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Abstract Increasing energy consumption has caused

power systems to operate close to the limit of their

capacity. The distributed power flow controller (DPFC), as

a new member of distributed flexible AC transmission

systems, is introduced to remove this barrier. This paper

proposes an optimal DPFC configuration method to

enhance system loadability considering economic perfor-

mance based on mixed integer linear programming. The

conflicting behavior of system loadability and DPFC

investment is analyzed and optimal solutions are

calculated. Thereafter, the fuzzy decision-making method

is implemented for determining the most preferred solu-

tion. In the most preferred solution obtained, the invest-

ment of DPFCs is minimized to find the optimal number,

locations and set points. Simulation results on the IEEE-

RTS79 system demonstrate that the proposed method is

effective and reasonable.

Keywords Distributed power flow controller (DPFC),

Optimal configuration, System loadability, Mixed integer

linear programming

1 Introduction

With the rapid increase in load demand and renewable

energy generation, power systems urgently need to regulate

power flow accurately. Due to the lack of capital resources

in transmission facilities, several transmission lines are

operating close to their thermal limits. The congestion will

lead to a deterioration of loadability, which affects the safe

and stable operation of the power grid. Thus, the mainte-

nance of line power flow within predefined limits and the

improvement of loadability are major tasks for power

system planners. One option to enhance loadability is to

construct new transmission lines. An alternative is to fully

utilize the capacity of the existing transmission infras-

tructure [1]. Environmental and economic constraints make

the construction of new lines arduous in urban areas. With

the advent of power electronics technology, utilization of

flexible AC transmission system (FACTS) devices has

become one of the important options to improve power grid

stability and loadability [2–4] by adjusting some system

parameters such as line impedance, bus voltage and angle.

Although various types of FACTS devices have been
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investigated theoretically for decades, high initial invest-

ment cost and reliability concerns are the major factors that

limit their widespread adoption.

To alleviate this barrier, the concept of distributed

FACTS (D-FACTS) is proposed in [5]. It can be attached

directly to lines by utilizing cheap low-rated power com-

ponents, which reduces the manufacturing cost and

improves the convenience of the installation. As a result,

power flow control or voltage regulation requirements can

be satisfied in different operation modes by adjusting the

number of D-FACTS devices installed on the relevant

lines. It is expected that D-FACTS devices will play a good

role in the transmission network after passing the required

research stage. In [6], a distributed power flow control

scheme for a power grid is designed by taking a series

reactive power compensation device as an example, and its

significant impact on power grid utilization and system

reliability is analyzed. Reference [7] gives a distributed

series impedance (DSI) and a distributed static series

compensator (DSSC). These can be clipped on to an

existing power line and change the impedance of the lines

dynamically and statically to control the power flow. Fur-

ther, the impact of installing D-FACTS devices on power

system are studied in [8] by studying the linear sensitivities

of power system quantities such as voltage magnitude,

voltage angle, bus power injections, line power flow, and

real power losses with respect to line impedance.

Reference [9] presents an overview on the D-FACTS

controller and demonstrates the feasibility of enhancing

power flow controllability. It categorizes the D-FACTS

operation mode into two main classes: by-pass mode and

compensation mode. In the by-pass mode, the D-FACTS

controller bypasses the power under the fault conditions by

using the parallel connected back-to-back thyristor

switches. In the compensation mode, the D-FACTS con-

troller achieves power flow control by compensating

transmission line impedance. A new type of D-FACTS

called distributed power flow controller (DPFC) is pro-

posed in [10], and its compensation mode can be divided

into series reactor mode and reactive voltage injection

mode according to the selection of the module switch and

the state change of the composite switch. A multi-time-

scale coordinated scheduling model with DPFC to mini-

mize wind power spillage is investigated in [10].

However, these benefits of FACTS or D-FACTS devices

are dependent on their number, location and set points.

