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ABSTRACT: Flexible AC transmission system devices can function efficiently, powerfully, and 
economically in congestion management through the control of the lines transmission power and the 
voltage of the power systems buses. However, the congestion management of power systems may 
affect the transient stability or network voltage stability, and also reduce the system security. Therefore, 
constructing congestion management requires the consideration of power system stability. In this paper, 
a multi-objective Fuzzy structure is employed to obtain the optimal locating and sizing of the Unified 
Power Quality Conditioner -phase angle control for the congestion management, so that it optimizes total 
operating cost, voltage, and transient security. In order to achieve the above goals, Unified Power Quality 
Conditioner-phase angle control placement has been performed using the Fuzzy method. Using Fuzzy 
inference system, triple objective functions are expressed in terms of a single objective function and 
optimized with the Harmony Search Algorithm. To illustrate the effectiveness of the proposed approach, 
this method is implemented in MATLAB software for the congestion management of England’s new 
network with 39 buses. The results indicate that using the proposed method, congestion management is 
done optimally, which not only does not reduce system security, but also increases its security margin. 
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1- Introduction
Today, with increasing demand for power and restrictions 

on the construction of new lines, the congestion of network 
lines and network power losses are increasing. Therefore, 
with the available facilities on the network as much as pos-
sible, the power losses and congestion of the network lines 
should be reduced. The congestion of the lines is a challenge 
in transferring power from generators to load centers. The 
congestion of the lines occurs when the transmission system 
is not able to meet a specific pattern of production, consump-
tion and transmission and finally the system security is com-
promised [1]. Hence, it is necessary to relieve the congestion 
of the transmission system before violating the system con-
straints [2]. In [3], the congestion management is done with 
consideration of voltage stability. In [4], the stochastic multi-
objective congestion management is done with considering 
voltage and transient stabilities. An optimal reorganization of 
the transmission network using the transmission line keys is 
presented in [5] as a method for the congestion management. 
In [6], a method based on Optimal Power Flow (OPF) with 
the lowest cost of congestion as the target function is present-
ed. In [7], the optimal location of series FACTS device TCSC 
is done to remove congestion with minimum cost of installa-
tion in a deregulated power system. In [8], a new approach for 
optimal demand response program in the microgrid consider-
ing the high penetration of the solar energy and tidal units 

as significant and popular renewable sources in the system 
is proposed. The congestion management in restructured sys-
tem using the OPF framework is widely discussed in [9]. 
The management of real-time congestion can be quickly 
generated by reprogramming and with the load elimination 
method, which is one of the most commonly used methods 
of using the sensitivity of the transmission lines to the change 
in production and load, which requires no duplication of the 
process and it is widely used to solve the congestion man-
agement problem [10]. The problem of managing real-time 
congestion has been solved [11] in order to minimize the cost 
of rescheduling of generators by choosing optimal participant 
generators. In [12], a new approach is proposed based on the 
flow-gate marginal prices to calculate and invest the conges-
tion surplus. In [13], interior point-initialized particle swarm 
optimization approach has been presented to solve the conges-
tion management in multiutility market. In [14], a new ap-
proach based on load curtailment/generator rescheduling is 
proposed for congestion management in a deregulated power 
network. In [15], a new method is introduced to reduce con-
gestion cost by feeding needed reactive power of system in 
addition to load shedding and re-dispatching active power of 
generators. A multilayer feed forward neural network is pre-
sented for clearing line overloads in real time for restructured 
power system [16].

Since early 1970s, powerful thyristors, power capacitors, 
and large reactors have been employed in various circuit con-
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figurations to control the exchange of reactive power. These 
devices actually provide variable parallel impedance with a 
switch that can be very effective in controlling the reactive 
power. Unbalanced voltage, overvoltage, and voltage drop 
are known as the most common problems of power quality 
[17]. These problems caused to be emerged disturbance in 
sensitive loads, significant financial losses, reduced Power 
Quality (PQ) and a decrease in system power factor. Accord-
ing to stringent standards [18], it is necessary to maintain the 
PQ of the source in modern power systems.

As efficient, cost-effective and powerful tools, FACTS de-
vices can be employed as fundamental means in congestion 
management by controlling power flows of transmission lines 
without structure changes or generation re-dispatching [19]. 

In [20], Fujita  and  Akagi introduced a Unified Power 
Quality Conditioner (UPQC) that has ability to improve PQ 
on both source and load side.

Since then UPQC has been recognized for its top-notch 
capability of reducing main PQ issues almost entirely, which 
makes it one of the most intriguing solutions for the improve-
ment of PQ in the distribution system [21]. Lately, theoretical 
results of UPQC employment in smart grids have been vastly 
considered by scholars of the field [22]. As UPQC is under re-
search for the time being, it has not found its application ca-
pacity yet. Additionally, the production and marketing costs of 
UPQC system is considerably high due to entailing two sets of 
power converters and transformers in its structure [17].

Consequently, it is necessary to reduce the size of the 
UPQC system without missing its offset capabilities to in-
crease the experimental use of the UPQC. 

