
generate further diverse amounts for chmit

i,j in the 
range (0,1) in evaluation process of algorithm. 
Accordingly, the (24) can be rewrite as follows: 

1 1 1,1 1,2

1,3 1,4 1,1 1,

SX =argmax{ (GY ), (ChaoGY ), (ChaoGY ),

(ChaoGY ), (ChaoGY ), (NX ),..., (NX }

m m m m
i i i i

m m m m L
i i i i

OF OF OF

OF OF OF OF

+ + + +

+ + + +

                                              
 (30)

Binary Improvement: The SSO, is a continuous-
based optimizer because of gradient computation in 
(20). For improving the capability of this optimizer 
it is changed to binary design based on its variables 
through the binary integer decision variables. Thus, 
the suggested change to binary domain (BD) Bin(.) 
can be proposed as follows for the binary variables 
through real coded model:

,
, ,

,

0.5. (0,1) 0
( )

1 0.5. (0,1) 1
i j

i j i j
i j

Rand if sx
bsx Bin sx

Rand if sx
== =  − =

 (31)

where the Rand(0,1) defines a variable created 
in (0,1) randomly. After this equation, each member 
can be generate in BD and they can mapped to 
real value of bsxi,j in the range (0,1) as actual form. 
Thus, all binary members’ converter to acceptable 
form in all steps of FM, rotational movement (RM) 
and chaos improvement. At the end, all developed 
members will changed to related format by the 
function of sigmoid as:

,
,

1( )
1 exp( )i j

i j

Sig bsx
bsx

=
+ −

                                                        (32)

here the ,( ) (0,1)i jSig bsx ∈  and ,( )i jSig bsx is 
changed to related binary domain by the following 
equation:

,
,

,

1 (0,1) ( )
0 (0,1) ( )

i j
i j

i j

Rand Sig bsx
sx

Rand Sig bsx
<=  >

                                                     (33)
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The proposed algorithm main structure based 
on binary and chaotic movements is presented in 
Fig. 1. 

3.2. ChB-SSO Implementation for Solving PCM
The performance of suggested meta-heuristic 

optimizer has been defined herein for solving the 
problem of PCM. Even though PCM includes lots 
of benefits toward other clearing techniques, the 
high time level for solution might disprove use of 
PCM for MC. The application stages of suggested 
method is defined as follows:

● Initialization: the suggested population of 
algorithm is made based on binary parameters 
explained in section two for on and off status for 
generation units. In this step, to accelerate the IP 
generation, the constraints includes of unit min 
up-/down-time limitations on the problem binary 
parameters managed. 

● The solution space’s covering: for covering the 
solution space, the lowest interval of every binary 
solution from the rest in the IP must be higher than 
a predetermined amount. In the studied cases it is 
assumed to be enough for each 2 solutions in the IP 
to obtain minimum one various binary parameter. 

● Suggested improvement: here, the solutions 
are created by improved design of suggested 
optimizer in global and local searching. So, the 
infeasibilities will remove and even enhance the 
solution by the system units’ particular features. 

Another function is to enhance the possible 
solutions by altering the condition of a set of the 
units at the same time after the chaotic setting 
procedure to test if a more proper solution will be 
achieved. 

● Penalty functions: the suggested technique 
can eliminate the impossibilities and enhance 
the answers by local enhancement procedure. 
However, if this enhancement not succeed, a 
proper function of penalty can be assumed to the 
base fitness. Therefore, violations of min-up/-
down time limitations can be assumed as the initial 
factor as defined in (31). Moreover, violations of 
transmitting limitations can be assumed as the 
second factor of penalty. A very big penalty function 
willl be considered to the prior fitness of the PSM 
optimization while the OCM is impossible due 
to the constraints of network. However, whereas 
the penalty factor cannot give the degree of 
impossibilities then, it will not be proper. Thus, the 
cost of load shedding (LSh) can be considered to 
the OF of the OCM also problems of PCM. When 
the LSh has been assumed in every bus.
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here, M1 refers to a very big constant and MDT, 
MUP and MDP define respectively the unit lowest 
down-time, lowest up-time penalty and lowest 
down-time penalty. Unit up-/down-time from 
hour t to the later unit shutdown/startup is defined 
by UT(t)/DT(t). 