Recently, research has concentrated on the optimal con-

figuration of lumped FACTS devices. From the literature

review, existing studies in this area can be divided into two

categories as follows: � Various optimization objectives

are utilized to define the optimal configuration of FACTS

devices. Reference [11] presents the optimal number and

location of thyristor-controlled phase shifter transformers

(TCPST) to enhance loadability via mixed integer linear

programming (MILP). The optimal placement of static var

compensator (SVC) and thyristor-controlled series com-

pensators (TCSC) is investigated with the objectives of

loadability maximization and installation cost minimiza-

tion using multi-objective particle swarm optimization

method in [12, 13]; ` Several FACTS devices are opti-

mally implemented to improve system performance. Ref-

erences [14–17] present the effects of different types of

FACTS devices on system voltage stability, power flow

entropy or loadability. In addition, multi-objective opti-

mization placement of multi-type FACTS devices is

investigated in [18–20] based on intelligent optimization

algorithms.

Compared with the lumped FACTS devices, little effort

has been devoted to the configuration of D-FACTS devi-

ces. In [21], the optimal placement of DSSCs is presented

by investigating the sensitivity of real power loss with

respect to line impedance. However, this method, which

decouples the location and capacity of devices, cannot

always achieve the optimal objective. Reference [22] pre-

sents the optimal locations of DSSCs for enhancing the

loadability and system reliability for a specific number of

devices, but the optimal installation number of DSSCs is

not considered. In addition, performance enhancement of a

hybrid AC/DC microgrid based on optimal configuration of

D-FACTS is introduced in [23, 24]. The microgrid opera-

tion performance mentioned includes stabilizing the bus

voltage, reducing the feeder losses, improving the power

factor and mitigating the harmonic distortion using the

DFACTS devices. These are studied in [23], and D-FACTS

cooperation in renewable integrated microgrids based on a

linear multi-objective approach to contribute to a higher

penetration of photovoltaics is proposed in [24].

However, none of the aforementioned studies take into

account the conflict between investment and loadability

enhancement when determining the optimal D-FACTS

device configuration. Actually, the installation of

D-FACTS devices in power systems is an investment issue,

and it is necessary for any new installation of D-FACTS

devices to be very well planned.

This paper develops an optimization model of the DPFC

and presents its optimal configuration method based on

mixed integer linear programming. The optimization

problem to maximize the system loadability for a specific

number of DPFC is formulated and a number of optimal

solutions are computed. The fuzzy decision-making

method is used to select the most preferred solution by

power planners considering their preference. Thereafter,

for the most preferred solution obtained, a minimal number

of DPFC is optimally selected to meet this requirement.

The rest of this paper is organized as follows. The

introduction and mathematical model of DPFC are
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presented in Section 2. In Section 3, the optimization

problem is formulated. In Section 4, numerical results are

used to demonstrate the effectiveness of the proposed

method. Conclusions are presented in Section 5.

2 Structure and mathematical model of DPFC

2.1 Structure of DPFC

The DPFC can be directly installed on the conductor.

This makes it overcome many drawbacks of existing

lumped FACTS technologies. The installation and electro-

mechanical concept diagram are shown in [10]. The

remarkable benefits are as follows: � ability to match the

investment with the actual increase of load demand; `

ability to plan to adjust the locations according to the

change of system operation modes; ´ flexible installation

does not require an additional footprint; ˆ avoidance of

high voltage insulation, thus reducing manufacturing

costs.

Figure 1 shows the schematic representation of the

DPFC that consists of a single turn transformer (STT), a

low-power single-phase inverter, a communication module

and a composite switch. The DPFC installed on lines is

controlled by the control center deployed in the substation.

The main task of the control center is to obtain DPFC

operation status and then pass system commands to the

control module in the DPFC. System commands for grad-

ual changes are received from the control center using a

wireless technique. The inverter and control module are

self-powered by induction from the conductor. The com-

posite switch contains a normally closed electromechanical

switch and a thyristor switch. The electromechanical

switch is used to bypass the DPFC if the transmission line

current is relatively small. The thyristor switch is used to

ensure that the DPFC is bypassed quickly if a fault is

detected by the current feedback signal.