In reference [23], Verma et al. employed sensitivity-based 
two-step optimization approach to accommodate Unified 
Power Flow Controller (UPFC) for the congestion manage-
ment. According to this approach, UPFC should be installed 
in a line that has the most negative coefficient of sensitiv-
ity. However, there are no economic considerations in this 
reference. In [24], Chong et al. employed sensitivity-based 
three-step optimization approach to accommodate UPFC for 
the congestion management. In [25], the sensitivity analysis 
was used by an active power flow index for the Thyristor 
controlled series capacitor and Thyristor Controlled Phase 
Angle Regulator placement. In this reference, TCSC should 
be installed in a line that has the most negative coefficient 
of sensitivity and Thyristor Controlled Phase Angle Regula-
tor should be installed in a line that has the highest sensitiv-
ity coefficient, considering the fact that FACTS installation 
on the mentioned line has the lowest cost while relieving the 
congestion. In 2004, Alomoush studied the role of SSSC in 
congestion relief in the electricity market. In 2005, Yao et al. 
investigated the effect of SSSC on the congestion manage-
ment. In the same year, Glanzman and Andersson used the 
SVC and TCSC to relieve the congestion. Additioally, YAO 
and Al-Dabbagh studied on UPFC’s role in removing the con-
gestion of transmission lines [26-27]. In [28], Reddy and Pad-
hy optimized TCSC and UPFC location for the congestion 
management in the restructured power system using genetic 
algorithm. In [29], Moradi et al. optimized TCSC location for 

the congestion management in the restructured power system, 
using components of nodal prices. In [30], a novel conges-
tion management approach within an Optimal Power Flow 
framework in the context of restructured power markets is 
proposed. In [31], a novel congestion management approach 
is proposed by using the optimal transmission switching and 
demand response for a system with conventional thermal 
generators and renewable energy sources. In [32], congestion 
management is done using multi-objective hybrid differential 
evolution and particle swarm optimization with solar-energy 
storage system based distributed generation in deregulated 
power market. None of the mentioned references has consid-
ered power system security concerns. 

Nevertheless, by removing congestion of power, systems 
can be achieved using a lower voltage and transient stability 
due to focusing on security restrictions. This is why the con-
sideration of power system stability in the congestion man-
agement construction is essential.

The employment of a multi-objective structure, which si-
multaneously optimizes three goals of reducing the operating 
costs in the congestion management, improving the voltage 
stability, and the transient stability is presented in this paper 
using UPQC-PAC. In order to achieve these goals, UPQC-
PAC placement has been performed using the Fuzzy method. 
To illustrate the effectiveness of the proposed approach, this 
method is implemented in MATLAB software for the conges-
tion management of England’s new network with 39 buses.
The contents of this paper are organized as follows: Sections 
2 and 3 present the mathematical modeling of UPQC-PAC 
and problem formulation, respectively. The proposed Fuzzy 
method for finding the optimal location and size of UPQC-
PAC is described in section 4. Section 5 deals with simulation 
results, and section 6 presents the conclusions.

2- UPQC-PAC Modeling  
In this research, Phase Angle Control (PAC), an integrated 

optimizer of power quality, is used which contains two series 
and shunt inverters, as seen in Fig. 1. In common usage, they 
employ the series inverter for the supply voltage mitigation 
sag or swell. and also utilize the shunt inverter for compensa-
tion if there are load current and harmonics as reactive com-
ponents. In the case of normal condition and voltage sag, se-
ries voltage  VSe  and shunt compensating current ISh would be 
injected by series inverters and shunt inverters, respectively. 
While the operating condition is healthy, the series inverter 
injects to create a load end voltage shift in the phase angle
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3- Problem Formulation
In this paper, a multi-objective congestion management 
structure is formulated to determine the optimal location and 
size of UPQC-PAC. The proposed structure minimizes the 
total operating cost and maximizes Voltage Stability Margin 
(VSM) and Corrected Transient Energy Margin (CTEM) to 
improve the power system stability. The phrases for these 
goals are given as follows:

3- 1- Minimize 1 f : Total Operating Cost 

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
 
                      

(2)                                                  2 0Maximize f VSM VSM VSM= = +                        

(3)                                                 
ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q

  
  − − + 

                          

(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         

(5)                                                                Gk
k SG Gk

CTEMCTEM P
P


  

                         

(6)                          𝑃𝑃𝐺𝐺𝐺𝐺 − 𝑃𝑃𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(7)                          𝑄𝑄𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| sin(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(8)                                                                         ( ),         max
ij ijS V S                           

(9)                                                                 min max
GK GK GKP P P K SG                            

(10)                                                              min max
GK GK GKQ Q Q K SG                            

(11)                                                                          𝑃𝑃𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                         

(12)                                                                          𝑄𝑄𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                          

 
(13)                                                                               min max

K K KV V V                           

(14)                                                                                        𝑉𝑉𝑆𝑆𝑉𝑉 ≥ 𝑉𝑉𝑆𝑆𝑉𝑉0                        

(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 

 
(16)     𝑓𝑓𝑚𝑚

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = min(𝑓𝑓𝑚𝑚
1, 𝑓𝑓𝑚𝑚

2, 𝑓𝑓𝑚𝑚
3, 𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵) =  𝑓𝑓𝑚𝑚
𝑚𝑚 ≠  𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵     

   𝑖𝑖 = 1,2,3 

(17)                                                                            𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚) = 𝑓𝑓𝑖𝑖−𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵

𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵−𝑓𝑓𝑖𝑖

𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵                        

(18)                                      𝑉𝑉𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝐵𝐵     𝐹𝐹(𝑥𝑥) = ∑ 𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚(𝑥𝑥))3
𝑚𝑚=1                         

 
 
 

 (1)

 where SD  is the set of participating demands, and SG  
is the set of generators in the market. Additionally, DkB and 

GkC are the benefit curve of DkP  demand and bid curve of 
GkP generator, respectively. It is noteworthy that the benefit 

demands curve and generators bid curve are regarded as qua-
dratic functions [35].  