4. APPLICATION OF BRANCH AND CUT 
METHODS FOR PCM SOLUTION

In [23], it is reported that it is feasible to change 
the aforesaid mixed-integer (MI) problem  to a 
linearized MI problem with just 1 level, then is 
feasible to find solution by performing commercial 
BCT uses that are accepted to give a converged 
achievement in restricted iterations. The problem 
with lesser-level will be replaced by same KKT 
terms of optimization and terms of nonlinear 
should be created linear by suitable techniques, 
which is explained in the following.

The primal practicality terms (PPT) in the 
proposed formulas are parity constraints. Also, 
the double practicality are linear. The terms of 
optimization in Lagrange are linear too. The 
multiplication of produced electricity and ELMPs 
of the OF lead to terms of bilinear. By the KKT 
states in formulas (35) to (40), it is feasible to change 
terms aforesaid into linear descriptions. PPT 
associated to constraints considering load trade-off 
in formula (4), has been defined in formula (35). 
The supplementary slackness terms (SST) relating 
constraints of imparity in formula (10) considering 
lesser-level optimization has been shown in 
formula (36). After several calculations, formula 
(37) and next formula (39) have been achieved by 
formula (37). It is feasible to create bi-linear terms 
associated to multiplication of produced electricity 
and ELMPs by performing formulas (35), (38), (39) 
and (40) [37,38,39].
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Parity SST relating to the higher bound of line 
flow are feasible to be transformed to MI linear 
statements. For adjusting the correspondence SST 
i.e. formula (41) to MI imparity constraint i.e. 
formula (42) a binary variable el(t) is performed 
where l is highest power flow of line and t is time as 
concerns hours. M in formula (42) is a large positive 
amount. Alternative SST imparity are feasible to be 
converted to the same MI linear constraint in the 
identical behavior.

The same mode with just 1 mode is provided, 
then, it is used to a laptop a Core™ i5 with 4GB of 
RAM and with two core and four threads @2.67 
GHz CPU performed CPLEX and GAMS.
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4.3. Process load of dealing with PCM problem 
implementing the Branch and Cut method

The OCM MCP problem performs the BCT 
properly. Although, the technique does not 
implement properly if the proposed PCM system 
used on MCP, i.e., solving the problem of clearing 
is far further time taking with PCM system than 
OCM system in the equal PC, which can be because 
of SRP of PCM problem and using further integer 
parameter and constraints at creating the same KKT 
terms of optimization with lesser-level linear. The 
other reason can be because of that after process 
of linear programming, the restricted feasible 
region by constraints explaining the LMPs and 
producers condition variables have been expanded. 
In [26], the authors stated that despite the OCM 
problem, these features of the PCM problem 
cause to fractional elements in each dimension 
in optimization that is difficult to be ignored and 
obtain a convex hull. thus, many processes of 

branching exists and similarly very time-taking 
process [28], [23]. This high time taking in solving 
PCM problem as provision for using conventional 
techniques cause to perform heuristic techniques 
besides some adjustments to speed up the process 
and improve the quality. As aforementioned, the 
suggested optimizer and LP methods have been 
performed in solving PCM problem.

5. CASE STUDIES
5.1. First Test Case

Here, the suggested ChB-SSO has been applied 
on 10-unit power structure where, its data is 
presented in [33]. Obtained achievements were put 
in comparison with generated results by BCT. The 
ORs for reserve supply have been stated in Table 2. 
A laptop a Core™ i5 480M with 4GB of RAM with 
2.67 GHz CPU is used for numerical assessment.

For the first test case, the reserve problem has 
been neglected. Obtained results of UC based 

Table 2. Reserve OR ($/MWh), 10-Unit structure 
 

Unit No. 1 2 3 4 5 6 7 8 9 10 
Up-going 5.5 5 4.5 5 3 3.5 2.5 3.5 2 2 

Down-going 4.5 4 3.5 4 2 2.5 1.5 2.5 1 1 
 
  

 

Fig. 2. UC modes of UCM and PCM with no uncertainties 
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Table 2. Reserve OR ($/MWh), 10-Unit structure
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proposed model on OCM and PCM have been 
presented in Fig. 2. The cost of system and whole 
payment have been presented in Table 3 where, 
the overall payment of PCM is lesser than OCM 
procedure. Moreover, to deal the calculating burden 
problem in PCM technique, period of 15 minutes 
has been considered to end the BCT. This time has 
been more than OCM technique as 35 seconds. 