2.2 Control modes of DPFC

Overall operation and control modes of the DPFCs are

coordinated from the control center to realize a variety of

system operation targets. A DPFC can be controlled to

operate in series reactor mode (SRM) or voltage injection

mode (VIM). Control modes of the DPFC and the corre-

sponding operation features are as follows.

2.2.1 SRM

In SRM, a constant reactance is inserted into the trans-

mission line.

Figure 2 clearly shows the circuit schematic of the

DPFC when it operates in SRM. The single-phase inverter

is not activated. With the normally closed electromechan-

ical switch SM closed, the STT is bypassed and only a

minimal level of reactance, corresponding to the STT

leakage reactance, is inserted into the line. Switch SM can

be opened to inject an impedance corresponding to the STT

magnetizing inductance XM. If there are n DPFCs installed

on transmission lines, the line impedance will increase to

nXM as shown in Fig. 2. X is the reactance of the trans-

mission line. However, the STT magnetizing inductance is

relatively small (about 50 lH) considering its weight or

capacity, and the influence of the DPFC operating in SRM

on power flow is limited. Thus, it is usually considered as

the backup mode.
Transmission line

Module
switch

Power supply

Control module

Current 
feedback

Composite 
switch

DC Signal transceiver

Single-phase
inverter

Fig. 1 Schematic representation of a DPFC

Transmission line

Composite switch

XM

SM

(a)

X

Line
impedance

No. of DPFC 

X+nXM

(b)

Fig. 2 Circuit schematic and corresponding operation feature of

DPFC cooperating in SRM

(a) (b)

Fig. 3 Phasor diagram of injecting voltage of DPFC
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2.2.2 VIM

In VIM, a desired quadrature voltage is injected to the

transmission line to simulate positive or negative

reactance.

Figure 3 shows the DPFC series injection voltage phasor

diagram when the inverter is activated. V1 and V2 are the

voltage vector of the sending and receiving end buses;

VDPFC is the voltage injected by a DPFC; I is the line

current vector; I is the line current amplitude; X is the line

reactance; d is the phase angle difference between the two

ends of the line; h is the phase angle difference between the
voltage V2 and current I.

The operation feature of the DPFC is similar to the static

synchronous series compensator (SSSC). The inverter can

operate in the following compensation modes:

1) Capacitive compensation mode: the phase of injected

voltage lags the line current by 90�, which increases

the amplitude of the line current and transmitted

power.

2) Inductive compensation mode: provides a desired

leading quadrature voltage, thereby the transmitted

power can be reduced.

It can be seen that a higher level of flexibility for

improving system loadability can be obtained if the DPFC

operates in VIM because the single-phase inverter can

emulate any voltage or impedance within its range. This

provides higher granularity of power flow control. Thus,

this paper develops the mathematical model of DPFC

operating in VIM. In addition, the application of DPFC is

more suitable for a relatively low voltage grid than an extra

high voltage (EHV) power grid. This is mainly because the

low-voltage power grid is denser, the transmission length

between nodes is shorter, and the electrical connection is

closer, and thus the unit capacity DPFC has a better system

loadability.

2.3 Linear mathematical model of DPFC

Figure 4 presents the circuit model of a DPFC deployed

on a transmission line. As mentioned in Section 2.2, a

DPFC can inject a desired quadrature voltage into the

transmission line. Therefore, the relationship of line current

and the voltage injected by a DPFC can be described as:

VDPFC ¼ � j VDPFCj j I
Ij j ð1Þ

where VDPFCj j is the voltage amplitude injected by a

DPFC; and I= Ij j is the unit vector in the direction of the

line current vector.

The series injected voltage clearly has an impact on the

control of line power flow. The real power flow P12 along a

transmission line deployed with a DPFC can be described

as:

P12 ¼
V2

X
sinðdÞ � V VDPFCj j

X
cos

d
2

� �
ð2Þ

where V is the voltage amplitudes of buses 1 and 2.