3- 2- Maximize 2 f : Voltage Stability Margin (VSM)
In this paper, VSM [36] is an index used for voltage se-

curity measurement and Continuation Power Flow (CPF) is 
used to define the maximum load ability limit. 
After using the congestion management, the final VSM is 
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k SG k SD

f C P B P
 

 
= − 
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ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q
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CTEMCTEM P
P
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where 0VSM  is VSM value before using congestion man-
agement, and the phrase for VSM∆  is given as follows [37]:
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Q Q Q
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(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         

(5)                                                                Gk
k SG Gk

CTEMCTEM P
P


  

                         

(6)                          𝑃𝑃𝐺𝐺𝐺𝐺 − 𝑃𝑃𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(7)                          𝑄𝑄𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| sin(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(8)                                                                         ( ),         max
ij ijS V S                           

(9)                                                                 min max
GK GK GKP P P K SG                            

(10)                                                              min max
GK GK GKQ Q Q K SG                            

(11)                                                                          𝑃𝑃𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                         

(12)                                                                          𝑄𝑄𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                          

 
(13)                                                                               min max

K K KV V V                           

(14)                                                                                        𝑉𝑉𝑆𝑆𝑉𝑉 ≥ 𝑉𝑉𝑆𝑆𝑉𝑉0                        

(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 

 
(16)     𝑓𝑓𝑚𝑚

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = min(𝑓𝑓𝑚𝑚
1, 𝑓𝑓𝑚𝑚

2, 𝑓𝑓𝑚𝑚
3, 𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵) =  𝑓𝑓𝑚𝑚
𝑚𝑚 ≠  𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵     

   𝑖𝑖 = 1,2,3 

(17)                                                                            𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚) = 𝑓𝑓𝑖𝑖−𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵

𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵−𝑓𝑓𝑖𝑖

𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵                        

(18)                                      𝑉𝑉𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝐵𝐵     𝐹𝐹(𝑥𝑥) = ∑ 𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚(𝑥𝑥))3
𝑚𝑚=1                         

 
 
 

 (3)

where i and j are two buses related to the branch where 
the UPQC-PAC is installed. icQ and 

jcQ  are reactive power 
injected to buses for installing UPQC-PAC.  DkQ is the reac-
tive power consumption in bus k , and SD  is the set of de-
mands participating in the market. 

3- 3- Maximize 3 f : Corrected Transient Energy Margin 
(CTEM)

In this paper, CTEM [38] is the index used to measure 
transient security. CTEM is defined as a function of genera-
tors active power generation.

After using congestion management, the final CTEM is 
given as follows:

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
 
                      

(2)                                                  2 0Maximize f VSM VSM VSM= = +                        

(3)                                                 
ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q

  
  − − + 

                          

(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         

(5)                                                                Gk
k SG Gk

CTEMCTEM P
P


  

                         

(6)                          𝑃𝑃𝐺𝐺𝐺𝐺 − 𝑃𝑃𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(7)                          𝑄𝑄𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| sin(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(8)                                                                         ( ),         max
ij ijS V S                           

(9)                                                                 min max
GK GK GKP P P K SG                            

(10)                                                              min max
GK GK GKQ Q Q K SG                            

(11)                                                                          𝑃𝑃𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                         

(12)                                                                          𝑄𝑄𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                          

 
(13)                                                                               min max

K K KV V V                           

(14)                                                                                        𝑉𝑉𝑆𝑆𝑉𝑉 ≥ 𝑉𝑉𝑆𝑆𝑉𝑉0                        

(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 

 
(16)     𝑓𝑓𝑚𝑚

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = min(𝑓𝑓𝑚𝑚
1, 𝑓𝑓𝑚𝑚

2, 𝑓𝑓𝑚𝑚
3, 𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵) =  𝑓𝑓𝑚𝑚
𝑚𝑚 ≠  𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵     

   𝑖𝑖 = 1,2,3 

(17)                                                                            𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚) = 𝑓𝑓𝑖𝑖−𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵

𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵−𝑓𝑓𝑖𝑖

𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵                        

(18)                                      𝑉𝑉𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝐵𝐵     𝐹𝐹(𝑥𝑥) = ∑ 𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚(𝑥𝑥))3
𝑚𝑚=1                         

 
 
 

 (4)

where 
0CTEM  is the CTEM value before using congestion 

management, and the phrase for CTEM∆  is given as follows 
[37]: 

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
 
                      

(2)                                                  2 0Maximize f VSM VSM VSM= = +                        

(3)                                                 
ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q

  
  − − + 

                          

(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         

(5)                                                                Gk
k SG Gk

CTEMCTEM P
P


  

                         

(6)                          𝑃𝑃𝐺𝐺𝐺𝐺 − 𝑃𝑃𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(7)                          𝑄𝑄𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| sin(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(8)                                                                         ( ),         max
ij ijS V S                           

(9)                                                                 min max
GK GK GKP P P K SG                            

(10)                                                              min max
GK GK GKQ Q Q K SG                            

(11)                                                                          𝑃𝑃𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                         

(12)                                                                          𝑄𝑄𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                          

 
(13)                                                                               min max

K K KV V V                           

(14)                                                                                        𝑉𝑉𝑆𝑆𝑉𝑉 ≥ 𝑉𝑉𝑆𝑆𝑉𝑉0                        

(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 

 
(16)     𝑓𝑓𝑚𝑚

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = min(𝑓𝑓𝑚𝑚
1, 𝑓𝑓𝑚𝑚

2, 𝑓𝑓𝑚𝑚
3, 𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵) =  𝑓𝑓𝑚𝑚
𝑚𝑚 ≠  𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵     

   𝑖𝑖 = 1,2,3 

(17)                                                                            𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚) = 𝑓𝑓𝑖𝑖−𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵

𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵−𝑓𝑓𝑖𝑖

𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵                        

(18)                                      𝑉𝑉𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝐵𝐵     𝐹𝐹(𝑥𝑥) = ∑ 𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚(𝑥𝑥))3
𝑚𝑚=1                         

 
 
 

 (5)

where GkP is active power production in bus k and SG  is 
the set of generators participating in the market.
The optimization is performed under the following equality 
and inequality constraints.

