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Abstract— This paper represents a new dimension of the 

Flexible AC Transmission System (FACTS) called as 

Distributed Power-Flow Controller (DPFC). is a further 

development of the UPFC. The DPFC can be considered as a 

UPFC with an eliminated common dc link. The system 

consists of several low-power series converters and one shunt 

large-power converter without common dc link. Also new is 

that the power exchange between the shunt and series parts is 

through the existing transmission line at a harmonic 

frequency and the active power exchange between shunt and 

series is transmitted through the transmission line in the nth 

harmonic frequency, and has no disturbance to the 

fundamental component. The aim of this paper is to develop 

a new type of power-flow controlling device that offers the 

same control capability as the UPFC. This solution enables 

the Distributed series part of the separated UPFC to reduce 

the cost significantly and have a lot of extra benefits, such as 

higher reliability, convenient for installation and 

maintenance. Here the results of steady-state analysis of the 

separated UPFC are also presented.  
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I. INTRODUCTION 

In recent years because of increasing demand of electric 

power consumption the necessity of development in 

generation unit and power transmission lines are more felt. 

But to accomplish it, there are some problems such as nature 

pollution and construction of new generation units and 

transmission network. These problems cause that the power 

systems engineers to reconsider power systems de-signing 

and employ the flexible AC transmission systems (FACTS). 

The concept of FACTS based on the power electronics 

converters which has introduced many possibilities for fast 

controlling and optimization of electric power flow in 

transmission lines and improving the power system stability. 

The unified power-flow controller (UPFC) shown in 

Fig.1, is the most powerful FACTS device, which can 

simultaneously control all parameters of trans-mission 

system such as line impedance, transmission angle and bus 

voltage [1-2]. The UPFC is the combination of a static 

synchronous compensator (STATCOM) and a static 

synchronous series compensator (SSSC) which they have a 

common dc link [3]. 

UPFC has two converters that the one of them is 

connected as parallel and another is connected as series with 

transmission line. Each converter can independently generate 

or absorb reactive power. This arrangement enables active 

and reactive power flow controlling in transmission line. 

The conventional UPFC has 4 control variables 

(phase and magnitude of shunt and series converters). Using 

these control variables UPFC will be capable to control the 

line active power flow, sending or receiving end reactive 

power, AC bus volt-age and DC link voltage [4, 5]. Fast 

power flow con-trolling devices based on power electronics 

(FACTS) are introduced but due to high prices are not widely 

used. Also, because of the reliability and the cost issues, the 

UPFC is not widely applied in current transmission network. 

The Distributed Power Flow Controller (DPFC) is a new 

device of D-FACTS family [5]. The DPFC provides higher 

reliability than conventional UPFC at lower cost [6]. In the 

UPFC to achieve the required reliability, the bypass circuits 

and redundant backups are needed which this in-creases the 

cost. In the DPFC to overcome these problems, multiple low 

rate series converters are used instead of one large series 

converter. Therefore, it causes not only the DPFC price will 

be less than UPFC but also increases its reliability.  

 
Fig. 1:  General configuration of UPFC. 

The common DC link between converters reduces 

the reliability of a device, because a failure in one converter 

will pervade the whole device though the DC link. By 

eliminating this DC link, the converters within the FACTS 

devices are operated independently, thereby increasing their 

reliability. 

The elimination of the common DC link also allows 

the D-FACTS concept to be applied to series converters. In 

that case, the reliability of the new device is further improved 

due to the redundancy provided by the distributed series 

converters. In addition, series converter distribution reduces 

cost because no high-voltage isolation and high power rating 

components are required at the series part. By applying the 

two approaches – eliminating the common DC link and 

distributing the series converter the UPFC is further 

developed into a new combined FACTS device: the 

Distributed Power Flow Controller (DPFC), as shown in Fig. 

2. 
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Fig. 2: DPFC 

II. DPFC STRUCTURE 

According to Fig.3, two changes should be applied to UPFC 

in order to increasing the reliability and to reduce the cost. 

First, eliminating the common dc link of the UPFC and 

second distributing the series converter. With these changes, 

the new FACTS de-vice, that is called DPFC, is achieved [6]. 