Since a DPFC is used to control real power flow and is

installed in the high voltage level transmission network, the

DC power flow model is used for the mathematical for-

mulation of the DPFC. In the DC model, the voltage

amplitudes of all buses are assumed equal to 1 p.u., and

voltage phase angle differences are assumed to be extre-

mely small. Therefore, the active power flow given in (2)

can be simplified to:

P12¼
d
X
þ VDPFC

X
ð3Þ

Figure 5 shows the variation of power flow along a

transmission line that can be achieved by injecting a

positive or negative voltage.

It can be seen from Fig. 5 that the injected voltage of

DPFC is a continuous value and could change within its

bounds. Therefore, a DPFC can either operate in inductive

compensation mode (for VDPFC\ 0) or capacitive com-

pensation mode (for VDPFC[ 0) which is more conductive

to accurate control of power flow.

Using the linearization model of a DPFC in (3), the

injected voltage of the DPFC can be embedded in the

Fig. 4 Circuit model of a transmission line with DPFC
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voltage injection
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optimization model as a continuous control variable and

solved by a linear programming solver.

3 Problem formulation

As an index to indicate the level of steady-state transfer

capacity of a transmission system, the system loadability,

representing the maximum power that can be transferred

between generators and loads before security constraints, is

violated in system planning. The optimization problem of

obtaining maximum loadability is formulated in terms of a

single unknown scalar parameter a, whose value is

expected to be maximized. In general, a is the load factor

and represents the uniform growth of all loads in the sys-

tem, and can be defined by the following equations:

Pdi ¼ aP0
di

Qdi ¼ aQ0
di

�
ð4Þ

where P0
di and Q

0
di are the initial active and reactive loads at

bus i, respectively; and Pdi and Qdi are the modified values,

respectively. Thus, the active and reactive power balance

equations on bus i are expressed as:

Pgi �
Pn
j¼1

Pij ¼ aP0
di

Qgi �
Pn
j¼1

Qij ¼ aQ0
di

8>><
>>:

ð5Þ

where Pgi and Qgi are the active and reactive power outputs

of generating unit i, respectively; and Pij and Qij are the

transmitted powers from bus i to bus j, respectively.

System loadability is affected by some system con-

straints such as distribution of its generation resources and

thermal limits of the transmission network. Reference [25]

has observed that loadability cannot be improved when the

installation number of FACTS devices comes to a specific

value. That is, the marginal loadability improvement is

affected by the number of devices. The deployment of

more devices can increase the flexibility in improving

loadability; however, it may reduce the economy of

FACTS devices. Thus, studies that investigate the config-

uration of DPFCs should address the problem of how to

compromise between loadability and investment.

In order to solve the above problem, the optimization

problem that achieving the ‘‘most effective’’ solution with

minimal number of DPFCs is formulated. The efficiency on

the loadability for different numbers of DPFCs has been

quantified in Section 3.1. A fuzzy decision-making tool is

used to identify the most preferred solution in Section 3.2.

In the last section, optimal DPFC configuration is deter-

mined to achieve this predefined solution.

3.1 Maximizing system loadability

A standard optimization problem of maximizing the

loadability is presented as follows:

max a ð6Þ

s.t.

Fk � Bkðhn � hmÞ ¼ 0 ð7ÞX
k2vþðnÞ

Fk �
X

k2v�ðnÞ
Fk þ

X
g2gðnÞ

Pg ¼ aPdn ð8Þ

Pmin
g �Pg �Pmax

g ð9Þ

�Fmax
k �Fk �Fmax

k ð10Þ
� p � hn � p ð11Þ

where Fk is the power flow of transmission line k; Bk is the

susceptance of line k; hn and hm are the voltage angles at

buses n and m, respectively; Pg is the active power output

of unit g; Pdn is the load at bus n; k is the index of trans-

mission lines; g is the index of generators; vþðnÞ is the set
of lines specified as to node n; v�ðnÞ is the set of lines

specified as from node n; g(n) is the set of generators

connected to node n; Pmax
g and Pmin

g are the upper and lower

active power limits on the generating unit g, respectively;

and Fmax
k is the thermal limit of transmission line k.