3- 3- 1- Equality Constraints
•	 Power balance equation 

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
 
                      

(2)                                                  2 0Maximize f VSM VSM VSM= = +                        

(3)                                                 
ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q

  
  − − + 

                          

(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         

(5)                                                                Gk
k SG Gk

CTEMCTEM P
P


  

                         

(6)                          𝑃𝑃𝐺𝐺𝐺𝐺 − 𝑃𝑃𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(7)                          𝑄𝑄𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| sin(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(8)                                                                         ( ),         max
ij ijS V S                           

(9)                                                                 min max
GK GK GKP P P K SG                            

(10)                                                              min max
GK GK GKQ Q Q K SG                            

(11)                                                                          𝑃𝑃𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                         

(12)                                                                          𝑄𝑄𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                          

 
(13)                                                                               min max

K K KV V V                           

(14)                                                                                        𝑉𝑉𝑆𝑆𝑉𝑉 ≥ 𝑉𝑉𝑆𝑆𝑉𝑉0                        

(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 

 
(16)     𝑓𝑓𝑚𝑚

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = min(𝑓𝑓𝑚𝑚
1, 𝑓𝑓𝑚𝑚

2, 𝑓𝑓𝑚𝑚
3, 𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵) =  𝑓𝑓𝑚𝑚
𝑚𝑚 ≠  𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵     

   𝑖𝑖 = 1,2,3 

(17)                                                                            𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚) = 𝑓𝑓𝑖𝑖−𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵

𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵−𝑓𝑓𝑖𝑖

𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵                        

(18)                                      𝑉𝑉𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝐵𝐵     𝐹𝐹(𝑥𝑥) = ∑ 𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚(𝑥𝑥))3
𝑚𝑚=1                         

 
 
 

(6)

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
 
                      

(2)                                                  2 0Maximize f VSM VSM VSM= = +                        

(3)                                                 
ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q

  
  − − + 

                          

(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         
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k SG Gk

CTEMCTEM P
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(6)                          𝑃𝑃𝐺𝐺𝐺𝐺 − 𝑃𝑃𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(7)                          𝑄𝑄𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| sin(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(8)                                                                         ( ),         max
ij ijS V S                           

(9)                                                                 min max
GK GK GKP P P K SG                            

(10)                                                              min max
GK GK GKQ Q Q K SG                            

(11)                                                                          𝑃𝑃𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                         

(12)                                                                          𝑄𝑄𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                          

 
(13)                                                                               min max

K K KV V V                           

(14)                                                                                        𝑉𝑉𝑆𝑆𝑉𝑉 ≥ 𝑉𝑉𝑆𝑆𝑉𝑉0                        

(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 

 
(16)     𝑓𝑓𝑚𝑚

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = min(𝑓𝑓𝑚𝑚
1, 𝑓𝑓𝑚𝑚

2, 𝑓𝑓𝑚𝑚
3, 𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵) =  𝑓𝑓𝑚𝑚
𝑚𝑚 ≠  𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵     

   𝑖𝑖 = 1,2,3 

(17)                                                                            𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚) = 𝑓𝑓𝑖𝑖−𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵

𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵−𝑓𝑓𝑖𝑖

𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵                        

(18)                                      𝑉𝑉𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝐵𝐵     𝐹𝐹(𝑥𝑥) = ∑ 𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚(𝑥𝑥))3
𝑚𝑚=1                         

 
 
 

 (7)

where GKP  and GKQ are the active and reactive power 
production in bus K , DKP , and DKQ  are the active and 
reactive power consumption in bus K , and SN is the number 
of buses in the system.

3- 3- 2- Inequality Constraints
•	 Apparent line flow limit

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
 
                      

(2)                                                  2 0Maximize f VSM VSM VSM= = +                        

(3)                                                 
ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q

  
  − − + 

                          

(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         

(5)                                                                Gk
k SG Gk

CTEMCTEM P
P


  

                         

(6)                          𝑃𝑃𝐺𝐺𝐺𝐺 − 𝑃𝑃𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(7)                          𝑄𝑄𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| sin(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(8)                                                                         ( ),         max
ij ijS V S                           

(9)                                                                 min max
GK GK GKP P P K SG                            

(10)                                                              min max
GK GK GKQ Q Q K SG                            

(11)                                                                          𝑃𝑃𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                         

(12)                                                                          𝑄𝑄𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                          

 
(13)                                                                               min max

K K KV V V                           

(14)                                                                                        𝑉𝑉𝑆𝑆𝑉𝑉 ≥ 𝑉𝑉𝑆𝑆𝑉𝑉0                        

(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 

 
(16)     𝑓𝑓𝑚𝑚

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = min(𝑓𝑓𝑚𝑚
1, 𝑓𝑓𝑚𝑚

2, 𝑓𝑓𝑚𝑚
3, 𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵) =  𝑓𝑓𝑚𝑚
𝑚𝑚 ≠  𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵     

   𝑖𝑖 = 1,2,3 

(17)                                                                            𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚) = 𝑓𝑓𝑖𝑖−𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵

𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵−𝑓𝑓𝑖𝑖

𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵                        

(18)                                      𝑉𝑉𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝐵𝐵     𝐹𝐹(𝑥𝑥) = ∑ 𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚(𝑥𝑥))3
𝑚𝑚=1                         

 
 
 

 (8)

•	 Power generation 

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
 
                      

(2)                                                  2 0Maximize f VSM VSM VSM= = +                        

(3)                                                 
ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q