 
Fig. 3: Transformation from the UPFC to the DPFC. 

The DPFC consists of one shunt and several series 

connected converters. The shunt converter is similar as a 

STATCOM, while the series converters employ the D-

FACTS concept. Each converter within the DPFC is 

independent and has a separate dc link capacitor to provide 

the required dc voltage. Fig.4 shows the structure of DPFC 

that is used in a trans-formation system with two parallel 

lines. 

 
Fig. 4:  General configuration of DPFC 

III. DPFC OPERATING PRINCIPLE 

The basic issues in DPFC principle are DC-link elimination 

and using 3rd-harmonic current to active power exchange. In 

the following subsections, the DPFC basic concepts are 

explained. 

A. Eliminate DC-Link and Power Exchange: 

Within the DPFC, the transmission line is used as a 

connection between shunt converter output and AC port of 

series converters, instead of using DC-link for power 

exchange between converters. The method of power 

exchange in DPFC is based on power theory of non-

sinusoidal components [9]. Non-sinusoidal voltage and 

current can be presented as the sum of sinusoidal components 

at different frequencies. It is the main result of Fourier 

analysis. The product of voltage and current components 

provides the active power. Since the integral of some terms 

with different frequencies are zero, so the active power 

equation is as follow: 

P=∑ 𝑉𝑖𝐼𝑖 cos 𝜑𝑖

𝑖=1    (1) 

Where Vi and Ii are the voltage and current at the ith 

harmonic frequency, respectively, and φi is the angle between 

the voltage and current at the same frequency. Equation 1 

expresses the active powers at different frequencies are 

independent from each other’s. Thus, the converter can 

absorb the active power in one frequency and generates 

output power in another frequency. Assume the DPFC is 

located in transmission line of a two-bus system; therefore, 

the power supply generates the active power and the shunt 

converter absorbs it in fundamental frequency of current. 

Meanwhile, the third harmonic component is trapped in Y-∆ 

transformer. Output terminal of the shunt converter injects the 

third harmonic current into the neutral of ∆-Y transformer. 

Consequently, the harmonic current flows through the 

transmission line. This harmonic current controls the dc 

voltage of series capacitors. Fig. 5 illustrates how the active 

power is exchanged between the shunt and series converters 

in the DPFC. 

 
Fig. 5: Active power exchange between DPFC converters 

B. The DPFC Advantages 

The DPFC in comparison with UPFC has some advantages, 

as follows: 

1) High control capability: 

The DPFC can control all parameters of transmission 

network: line impedance, transmission angle and bus voltage 

magnitude. 

2) High reliability: 

The series converters redundancy increases the DPFC 

reliability during converters operation [10]. It means, if one 

of series converters fails, the others can continue to work. 

3) Low cost: 

The single-phase converters rating, in comparison with three-

phase converters is very low. Furthermore, the series 

converters, in this configuration, no need to any voltage 

isolation to connect in line. We can use the single turn 

transformers for series converters hanging. To explore the 

feasibility of the DPFC, a case study which is to use DPFC to 

replace UPFC of the Korea electric power corporation 

(KEPCO) is investigated. To achieve the same control 

capability as the UPFC, the DPFC construction requires less 

material [9]. 

C. Using third harmonic components: 

The 3rd harmonic is selected for active power exchange in the 

DPFC. In a three-phase system, the 3rd harmonic in each 
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phase is identical, which means they are zero sequence 

components. Since the zero-sequence harmonic can be 

naturally blocked by Y- transformers so there is no extra filter 

required to prevent harmonic leakage 

So, by using the zero-sequence harmonic, the costly 

filter shown in Fig. 5 can be replaced by a cable that connects 

the neutral point of the Y- transformer. Because the winding 

appears open-circuit to the 3rd harmonic current, all harmonic 

current will flow through the Y- winding and concentrate to 

the grounding cable as shown in Fig. 6. 

 
Fig. 6: Fundamental and 3rd Harmonic current 

The relationship between the exchanged active 

power at the ith harmonic frequency Pi and the voltages 

generated by the converters is expressed by the well known 

the power flow equation and given as 

𝑃𝑖 =  
|𝑉𝑠ℎ,𝑖||𝑉𝑠𝑒,𝑖|

𝑋𝑖
sin(𝑠ℎ,𝑖 − 𝑠𝑒,𝑖)   (2) 

Where Xi is the impedance at ith frequency, |Vsh,1| 

and |Vse,1 | are the voltage magnitudes of the ith harmonic of 

- 

difference between the two voltages. 