Equation (6) represents that the corresponding objective

function is to maximize the system loadability. Equa-

tions (7)–(8) represent the active power flows on trans-

mission lines and active power balance equations.

Equations (9)–(11) represent the lower and upper limits on

generator real power outputs, line power flows and bus

voltage angles.

The introduction of a DPFC adds new control variables

to the system. As mentioned above, DPFCs have significant

impact on power flows by injecting a quadrature voltage.

Using the proposed model for the DPFCs in Section 2.3,

the power flow on transmission lines implemented with

DPFCs can be described as:

Fk � Bkðhn � hmÞ � BkVqk ¼ 0 ð12Þ

where Vqk is the voltage injected by DPFC installed on the

line k.

Since DPFCs can be attached directly to the transmis-

sion lines, the capability of transmission lines to withstand

DPFC weight should be considered. Therefore, the number

of DPFCs installed on each line should be restricted. Thus,

DPFC physical and operation constraints are presented as:

Nk;minuk �Nk �Nk;maxuk ð13Þ
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3
X
k

Nk �NT ð14Þ

NkVqk;min �Vqk �NkVqk;max ð15Þ

where Nk is the number of DPFC installed on line k; Nk,min

and Nk,max are the minimum and maximum number of

DPFCs installed on the line k, respectively; uk is the binary

parameter indicating whether a DPFC can be installed on

line k; NT is the maximum total number of DPFCs available

to be installed in the system; and Vqk,min and Vqk,max are the

lower and upper limits on voltage injected by a DPFC

installed on the line k, respectively.

Equation (13) expresses the lower and upper bound on

the number of DPFCs attached to each transmission line. In

(13), uk is a binary parameter. In this way, setting uk to one

indicates that a DPFC is allowed to be installed on line k.

Its value will be determined by the planners according to

the actual operation conditions of each line. As a DPFC can

be attached directly to the transmission line, Nk;max is

affected by the length of the line, the bearing capacity of

the tower and the weight of the DPFC. The limit on the

total number of DPFCs or investment resources is defined

in (14). The lower and upper bounds on injected voltages of

a group of DPFCs deployed on line k are given by (15).

These are related to the number of DPFCs installed on the

line. Vqk;max and Vqk;min are determined by the capacity of

the DPFC, the voltage level and the thermal limit of the

line. They can be expressed as:

Vqk;max¼SDPFC
�
Ik;max ð16Þ

Vqk;min¼�SDPFC
�
Ik;max ð17Þ

where SDPFC is the capacity of the DPFC; and Ik,max is the

maximum current of the transmission line k.

In summary, the optimization problem to enhance the

loadability with DPFCs is presented in (6), (8)–(15). The

optimization process implemented to evaluate the effi-

ciency of DPFCs on the loadability can be presented as

follows:

Step 1 Initialize NT = 0, obtain the initial system loadability

without DPFCs.

Step 2 Increase NT = NT ? 3, calculate the optimal value of

the system loadability for the given number of DPFCs.

Step 3 This loop continues until the maximum value of

loadability does not increase even if more DPFCs are

added.

3.2 Fuzzy decision-making tool

After increasing the total number of DPFCs on the

system, the conflicting behavior between system

loadability and investment of DPFCs is obtained. There-

after, the power planners need to make a compromise

between loadabilty and investment and choose the most

preferred solution according to their preference. In this

section, the fuzzy decision-making method as a valid

approach is used, and linear membership functions are

defined for evaluating the system loadability and invest-

ment of DPFCs. The system loadability and investment of

DPFCs in the ith solution are formulated as:

f1;i ¼
ai � amin

amax � amin
ð18Þ

f2;i ¼
Cmax
DPFC � CDPFC:i

Cmax
DPFC � Cmin

DPFC

ð19Þ

where amax and amin are the maximum and minimum

loadabilities; and Cmax
DPFC and Cmin

DPFC are the maximum and

minimum investments of DPFCs in these solutions. Thus,

the overall satisfaction level of ith solution can be described

as:

fi ¼ ðw1f1;i þ w2f2;iÞ ð20Þ

where w1 and w2 are the weight values assigned to f1 and f2.