  
  − − + 

                          

(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         

(5)                                                                Gk
k SG Gk

CTEMCTEM P
P


  

                         

(6)                          𝑃𝑃𝐺𝐺𝐺𝐺 − 𝑃𝑃𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(7)                          𝑄𝑄𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| sin(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(8)                                                                         ( ),         max
ij ijS V S                           

(9)                                                                 min max
GK GK GKP P P K SG                            

(10)                                                              min max
GK GK GKQ Q Q K SG                            

(11)                                                                          𝑃𝑃𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                         

(12)                                                                          𝑄𝑄𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                          

 
(13)                                                                               min max

K K KV V V                           

(14)                                                                                        𝑉𝑉𝑆𝑆𝑉𝑉 ≥ 𝑉𝑉𝑆𝑆𝑉𝑉0                        

(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 

 
(16)     𝑓𝑓𝑚𝑚

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = min(𝑓𝑓𝑚𝑚
1, 𝑓𝑓𝑚𝑚

2, 𝑓𝑓𝑚𝑚
3, 𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵) =  𝑓𝑓𝑚𝑚
𝑚𝑚 ≠  𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵     

   𝑖𝑖 = 1,2,3 

(17)                                                                            𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚) = 𝑓𝑓𝑖𝑖−𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵

𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵−𝑓𝑓𝑖𝑖

𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵                        

(18)                                      𝑉𝑉𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝐵𝐵     𝐹𝐹(𝑥𝑥) = ∑ 𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚(𝑥𝑥))3
𝑚𝑚=1                         

 
 
 

 (9)

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
 
                      

(2)                                                  2 0Maximize f VSM VSM VSM= = +                        

(3)                                                 
ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q

  
  − − + 

                          

(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         

(5)                                                                Gk
k SG Gk

CTEMCTEM P
P


  

                         

(6)                          𝑃𝑃𝐺𝐺𝐺𝐺 − 𝑃𝑃𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(7)                          𝑄𝑄𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| sin(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(8)                                                                         ( ),         max
ij ijS V S                           

(9)                                                                 min max
GK GK GKP P P K SG                            

(10)                                                              min max
GK GK GKQ Q Q K SG                            

(11)                                                                          𝑃𝑃𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                         

(12)                                                                          𝑄𝑄𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                          

 
(13)                                                                               min max

K K KV V V                           

(14)                                                                                        𝑉𝑉𝑆𝑆𝑉𝑉 ≥ 𝑉𝑉𝑆𝑆𝑉𝑉0                        

(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 

 
(16)     𝑓𝑓𝑚𝑚

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = min(𝑓𝑓𝑚𝑚
1, 𝑓𝑓𝑚𝑚

2, 𝑓𝑓𝑚𝑚
3, 𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵) =  𝑓𝑓𝑚𝑚
𝑚𝑚 ≠  𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵     

   𝑖𝑖 = 1,2,3 

(17)                                                                            𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚) = 𝑓𝑓𝑖𝑖−𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵

𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵−𝑓𝑓𝑖𝑖

𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵                        

(18)                                      𝑉𝑉𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝐵𝐵     𝐹𝐹(𝑥𝑥) = ∑ 𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚(𝑥𝑥))3
𝑚𝑚=1                         

 
 
 

 (10)

•	 Demand limit

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
 
                      

(2)                                                  2 0Maximize f VSM VSM VSM= = +                        

(3)                                                 
ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q

  
  − − + 

                          

(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         

(5)                                                                Gk
k SG Gk

CTEMCTEM P
P


  

                         

(6)                          𝑃𝑃𝐺𝐺𝐺𝐺 − 𝑃𝑃𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(7)                          𝑄𝑄𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| sin(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(8)                                                                         ( ),         max
ij ijS V S                           

(9)                                                                 min max
GK GK GKP P P K SG                            

(10)                                                              min max
GK GK GKQ Q Q K SG                            

(11)                                                                          𝑃𝑃𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                         

(12)                                                                          𝑄𝑄𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                          

 
(13)                                                                               min max

K K KV V V                           

(14)                                                                                        𝑉𝑉𝑆𝑆𝑉𝑉 ≥ 𝑉𝑉𝑆𝑆𝑉𝑉0                        

(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 

 
(16)     𝑓𝑓𝑚𝑚

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = min(𝑓𝑓𝑚𝑚
1, 𝑓𝑓𝑚𝑚

2, 𝑓𝑓𝑚𝑚
3, 𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵) =  𝑓𝑓𝑚𝑚
𝑚𝑚 ≠  𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵     

   𝑖𝑖 = 1,2,3 

(17)                                                                            𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚) = 𝑓𝑓𝑖𝑖−𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵

𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵−𝑓𝑓𝑖𝑖

𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵                        

(18)                                      𝑉𝑉𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝐵𝐵     𝐹𝐹(𝑥𝑥) = ∑ 𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚(𝑥𝑥))3
𝑚𝑚=1                         

 
 
 

 (11)

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
 
                      

(2)                                                  2 0Maximize f VSM VSM VSM= = +                        

(3)                                                 
ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q

  
  − − + 

                          

(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         

(5)                                                                Gk
k SG Gk

CTEMCTEM P
P


  

                         

(6)                          𝑃𝑃𝐺𝐺𝐺𝐺 − 𝑃𝑃𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(7)                          𝑄𝑄𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| sin(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(8)                                                                         ( ),         max
ij ijS V S                           

(9)                                                                 min max
GK GK GKP P P K SG                            

(10)                                                              min max
GK GK GKQ Q Q K SG                            

(11)                                                                          𝑃𝑃𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                         

(12)                                                                          𝑄𝑄𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                          

 
(13)                                                                               min max