Using suggested ChB-SSO to the PCM and 
OCM problems, 172 second for OCM and 130 
second for PCM were achieved. The convergence 
rate of suggested optimizer over PCM problem 
has been depicted in Fig. 3. In the next one, the 
problem of reserve has been included. Here, 
considering that for an hour this technique needs 
5% of the load-level for reserving volume.  The 
time of solution has been almost 38 seconds and 15 
minutes respectively for OCM procedure and PCM 
procedure. The equal standard test was applied 
by [40]. For validation, the results are compared 
with the results of paper by [40]. The coparion 
showed that both papers have equal results for the 
problem involved reserve. An efficient technique 
to solve OCM and PCM procedure is suggested 
optimizer with size of population equal to 50 and 
it is implemented in ten times. Same as the former 
technique, the achievements have been equal herein 

as the ones achieved by BCT in 8 examples for both 
procedures. The mean time of solution implemented 
almost 198 and 151 seconds to solve respectively 
the OCM and PCM problems. The achievements of 
UC by these procedures by suggested optimizer has 
been depicted in Fig. 4. Moreover, in reserve supply 
was assisted by several units depicted in Fig. 4. To 
increase the load level hourly confidence, further 
units were devoted. Overall data concerning costs 
of reserve and energy also overall energy and RPs 
by OCM and PSM techniques have been stated in 
Table. 4. 

The optimal cost of energy and payment of 
energy were enhanced if cost or payment of reserve 
has been considered in the problem, as stated in 
Table 3. It is worth noting that in PCM technique 
is enhanced the value of payment of reserve. Due 
to in PSM technique attempting to perform that 
reduces the payment of energy adversary the 
eventual payment was more and it is subject to 
further payment of reserve. 

5.2. IEEE Reliability Test System (RTS)
In [41], an investigation on improved IEEE RTS 

is provided. The hourly level of reserve is 10%. The 
profile of load is for a day in winter at 17:00. All 
of the unit were off a long time before 17:00. The 

 
Table 3. Cost of System and Overall Payment (1000 $), with no Reserve 

 
 Cost of System  Overall Payment 

OCM 555.22 574.54 
PSM 563.76 565.63 

 
  

 
Fig. 3. The suggested optimizer’s convergence for PCM problem by disregarding the reserve 
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Table 3. Cost of System and Overall Payment (1000 $), with no Reserve
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results of the proposed optimizer are as below.
Both procedures’ results are illustrated in Table 

5. In PCM procedure 20 MW units have been 
combined in order to decrease the LMPs. Due to 
the cost of startup in the unit is rather high therefor 
the overall cost has been enhanced proportionately. 
The LMP by these mechanisms depicted in Fig. 5. 
Precisely in f form can be described that the PCM 
mechanism’s cost is cheaper than the rest. The CRs 
by these procedures have been depicted in Table 5. 

Table 6 states the payments and costs of energy 
and reserve (in $) for these procedures through 
comparison with two optimization algorithms. In 
this table, the proposed optimization algorithm 
was put in comparison with genetic algorithm 
(GA) and particle swarm optimization (PSO). Fig. 
6 shows the graphic representation of table 6. It is 
noteworthy that the overall and energy payments in 
the PCM are lower than the rest, but the payment of 
reserve is unexpectedly more by this design because 

of the interactions of the solutions of problems 
related to reserve and energy. Furthermore, the 
proposed method comparison with PSO and GA, 
proof the validity of optimization algorithm over 
proposed problem. Besides this description when 
the payment of reserve enhanced consequently 
payment of energy decreases and a result in overall 
payment also decreases.