These weight values can be selected by the power planners

according to the importance of the economic and technical

aspects of different systems. Therefore, the solution with

the maximum overall satisfaction level would be the most

preferred solution, and the system loadability in this solu-

tion is defined as the optimal point.

3.3 Minimizing DPFC investment

With the proposed approach, the most preferred load-

ability aopt will be found. To achieve this system load-

ability and avoid the redundant deployment of DPFCs, the

total investment or the total number of DPFCs is mini-

mized. Therefore, the problem is formulated as:

min
X
k

Nk ð21Þ

This optimization model needs to satisfy the predefined

loadability, and it is subject to (8)–(15). An additional

constraint that maintains the predefined optimal loadability

is described as:X
k2vþðnÞ

Fk �
X

k2v�ðnÞ
Fk þ

X
g2gðnÞ

Pg ¼ aoptPdn ð22Þ

The DPFC placement strategy may not be unique after

being optimized in this stage. The reason is that the

installation cost coefficients of each line are assumed to be

equal in (21). Therefore, a unique DPFC placement can be

obtained by adopting differentiated coefficients according

to the actual situation.
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It is worth mentioning that system loadability is also

affected by other factors such as SDPFC and Nk;max which

influence the ability to control the power flow of DPFCs

installed on a specific transmission line. Thus, these

detailed analyses are presented in Section 4.2.

Figure 6 shows the flowchart of the proposed method.

The above MILP problem can be modeled in MATLAB

and solved using optimization toolbox.

4 Case studies

To analyze the effect of DPFCs on system loadability

and verify the correctness and validity of the proposed

method, the IEEE-RTS79 system is chosen as the test

system. The voltage level of transmission lines is 230 kV

and 138 kV. The total active network loads are 2850 MW,

and the complete data of this test system can be obtained

from [26]. To reach the network loadability limit, the

transmission limits of all lines in the system are reduced by

50%.

Since the capacity of a DPFC is set to 70 kVA, injected

voltages of DPFCs installed on different transmission lines

are shown in Table 1. is the injected voltage of DPFC, V
0

i is

the injected voltage of per unit.

The maximum and minimum numbers of DPFCs

allowed to be installed on a conductor of a transmission

line must be specified. Since DPFCs can only be attached

to the lines closely connected to the strain tower and there

is approximately one strain tower per mile of a transmis-

sion line, the maximum number of DPFCs installed on a

transmission line is assumed to be equal to one per mile per

conductor based on the weight of DPFCs and the distri-

bution of strain towers. The minimum number of DPFCs

on each line is assumed equal to zero.

4.1 Optimal placement of DPFC

By increasing the total number of DPFCs in the system,

the conflicting behavior of loadability and investment of a

DPFC is shown in Fig. 7. The maximum attainable load-

ability of this system is at amax = 1.1217 with approxi-

mately 810 DPFCs, which is equal to

2850 9 1.1217 = 3196.84 MW. amax = 1.0317 has been

obtained which is the maximum system loadability without

DPFCs. It is noticeable that the more system loadability is

achieved, the more DPFCs are applied. Thus, it is neces-

sary to compromise between loadability and investment.

Therefore, w1 and w2 are both set to 0.5 to compromise

between loadability and investment in a DPFC. According

to the adopted weight values, the optimal operation point

Start

Initialize NT =0, obtain the initial system loadability

Maximize the loadability for the given number of DPFCs 

Y

Obtain the most preferred system loadability αopt
by fuzzy decision-making tool

N

Set constraint of system loadability α =αopt

End

Minimize the DPFC investment while satisfying
the predefined loadability 

NT =NT +3

Does loadability continue
to increase?