K K KV V V                           

(14)                                                                                        𝑉𝑉𝑆𝑆𝑉𝑉 ≥ 𝑉𝑉𝑆𝑆𝑉𝑉0                        

(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 

 
(16)     𝑓𝑓𝑚𝑚

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = min(𝑓𝑓𝑚𝑚
1, 𝑓𝑓𝑚𝑚

2, 𝑓𝑓𝑚𝑚
3, 𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵) =  𝑓𝑓𝑚𝑚
𝑚𝑚 ≠  𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵     

   𝑖𝑖 = 1,2,3 

(17)                                                                            𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚) = 𝑓𝑓𝑖𝑖−𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵

𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵−𝑓𝑓𝑖𝑖

𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵                        

(18)                                      𝑉𝑉𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝐵𝐵     𝐹𝐹(𝑥𝑥) = ∑ 𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚(𝑥𝑥))3
𝑚𝑚=1                         

 
 
 

 (12)
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•	 Bus voltage limit

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
 
                      

(2)                                                  2 0Maximize f VSM VSM VSM= = +                        

(3)                                                 
ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q

  
  − − + 

                          

(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         

(5)                                                                Gk
k SG Gk

CTEMCTEM P
P


  

                         

(6)                          𝑃𝑃𝐺𝐺𝐺𝐺 − 𝑃𝑃𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(7)                          𝑄𝑄𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| sin(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(8)                                                                         ( ),         max
ij ijS V S                           

(9)                                                                 min max
GK GK GKP P P K SG                            

(10)                                                              min max
GK GK GKQ Q Q K SG                            

(11)                                                                          𝑃𝑃𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                         

(12)                                                                          𝑄𝑄𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                          

 
(13)                                                                               min max

K K KV V V                           

(14)                                                                                        𝑉𝑉𝑆𝑆𝑉𝑉 ≥ 𝑉𝑉𝑆𝑆𝑉𝑉0                        

(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 

 
(16)     𝑓𝑓𝑚𝑚

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = min(𝑓𝑓𝑚𝑚
1, 𝑓𝑓𝑚𝑚

2, 𝑓𝑓𝑚𝑚
3, 𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵) =  𝑓𝑓𝑚𝑚
𝑚𝑚 ≠  𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵     

   𝑖𝑖 = 1,2,3 

(17)                                                                            𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚) = 𝑓𝑓𝑖𝑖−𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵

𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵−𝑓𝑓𝑖𝑖

𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵                        

(18)                                      𝑉𝑉𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝐵𝐵     𝐹𝐹(𝑥𝑥) = ∑ 𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚(𝑥𝑥))3
𝑚𝑚=1                         

 
 
 

 (13)

•	 VSM limit

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
 
                      

(2)                                                  2 0Maximize f VSM VSM VSM= = +                        

(3)                                                 
ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q

  
  − − + 

                          

(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         

(5)                                                                Gk
k SG Gk

CTEMCTEM P
P


  

                         

(6)                          𝑃𝑃𝐺𝐺𝐺𝐺 − 𝑃𝑃𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(7)                          𝑄𝑄𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| sin(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(8)                                                                         ( ),         max
ij ijS V S                           

(9)                                                                 min max
GK GK GKP P P K SG                            

(10)                                                              min max
GK GK GKQ Q Q K SG                            

(11)                                                                          𝑃𝑃𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                         

(12)                                                                          𝑄𝑄𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                          

 
(13)                                                                               min max

K K KV V V                           

(14)                                                                                        𝑉𝑉𝑆𝑆𝑉𝑉 ≥ 𝑉𝑉𝑆𝑆𝑉𝑉0                        

(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 

 
(16)     𝑓𝑓𝑚𝑚

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = min(𝑓𝑓𝑚𝑚
1, 𝑓𝑓𝑚𝑚

2, 𝑓𝑓𝑚𝑚
3, 𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵) =  𝑓𝑓𝑚𝑚
𝑚𝑚 ≠  𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵     

   𝑖𝑖 = 1,2,3 

(17)                                                                            𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚) = 𝑓𝑓𝑖𝑖−𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵

𝑓𝑓𝑖𝑖
𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵−𝑓𝑓𝑖𝑖

𝐵𝐵𝐵𝐵𝑐𝑐𝐵𝐵                        

(18)                                      𝑉𝑉𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝑖𝑖𝑀𝑀𝐵𝐵     𝐹𝐹(𝑥𝑥) = ∑ 𝜇𝜇𝑚𝑚(𝑓𝑓𝑚𝑚(𝑥𝑥))3
𝑚𝑚=1                         

 
 
 

 (14)

•	 CTEM limit

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
 
                      

(2)                                                  2 0Maximize f VSM VSM VSM= = +                        

(3)                                                 
ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q

  
  − − + 

                          

(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         

(5)                                                                Gk
k SG Gk

CTEMCTEM P
P


  

                         

(6)                          𝑃𝑃𝐺𝐺𝐺𝐺 − 𝑃𝑃𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| 𝑐𝑐𝑐𝑐𝑐𝑐(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(7)                          𝑄𝑄𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐷𝐷𝐺𝐺 = |𝑉𝑉𝐺𝐺| ∑ |𝑌𝑌𝐺𝐺𝐾𝐾||𝑉𝑉𝐾𝐾| sin(𝛿𝛿𝐺𝐺 − 𝛿𝛿𝑚𝑚 − 𝜃𝜃𝑘𝑘𝑚𝑚)  𝐾𝐾𝐾𝐾 𝑆𝑆𝑆𝑆̅̅ ̅̅𝑚𝑚∈𝑆𝑆𝑆𝑆   

(8)                                                                         ( ),         max
ij ijS V S                           