To show the efficiency of proposed model over 
high level problem, we considered another test 
case and obtained results are compared with [40]. 
In this test case, six hydro unit each in 50 MW are 
assumed by 22 bus. Furthermore, 32 generating 
units are considered through one day horizon [42-
45]. Obtained results are presented in Table 7 for 
total payments as well as costs with the solution 
time. Before comparison of the achievements, it is 
needed to mention that, for MCPs, the optimality 
of solution is insignificant than enhancement of 
solution by a specific timeframe. Accordingly, the 

 

Fig. 4. UC modes of UCM and PCM with no uncertainties 
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Table 4. Payments and Costs (1000 $), with Reserve 
 

 Cost of System  Cost of Energy  Cost of Reserve Overall payment Payment of Energy  Payment of Reserve 
OCM 564.45 562.76 4.54 623.65 616.14 4.56 
PSM 573.93 566.03 4.63 595.33 595.47 4.63 

 
  

Fig. 4. UC modes of UCM and PCM with no uncertainties

Table 4. Payments and Costs (1000 $), with Reserve
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Table 5. Reserve and Generation Given by the Units of System  
 

Bus Gen. 
Type 

gP  (MW) R  (MW) 
OCM PCM OCM PCM 

1 

U20 off 16.00 off 4.00 
U20 off 16.00 off 4.00 
U76 75.00 75.00 0.00 0.00 
U76 75.00 75.00 0.00 0.00 
Total 150.00 182.00 0.00 8.00 

2 

U20 off 16.00 off 4.00 
U20 off 16.00 off 4.00 
U76 75.00 75.00 0.00 0.00 
U76 75.00 75.00 0.00 0.00 
Total 150.00 182.00 0.00 8.00 

7 

U100 74.00 54.77 25.00 44.14 
U100 74.00 57.33 20.47 23.63 
U100 67.21 50.00 30.98 50.00 
Total 215.21 162.10 76.45 117.77 

13 

U197 110.87 110.87 0.00 0.00 
U197 111.67 110.87 0.00 0.00 
U197 125.01 125.06 21.87 6.75 
Total 347.55 346.8 21.87 6.75 

15 

U12 2.00 off 10.00 off 
U12 2.00 off 10.00 off 
U12 2.00 off 10.00 off 
U12 2.00 off 10.00 off 
U12 2.00 off 10.00 off 

U155 153.00 154.00 0.00 0.00 
Total 163.00 154.00 50.00 0.00 

16 U155 154.00 154.00 0.00 0.00 
18 U400 400.00 400.00 0.00 0.00 
21 U400 400.00 400.00 0.00 0.00 

23 

U155 154.00 154.00 0.00 0.00 
U155 154.00 154.00 0.00 0.00 
U350 350.00 350.00 0.00 0.00 
Total 658.00 658.00 0.00 0.00 

 
  

Table 5. Reserve and Generation Given by the Units of System

 

Fig. 5. LMP by PCM and OCM  
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Table 6. Results’ comparison for both procedures 
 

 Cost of System  Overall 
Payment 

Cost of Energy  Payment of 
Energy  

Cost of 
Reserve  

Payment of 
Reserve  

OCM with GA 90729.8 141142.7 85665.9 134667.1 5098 6486.57 
PCM with GA 94921.7 137156.8 88931.2 130364.1 6047.96 6857.17 
OCM with PSO 90715.3 141128.1 85649.5 134655.6 5083.6 6482.06 
PCM with PSO 94911.2 137154.4 88921.9 130356.6 6041.66 6851.87 

Proposed 
OCM 90696.65 141109.44 85630.87 134641.54 5064.98 6467.71 

Proposed PCM 94856.98 137100.12 88867.62 130301.98 5987.43 6797.65 
 
  

 

Fig. 6. The graphical view of table 5 

 

Fig. 6. The graphical view of table 5

Table 6. Results’ comparison for both procedures

Table 7. The results’ comparison of suggested technique and [23] 
 

  
Proposed 

Technique 

Technique 
Presented in 

Section 4 
[23] 

Machine 
Personal computer with 4 GB of 
RAM and a 2.67 GHz Core™ i5 

480M processor 

Dell PowerEdge 
R910 X64 with four 
processors at 8 GHz 
and 32 GB of RAM 

OCM 
Cost of System  336866 $ 336865 $ 336865 $ 
Total Payment 650830 $ 650830 $ 650831 $ 
Solution Time 31.5 min 3.03 min 13.1 sec 