Fig. 6 Flowchart of the proposed method

Table 1 Injected voltage of DPFC on transmission lines with different voltage levels

Maximum Vi (V) Maximum V
0
i (p.u.) Minimum Vi (V) Minimum V

0
i (p.u.) Line voltage (kV) Line transmission limit (MW)

191.22 2.4 9 10-3 - 191.22 - 2.4 9 10-3 138 87.5

111.54 8.4 9 10-4 - 111.54 - 8.4 9 10-4 230 250

0 100 200 300 400 500 600 700 800
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Fig. 7 Comparison of DPFC placement in two cases
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and loadability aopt = 1.0985 are found. Table 2 presents

the optimal number, locations and set points of DPFCs at

the most preferred system operation point after minimizing

the DPFC investment. The results given in Table 2 reveal

that lines 11–14 are fully deployed with DPFCs owing to

the length of the lines. This observation implies the

importance of this transmission line in improving system

loadability. In addition, the injected voltages of DPFCs in

column 5 indicate that the compensation mode of DPFCs

varies from line to line. This observation implies that the

power flow of these lines can either increase or decrease by

controlling the injected voltage. Thus, DPFCs can enhance

system loadability by improving the distribution of power

flow and making full use of the transmission limits of

several transmission lines.

4.2 Sensitivity analysis

The development of D-FACTS technology has the main

features: � reducing the weight of devices to make the

conductor bear more equipment; ` increasing capacity that

improves the performance of devices; ´ ability to be

installed on higher voltage transmission networks. There-

fore, considering the improvement trend of DPFCs over

time, the effects of various capacity and upper bound

constraints (10) on the overall results are investigated in

this paper. The capacity of each DPFC is changed from

70 kVA to 100 kVA in three steps, and the maximum

number of DPFCs that can be installed on a transmission

line is changed from 1 to 4 per mile per conductor in three

steps. The optimization results are presented in Table 3 and

Table 4. The total number of DPFCs is gradually reduced

when the capacity of each DPFC increases. The optimal

loadability indices defined by fuzzy decision-making are

slightly sensitive to the capacity of the DPFC. In addition,

with the increase of the maximum number of DPFCs,

though the optimal loadability and total number of DPFCs

have not changed in this case, the number of lines equipped

with DPFC is reduced to four. As a result, it can be

deduced that if the limit is loosened by the modified

technology, there is no concern on the enhancement of the

efficiency.

4.3 Comparison of DPFC with lumped FACTS

device

In addition, maximum attainable loadability is also

necessary for investigating some areas where it is not

convenient to construct new lines. Thus, the weight values

of loadability and investment of DPFCs are set to 1 and 0 in

the proposed method, respectively. This paper compares

the effect of lumped FACTS and D-FACTS devices on

maximizing system loadability. Simulations are performed

only for a single-type device, DPFC and SSSC. Figure 8

shows the improvement of the maximum loadability for

different total installed capacity of two FACTS devices. In

this case, SSSC is installed on lines 1–3 after optimal

placement. It can be noted that the DPFCs are superior to

an SSSC in enhancing loadability at the specific capacity.

The reason is that the loadability is a global problem of the

power grid, and SSSC is generally installed on the same

line, and this cannot effectively solve the operation limit of

multiple lines, and the DPFCs with the same capacity can

be distributed and flexibly installed on multiple different

lines. This can solve the overload problem of multiple

lines, resulting in making the loadability further

enhanced.

Compared with lumped FACTS devices, one of the

advantages of the DPFC is that it can flexibly adjust the

allocation according to the change of system operation

mode. It is to be noted that the installation and debugging

of the DPFC is usually performed during the planned

power outage of the grid.

Table 2 Optimal placement of DPFCs

Line DPFC

Sending bus Receiving bus Length (km) No. per phase (set) Injected voltage (p.u.)

1 3 55 15 - 0.0360

2 6 50 12 0.0288

11 13 33 3 - 0.0023

11 14 29 29 0.0244

14 16 27 11 0.0092

Table 3 Optimization results for various capacity of DPFCs

Capacity of each

DPFC (kVA)

Optimal

loadability

Total No. of

DPFCs

70 1.0985 210

80 1.0979 180

90 1.1004 180

100 1.0987 150
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In particular, the different modes of system operation

mean different load levels. To clarify the benefit of DPFCs,

the following operation modes in IEEE-RTS79 system are

considered for the simulation:

1) Initial mode: the initial loads data taken from [26] is

chosen as the base operation mode for study.