(9)                                                                 min max
GK GK GKP P P K SG                            

(10)                                                              min max
GK GK GKQ Q Q K SG                            

(11)                                                                          𝑃𝑃𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺 ≤ 𝑃𝑃𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                         

(12)                                                                          𝑄𝑄𝐷𝐷𝐺𝐺
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺 ≤ 𝑄𝑄𝐷𝐷𝐺𝐺

𝑚𝑚𝑚𝑚𝑚𝑚                          

 
(13)                                                                               min max

K K KV V V                           

(14)                                                                                        𝑉𝑉𝑆𝑆𝑉𝑉 ≥ 𝑉𝑉𝑆𝑆𝑉𝑉0                        

(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 

 
(16)     𝑓𝑓𝑚𝑚

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = min(𝑓𝑓𝑚𝑚
1, 𝑓𝑓𝑚𝑚

2, 𝑓𝑓𝑚𝑚
3, 𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵) =  𝑓𝑓𝑚𝑚
𝑚𝑚 ≠  𝑓𝑓𝑚𝑚

𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵     

   𝑖𝑖 = 1,2,3 
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where min
GKP and max

GKP  are minimum and maximum active 
power production in bus K , min

GKQ and max
GKQ are minimum and 

maximum reactive power production in bus K ,  and  are mini-
mum and maximum active power consumption in bus K ,  and  
are minimum and maximum reactive power consumption in 
bus K , min

KV and max
KV are minimum and maximum voltage 

in bus K , 
ijS  is the apparent power in transmission line con-

necting buses i and j and  max
ijS is its maximum limit.

4- Proposed Fuzzy Method 
In this paper, the optimal locating and sizing of the UP-

QC-PAC for multi-objective congestion management is pre-
sented, which includes three goals of reducing the system 
operating costs, improving the transient stability and voltage 
stability. In this paper, the triple objective functions have been 
transformed into a single objective function by the Fuzzy in-
ference system and finally the obtained objective function is 
optimized with the Harmony Search Algorithm. Fuzzy sets 
are characterized by certain membership functions that repre-
sent the degree of membership in a fuzzy set (valued between 
0 and 1). The membership function indicates how much a 
solution is satisfactory. The Fuzzy method framework is as 
follows:

Step 1: First, the network is checked in a basic state with-
out the presence of UPQC-PAC. The three objective func-
tions corresponding to the basic state are respectively 1 ,Basef  

2
Basef and 3 Basef . 

Step 2: Subsequently, single-objective congestion man-
agement is performed with the aim of minimizing the opera-
tional cost of the system (function) with HS algorithm. In this 
case, 

1
BestX  is the optimized solution, and the three objective 

functions corresponding to this state are respectively 1 1
1 2,f f  

and 1
3f . 

Step 3: Next, single-objective congestion management 
is performed with the aim of improving the voltage stability 
(function) with HS algorithm. In this case,  

2
BestX is the opti-

mized solution and the three objective functions correspond-
ing to this state are respectively 2 2

1 2,f f  and 2
3 f  .

Step 4: Afterwards, single-objective congestion manage-
ment is performed with the aim of improving the transient sta-
bility (function 3f  with the HS algorithm. In this case, 3

BestX
is the optimized solution, and the three objective functions 

corresponding to this state are respectively 3 3
1 2,f f  and 3

3 f  .   
Step 5: After performing these steps, four solutions are 

obtained for each objective function. The best value for each 
objective is named with Best

if  as follows: 

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
 
                      

(2)                                                  2 0Maximize f VSM VSM VSM= = +                        

(3)                                                 
ic jc Dk

k SDDi Dj Dk

VSM VSM VSMVSM Q Q Q
Q Q Q

  
  − − + 

                          

(4)                                               3 0Maximize f CTEM CTEM CTEM= = +                         

(5)                                                                Gk
k SG Gk

CTEMCTEM P
P
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(15)                                                                                  𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉0 
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 (16)

In equation (16), it is assumed that the installation of the 
UPQC-PAC improves the desired objective function. There-
fore, it is assumed that  and Base Best

i if f≠  For 
instance, in step 2, the operating cost of the system after in-
stalling UPQC-PAC (that means 1

1f  is lower than the basic 
operating cost of 1

Basef   
Step 6:A linear membership function for each objective (

if  ) is determined as follows:

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
k SG k SD

f C P B P
 

 
= − 
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Q Q Q
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P
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Step 7: Finally, the objective function ( )F x ( is defined 
as follows: 

(1)                                                     ( ) ( )1Minimize Gk Gk Dk Dk
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f C P B P
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 (18)

Thus, by using the Fuzzy method presented in this article, 
the problem of congestion management which is multi-ob-
jective, became a a single-objective problem with the goal of 
minimizing the function . ( ) F x , which is solvable using the 
HS algorithm. 

The variable X is the independent variable of the problem, 
which shows the location of the installation, the active and 
reactive power of the UPQC.

The variable X has three members; the first member rep-
resents the branch where the UPQC-PAC should be installed 
in it. The second member is the active power of the UPQC-
PAC, and the third member shows the reactive power of UP-
QC-PAC.   

4- 1- Harmony Search Algorithm (HSA)
The Harmony Search Algorithm (HSA) is based on the 

natural process of music performance. As the composer seeks 
to find the most beautiful song in the process of optimization, 
we are also looking for the best answer to the problem.

The suitability of the answer in the optimization process 
is determined by examining the objective function. In mak-
ing a song, the beauty of the track determines the pitch of 
each musical instrument, and in optimization, the value of the 
objective function is determined by the variables of the prob-
lem. More comprehensive description of the HSA is given in 
[39].
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5- Simulation Results
In this section, in order to evaluate the efficiency of the 

proposed Fuzzy method, the simulation was carried out on 
England’s 39 buses new network in MATLAB software.