PCM 
System Cost 384850 $ 371221 $ 384850 $ 

Total Payment 537680 $ 550154 $ 537679 $ 
Solution Time 30.6 min Limited to 60 min 43.7 min 

 
  

Table 7. The results’ comparison of suggested technique and [23]
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proposed model enhanced to solve the presented 
problem by BCT was unsuccessful to get a global 
optimal solution based on an satisfactory period. 
By comparison of proposed method with [40], 
we can see an important differences between the 
obtained computational times which shows the 
authenticity of suggested technique by branch and 
cut technique. The results expression is optimal 
solution for the proposed method in problems of 
OCM and PCM. It is clear that, for every problem 
10 various runs have been done. 

At the end, the solution time of PCM is 
decreased significantly by proposed method, which 
indicates that the suggested method can be applied 
to obtain this objective.

5.3. 4-Units 8-hour UC Test System 
For the next test case, 2 various investigations 

have been considered on the benchmark case based 
4 units which are determined for serving an 8-hour 
load profile. Additional information for this test 
case is presented in Tables 8 and 8, respectively 
while, the fuel cost is 2.00 $/MBtu. By comparison 
of proposed method with [46] only one stage of 
lowest and the highest power points has been 
applied. Here, it was considered that these cost 
functions have been the suggestions presented by 
the units of system. 

5.3.1. 4-Units System without Constraints
Here, the suggested solution approach has been 

applied over OCM and PCM problems without 
reserve problem and lowest up- and down-time 
limitations to show the related effects on power 
system. Obtained results of proposed model is 
presented in Table 10, by overall cost and payment 

Table 8. Unit Characteristics 
 

Unit Pmin 
(MW) 

Pmax 
(MW) 

No-load 
cost 
($/h) 

Full-load 
cost 

($/MWh)

Incremental 
heat rate 

(Btu/kWh) 

Min. 
down-
time 

Min. 
up-time

Initial 
condition 

Hot 
start 
cost 

Cold 
start 
cost 

Cold 
start 
time 

1 25 80 213.00 23.54 10440 2 4 -5 150 350 4 
2 60 250 585.62 20.34 9000 3 5 8 170 400 5 
3 75 300 684.74 19.74 8730 4 5 8 500 1100 5 
4 20 60 252.00 28.00 11900 1 1 -6 0 0.02 0 

 
  

 
Table 9. Load Pattern 

 
Hour 1 2 3 4 

Load (MW) 450 530 600 540 
Hour 5 6 7 8 

Load (MW) 400 280 290 500 
 
  

Table 8. Unit Characteristics

Table 9. Load Pattern

Table 10. Results of UC by OCM and PCM techniques without Constrains 
 

 PCM OCM 
Status of Units (t=1) 0 1 1 0 0 1 0 1 
Status of Units (t=2) 0 1 1 0 0 1 0 1 
Status of Units (t=3) 0 1 1 1 0 1 1 1 
Status of Units (t=4) 0 1 1 0 0 0 1 0 
Status of Units (t=5) 0 1 1 0 0 1 1 0 
Status of Units (t=6) 0 1 1 0 0 0 1 0 
Status of Units (t=7) 0 1 1 0 0 1 1 0 
Status of Units (t=8) 0 1 1 0 0 1 1 0 
Total Payment ($) 63692 64026 

Total Cost ($) 74104 73271 
Solution Time (sec) 3.21 3.14 

 
  

Table 10. Results of UC by OCM and PCM techniques without Constrains
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by these techniques. For each hour, the on/off states 
of units has been demonstrated by a binary sharks 
values with one and zero representing respectively 
status of on and off. Accordingly, the problem of 
PCM is caused to the lesser payment in comparison 
to the OCM technique.  

By this model, we can see shutting down 
of some units (i.e., in t=6 the unit two) in OCM 
mechanism which proofs the preventing of up no-
load unit’s cost. The same condition for PCM model 
is on for this unit which proofs the preventing of 
start-up unit’s cost for 8 hour. The next significant 
matter is that the solution time of problem by PCM 
technique is not more than the OCM technique.