IV. STEADY STATE ANALYSIS OF THE DPFC 

A. Simplification and Equivalent Circuit of DPFC: 

To simplify the DPFC, the converters are replaced by 

controllable voltage sources in series with impedance. Since 

each converter generates voltages at two different 

frequencies, they are represented by two series connected 

controllable voltage sources, one at the fundamental 

frequency and the other at the 3rd harmonic frequency. 

Assuming the converters and the transmission line have no 

loss, the total active power generated by the two voltage 

sources will be zero. The multiple series converters are 

simplified as one large converter with a voltage that is equal 

to the voltages of all series converters. Consequently, a 

simplified representation of the DPFC is shown in Fig. 7. 

 
Fig. 7: Equivalent Circuit of DPFC 

The DPFC is placed in a two-bus system with the 

sending end and the receiving end voltages Vs and Vr. The 

transmission line is represented by an inductance L with the 

line current I. The voltage injected by all the DPFC series 

converters is Vse,1 and Vse,3 at the fundamental and 3rd 

harmonic frequencies, respectively. The shunt converter is 

connected to the sending bus through the inductor Lsh and 

generates the voltage Vsh,1 and Vsh,3, and the current 

injected by the shunt converter is Ish. The active and reactive 

power flows at the receiving end are Pr and Qr. Arrow A 

represents the active power exchange within the converter 

itself and arrow B indicates the power exchange between the 

shunt and the series converter through the 3rd harmonic. 

This representation consists of both the fundamental 

frequency and 3rd harmonic frequency components. For an 

easier analysis, based on the superposition theorem, the 

circuit in Fig. 7 can be further simplified by splitting it into 

two circuits at different frequencies. The two circuits are 

isolated from each other, and the link between these circuits 

is the active power balance of each converter, as shown in 

Fig. 8. 

 
Fig. 8: Separated Fundamental and 3rd Harmonic Circuit 

B. Analysis of fundamental frequency circuit: 

On analysis of part (a) of Fig. 8, power flow control capability 

of the DPFC can be explained by the active power Pr and 

reactive power Qr at the receiving end. And it is given by 

𝑃𝑟 + 𝑗𝑄𝑟 = 𝑉𝑟𝐼1
∗                (3) 

= 𝑉𝑟  (
𝑉𝑠−𝑉𝑟+𝑉𝑠𝑒,1

𝑗𝑋1
)   (4) 

 The power flow (Pr, Qr) consists of two parts viz. 

the power flow without DPFC compensation (Pr0,Qr0) and 

the part that is varied by the DPFC (Pr,c, Qr,c). The power 

flow without DPFC compensation (Pr0, Qr0) is given by 

𝑃𝑟0 + 𝑗𝑄𝑟0 = 𝑉𝑟 (
𝑉𝑠−𝑉𝑟

𝑗𝑋1
)   (5) 

Now, by subtracting (2) from (1), the DPFC control range 

on the power flow can be expressed as: 

𝑃𝑟0 + 𝑗𝑄𝑟0 = 𝑉𝑟 (
𝑉𝑠𝑒,1

𝑗𝑋1
)    (6) 

As the voltage at the receiving end and the line 

impedance are fixed, the power flow control range of the 

DPFC is proportional to the maximum voltage of the series 

converter. Because the voltage Vse,1* can be rotated 360◦, 

the control range of the DPFC is a circle in the complex PQ-

plane, whose centre is the uncompensated power flow 

(Pr0,Qr0) and whose radius is equal to |Vr||Vse,1|/X1. By 

assuming that the voltage magnitude at the sending and 

receiving ends are both V, the control capability of the DPFC 

is given by: 

(𝑃𝑟 − 𝑃𝑟0)2 + (𝑄𝑟 − 𝑄𝑟0)2 = (𝑉
|𝑉𝑠𝑒,1|

𝑋1
)

2

 (7) 

In the complex PQ-plane, the locus of the power 

flow without the DPFC compensation is function of 

(Pr0,Qr0), is a circle with radius |V|2/|X1| around its centre 

(defined by coordinates P = 0 and Q = |V|2/|X1|). Each point 
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of this circle gives Pr0 and Qr0 values of the uncompensated 

system at the corresponding transmission angle. The 

boundary of the attainable control range for Pr and Qr is 

obtained from a complete rotation of the voltage Vse,1 with 

its maximum magnitude. The power flow control range of 

DPFC at different transmission angles are shown in Fig. 9. 