2) Mode 2: the loads are modified to simulate the change

of system operation state. Loads in 230 kV nodes increase

by 10%, and other loads in 138 kV nodes are reduced by

10%. Thus, the total active network loads are 2868.6 MW.

In each of these modes, the maximum attainable system

loadability is calculated when integrated with different

types of devices. In this paper, SSSC is chosen as the

typical lumped FACTS device since the operation features

of SSSC are similar to those of a DPFC.

The optimization results on system loadability in two

operation modes are presented in Table 5. It can be seen

from Table 5 that with one SSSC installed on the above

line, the loadability would improve by 0.0505 in the initial

system operation mode, while the loadability only increa-

ses by 0.0157 in system operation mode 2. However, sys-

tem loadability increases by 0.090 and 0.0655 after optimal

configuration of DPFCs.

Table 6 presents the optimal locations and numbers of

DPFCs in two system operation modes. The injected

voltages of DPFCs are not detailed because they are not

constant values and vary from one mode to another in order

to alleviate transmission congestion. The results presented

in Table 6 clarify that different system operation modes

cause different configurations of DPFCs among transmis-

sion lines. It can be observed that lines 2–6, 11–14, 14–16

and 16–19 are selected in two operation modes, and the last

three lines are fully deployed with DPFCs owing to the

length of lines. It implies that these transmission lines are

important for enhancing system loadability. In addition, the

results reveal that DPFCs are installed on some transmis-

sion lines only in initial mode or mode 2. This observation

shows that the lines limiting system loadability are usually

different as the operation mode alters. As previously

mentioned, the major advantage of DPFC is the ability to

adjust its location if needed. For example, system operators

can adjust their locations once or twice a year according to

the change of system operation mode. Therefore, DPFC is

more conducive for improving loadability.

Table 5 Maximum system loadability in different operation modes

Operation

mode

Maximum attainable loadability a

Without FACTS

device

With

DPFC

With

SSSC

Initial mode 1.0317 1.1217 1.0822

Mode 2 1.0928 1.1583 1.1085

Table 6 Configuration of DPFCs in two system operation modes

Line No. of DPFC per phase

Sending bus Receiving bus Length (m) Initial mode Mode 2

2 4 33 12

2 6 50 14 5

3 9 31 28

4 9 27 27

8 9 43 42

8 10 43 5

11 13 33 16

11 14 29 29 29

12 13 33 12

12 23 67 58

13 23 60 22

14 16 27 27 27

16 17 18 15

16 19 16 16 16

20 23 15 1

Table 4 Optimization results for various maximum numbers of

DPFCs

Maximum No. of

DPFCs per mile per

conductor

Optimal

loadability

Total

number of

DPFCs

No. of lines

equipped with

DPFCs

1 1.0985 210 5

2 1.0985 210 4

3 1.0985 210 4

4 1.0985 210 4

Capacity of FACTS device (MVA)
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Fig. 8 System loadability for various capacity of FACTS device
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5 Conclusion

This paper presents the novel concept of a DPFC and its

optimal configuration method based on mixed integer lin-

ear programming. The conflicting behavior of system

loadability and investment in DPFCs is quantitatively

analyzed while considering all system constraints, includ-

ing physical and operation features of DPFC. The most

preferred loadability is determined by a fuzzy decision-

making method using the adopted weighting factors. At

this predefined loadability, the investment of DPFCs has

been minimized to determine the optimal number, loca-

tions and set points of DPFCs. The simulation results show

the effectiveness of the proposed method for optimal

configuration of DPFCs in a transmission system. In

addition, the sensitivity analysis demonstrates that the

efficiency for enhancing system loadability has been

improved by the modified technology. Furthermore, the

results indicate that DPFCs can distinctly enhance system

loadability compared with lumped FACTS devices. The

proposed method, owing to its simple computation, can

determine the optimal placement of other FACTS or

D-FACTS devices.
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