5.3.2. 4-Unit System with Constraints
In this part, the presented test case is considered 

by lowest up- and down-time limitations to achieve 
the solution of the problem of UC in PCM and 
OCM models. Obtained results are presented 
in Table. 11, where, the results of UC have been 
equal by these techniques that is equal with [47]. 
The most important point in this test case is the 
computational time for PCM which is not so much. 
As is shown the overall payment and cost are more 
while the lowest up- and down-time limitations 
have been assumed. Also, the solution time of 
problem is more assuming these limitations. 

6. CONCLUSIONS
In the current work, to find solution for the 

problem of JER-PCM an intelligent algorithm 
was proposed which named ChB-SSO through 
combination of branch and cut method. As 
presented in numerical analysis section, the 

Table 11. Results of UC by OCM and PCM techniques 
 

 PCM OCM 
Status of Units (t=1) 0 1 1 0 0 1 1 0 
Status of Units (t=2) 0 1 1 1 0 1 1 0 
Status of Units (t=3) 0 1 1 0 0 1 1 0 
Status of Units (t=4) 0 1 1 0 0 1 1 1 
Status of Units (t=5) 0 1 1 0 0 1 1 0 
Status of Units (t=6) 0 1 1 0 0 1 1 0 
Status of Units (t=7) 0 1 1 0 0 1 1 0 
Status of Units (t=8) 0 1 1 0 0 1 1 0 
Total Payment ($) 63693 63693 

Total Cost ($) 74108 74108 
Solution Time (sec) 4.35 4.42 

 

proposed method is compared for both OCM and 
PCM methods through different models with and 
without constrains consideration. Obtained results 
proofs the operation of branch and cut method 
to find solution for the OCM through acceptable 
computational burden time. The proposed 
algorithm is coupled with chaotic equation as 
well as the binary operator to enhance the local 
and global searching abilities. The convergence 
property of the proposed algorithm proofs 
decreasing of the value of objective function if the 
local enhancement technique has been considered. 
Also, the achievements indicated that the overall 
payment by OCM is rather more in comparison to 
the optimum overall payment, when PCM model 
growth the overall cost moderately. Finally, we 
could see that the payment of reserve was more by 
PCM model due to the payment of energy includes 
an extremely high portion in overall payment.

NOMENCLATURE
OCM  offer cost minimization
LMPs  locational marginal prices 
PCM  payment cost minimization
UC   Unit Commitment
ALR  Augmented Lagrange Relaxation
MCP  Market Clearing Price
OPF  Optimal Power Flow
KKT  Karush–Kuhn–Tucker
MIGA  Mixed integer Genetic Algorithm 
RMCP  Reserve MCP
MINLP  Mixed Integer Nonlinear 
Programming
ChB-SSO chaotic binary shark smell 
optimization

Table 11. Results of UC by OCM and PCM techniques
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JER-PCM joint energy-reserve PCM 
Nd  nodes
Nl   lines 
Ng   generation units indexed by j, 
t  T-hour time period
u on/off, 
y start-up 
z shut-down indicators
Pgi  outputted power of unit i 
R  committed reserve
NSi  offer of unit i
SLi,s & pi,s the offered rate and generation of unit i 
in segment s
Q offered rate for reserve supply 
Rreq the required reserve
MSR the maximum sustainable ramp rate 
X  the inverse of the DC load flow matrix
xl reactance, 
sendl  line sending
recl line receiving
ELMPs energy locational marginal prices
RMCP  reserve market clearing price 
M  sufficiently large positive constant

1
isx  ith initial position vector
1
,i jsp   jth decision variable which is generated 

randomly 
( )OF∇  Objective function gradient

μm  gradient constant
m stage number 
μm & αm  generated between (0,1]
R1 & R2  generated between 0 and 1 
γm higher bound of current speed as concerns 
the former one

1GYm
i
+  new position evaluation 

Δtm  the time interval for mth stage
chmit

i,j chaotic number for jth decision variable 
,( )i jSig bsx changed to related binary domain

M1  a very large constant 
MDT the unit lowest down-time
MUP lowest up-time penalty 
MDP lowest down-time penalty 
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