 
Fig. 9: Different Operating regions of DPFC 

C. Active Power Requirement of Series Converter: 

The active power required by the series converter is given by: 

𝑃𝑠𝑒,1 =
𝑋1

|𝑉𝑟|2
|𝑆𝑟||𝑆𝑟0| sin(𝜑𝑟𝑜 − 𝜑𝑟)  (8) 

The required active can also be expressed as the two 

vectors Sr0 and Sr, and it is shown in figure.10. Thus the 

active Power required by the series converter can be written 

as: 

        𝑃𝑠𝑒,1 = 𝐶𝐴(0, 𝑟0,𝑟)                      (9) 

Where the coefficient C = 2X1/Vr2, and A(o,r0,r) is 

the area of the triangle (O, Sr0, Sr). The active power required 

is maximum when Sr – Sr0 is perpendicular to the vector Sr0 

and is shown in  

Fig.11. 

 
Fig. 10: Pse,1 and receiving end Power Relationship 

 
Fig. 11: Maximum active power required by the series 

converter 

So, the maximum active power requirement is given by: 

𝑃𝑠𝑒,1,𝑚𝑎𝑥 =
|𝑋1||𝑆𝑟0|

|𝑉𝑒|2 |𝑆𝑟,𝑒|  (10) 

Where Sr,c is the control range of the DPFC and is given by: 

|𝑆𝑟,𝑐| = max|𝑃𝑟,𝑐 + 𝑗𝑄𝑟,𝑐|                               (11) 

D. Analysis of the 3rd Harmonic frequency circuit: 

The 3rd harmonic component within the DPFC system is used 

to exchange active and reactive power between the shunt and 

series converter. So for series converter,’ 

Re (Vse,3 I3*) = - Pse,1    (12) 

The power that is absorbed by the series converters 

at the 3rd harmonic frequency is given by: 

𝑃𝑠𝑒,3 + 𝑗𝑄𝑠𝑒,3 = 𝑉𝑠𝑒,3𝐼3
∗     (13) 

𝑃𝑠𝑒,3 =  
|𝑉𝑠𝑒,3||𝑉𝑠ℎ,3|

𝑋3
sin 3     (14) 

The reactive power flowing through the series 

converters at the 3rd harmonic frequency is controlled to be 

zero, which is Qse,3 is 0. It follows that the relationship 

between the voltages Vsh,3 and Vse,3 is 

𝑉𝑠𝑒,3 =  |𝑉𝑠ℎ,3| cos 3   (15) 

On putting (15) into (14), the active power absorbed 

at 3rd harmonic frequency with reactive power equal to zero 

is given by 

𝑃𝑠𝑒,3 =  |𝑉𝑠ℎ,3| cos 3 cos 3                 (16) 

V. SIMULATION OF DISTRIBUTED POWER FLOW 

CONTROLLER (DPFC) 

 
Fig. 12: Simulation Model of DPFC 

VI. CONCLUSION 

This paper presents the new concept of DPFC system and the 

method of transmitting active power through the same line at 

different frequency. The separated UPFC eliminates the 

common dc link between shunt and series parts, and breaks 

the location constrains, which gives more flexibility of UPFC 

installation. Active power exchange between series and shunt 

converter is through transmission line at 3rd harmonic 

frequency. . Since the exchange active power is through the 

same line which transmits the fundamental power, the 

transmission capability of the line will be reduced. The level 

of reduction depends on the control range of DPFC, and it is 

around 10% or less of the range related to the transmission 

line parameters. The DPFC is more reliable than UPFC due 

to redundancy of series converter and cheaper due to low 

voltage isolation and low voltage rating of components. 
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