The suggested network consists of 39 buses, 46 transmis-
sion lines, 10 generators, and 21 loads, including 18 fixed 
loads and 3 dynamic loads that are sensitive to price. The 
network information is derived from [40]. 

5- 1- Single-Objective Congestion Management with the 
Aim of Decreasing the Total Operating Cost

In this scenario, single-objective congestion management 
is performed with the aim of minimizing the operational cost 
of the system (function f1

 with HS algorithm. In all simula-
tions, the HSA settings are fixed and its parameters are given 
in Table 1.   

The optimized results of this scenario can be observed in 
Table 2.   

According to Table 2, in this scenario, the total operating 
cost decreases about 8% compared to the basic case (without 
UPQC), but CTEM index worsens and VSM index does not 
change. 

5- 2- Single-Objective Congestion Management with the 
Aim of Improving the VSM Index

The optimized results of this scenario are illustrated in 
Table 3.  

According to Table 3, the VSM index improves by 5.33%, 
but CTEM index and total operating cost worsen. 

5.3. Single-Objective Congestion Management with the 

Table 1. HSA parameters

 
Table 2. Optimal solution based on the first scenario  

 
 

 Without  

UPQC 

With UPQC 

UPQC branch - 6 

seK  (pu) - 0.73 

UPQCS  (MVA) - 195.54 

VSM (%) 42.26 42.26 

CTEM (%) 10.21 9.1954 

Cost ($) 9595.34 8819.33 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2. Optimal solution based on the first scenario 

 
Table 2. Optimal solution based on the first scenario  

 
 

 Without  

UPQC 

With UPQC 

UPQC branch - 6 

seK  (pu) - 0.73 

UPQCS  (MVA) - 195.54 

VSM (%) 42.26 42.26 

CTEM (%) 10.21 9.1954 

Cost ($) 9595.34 8819.33 
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Table 3. Optimal solution based on the second scenario

 
Table 3. Optimal solution based on the second scenario 

 
 

 Without UPQC With UPQC 

UPQC branch - 37 

seK  (pu) - 0.62 

UPQCS  (MVA) - 150.54 

VSM (%) 42.26 44.64 

CTEM (%) 10.21 9.88 

Cost ($) 9595.34 9780.21 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4. Optimal solution based on the third scenario

 
Table 4. Optimal solution based on the third scenario 

 

 

 Without UPQC With UPQC 

UPQC branch - 7 

seK  (pu) - 0.83 

UPQCS  (MVA) - 180.54 

VSM (%) 42.26 42.26 

CTEM (%) 10.21 10.5082 

Cost ($) 9595.34 9599.50 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aim of Improving the CTEM Index
The optimized results for this scenario are illustrated in 

Table 4. 
According to Table 4, the CTEM index is about 3% better 

than the basic case (without UPQC), but the total operating 
cost worsened and the VSM index has not changed.  

5.4. Multi-Objective Congestion Management with Pro-
posed Fuzzy Method

In this section, the proposed Fuzzy method is used for 
multi-objective congestion management. The suggested 
method reaches the optimization of the targets such as the 
operating cost, the voltage stability, and the transient stability.  

Thus, using the Fuzzy method suggested, the problem of 
congestion management which is a multi-objective became 
a single-objective problem with the goal of minimizing the 
equation (18), which is solvable using the HS algorithm.

The optimized results of this scenario are exhibited in 
Table 5. 

According to Table 5, the total operating cost decreases 
about 5% compared to the basic case (without UPQC), and 
the CTEM index and the VSM index are about 3% better than 
the basic case (without UPQC). The results indicate that us-
ing the proposed method, congestion management is done 
optimally, which not only does not reduce system security 
but also increases the its security margin. 

The convergence diagram of the HS algorithm based on 
the fourth scenario is shown in Fig. 3. 

6- Conclusions
The major issues in utilization of power grids are conges-

tion and overloading for lines. This leads to the deregula-
tion of the mentioned systems as sharp increases in the costs 
of parts of power systems, increasing the market power and 
competition reduction. For the purpose of controlling flows 
of power via transmission lines, FACTS devices can be im-
portant tools for congestion management which enjoy a high 
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Fig. 3. The convergence diagram of the HS algorithm 
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Fig. 3. The convergence diagram of the HS algorithm

Table 5. Optimal solution based on the fourth scenario

 

Table 5. Optimal solution based on the fourth scenario 
 

 Without UPQC With UPQC 

UPQC branch - 5 

seK  (pu) - 0.62 

UPQCS  (MVA) - 142.32 

VSM (%) 42.26 43.62 

CTEM (%) 10.21 10.53 

Cost ($) 9595.34 9105.01 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

efficiency, high power, and a good cost-effectiveness. Nev-
ertheless, removing congestion of power systems can be 
achieved using a lower voltage and transient stability due to 
solving the security restrictions. This is the reason for con-
sideration of power stability in the congestion management 
construction. A structure which is multi-objective for the 
management of congestion with UPQC-PAC is proposed in 
the present article which can optimize total transient security, 
voltage, and operating cost at the same time. For this purpose, 
the optimal sizing and locating of UPQC has been done using 

the Fuzzy method. The proposed Fuzzy method, is formu-
lated in the form of a single-objective optimization problem 
for the multi-objective congestion management problem, and 
solved by HSA. In order to evaluate the reliability of the pro-
posed method, simulation has been carried out on the Eng-
land’s new network with 39 buses. The results indicate that 
using the proposed method, congestion management is done 
optimally, which not only does not reduce system security, 
but also increases the its security margin.
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