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The Distributed Power Flow Controller (DPFC) is dedvfrom the Unified
power-flow controller (UPFC).The DPFC is a solutiencontrol the power
flow in a single transmission line. By eliminatittge common DC link and
distributing the three phase series convertere@UPFC, a new concept of
the Distributed Power Flow Controller (DPFC) is agki@ The active power
exchange between the two converters, which is tiirdhe common dc link
in the UPFC, is now through the transmission linesha third-harmonic
frequency in the DPFC. It inherits the advantageshef UPFC and the
DFACTS concept, which allow power flow control fowulti-line systems
with relatively low cost and high reliability witlub additional cost. This
paper presents two types of DPFCs; one is one fitrase shunt converter
and four three phase series converters. Anotherelnisdone three phase
shunt converter and nine single phase series ciemseBy using three phase
series converters, no common dc link between shodtseries converters
but cost will increases. By using single phaseesecbnverters, no common
dc link between shunt and series converters andatss decreases. Detailed

Power transmission simulations are carried out on two- machine systmnrbBustrate the control
features of these devices and their influence tyemse power transfer
capability and every series converter consists eFATTS concept so

Reliability also improves because failure of sedesverters does not effect.
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1. INTRODUCTION

The flexible ac transmission system (FACTS) techgglis the application of power electronics in
transmission systems [1]. The main purpose oftddlnology is to control and regulate the eleataidables
in the power systems.

This is achieved by using converters as a conbiglanterface between two power system
terminals. Basically, the family of FACTS deviceasbd on voltage source converters (VSCs) condists o
series compensator, a shunt compensator, and at/sdrigs compensator. The static Compensator
(STATCOM) [2] is a shunt connected device that lieao provide reactive power support at a network
location far away from the generators. The stagicchronous series compensator (SSSC) [2] is asserie
device which injects a voltage in series with th@ensmission line. Ideally, this injected voltageims
guadrature with the line current, such that theG8&haves like an inductor or a capacitor for thgpse of
increasing or decreasing the overall reactive geltarop across the line, and thereby, controlling t
transmitted power. In this operating mode, the SE8€5 not interchange any real power with the syste
steady-state. The unified power-flow controller &) [2] is the most versatile device of the familfy
FACTS devices, since it is able to control theactand the reactive power, respectively, as welthas
voltage at the connection node.
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Figure 1. Schematic representation of the UPFC

The Unified Power Flow Controller (UPFC) is congaidl of a STATCOM and a SSSC [3], coupled
via a common DC link to allow bi-directional flow active power between the series output termiaathe
SSSC and the shunt output terminals of the STATO@MEach converter can independently generate (or)
absorb reactive power at its own AC terminal. Twe tonverters are operated from a DC link providga
DC storage capacitor. The configuration of a UP§&hown in Figure 1.

The active power exchange between the shunt ansetiies converter is through the transmission line
at the third-harmonic frequency. The series comveof the DPFC employs the distributed FACTS (D-
FACTS) concept [5]. Comparing with the UPFC, theFQPhave two major advantages i.e low cost because
of the low-voltage isolation and the low componeaiing of the series converter and High reliapilit
because of the redundancy of the series conveatetshigh control capability. DPFC can also be used
improve the power quality and system stability suh power oscillation damping [6], Voltage sag
restoration or balancing asymmetry.

2. DPFC TOPOLOGY

The flow chart for DPFC is shown in Figure 2. ThERC consists of shunt and series connected
converters. The shunt converter is similar as a BIJ®M, while the series converter employs the
Distributed Static series compensator (DSSC) cdanedpich is to use multiple single-phase convertad
three phase series converters. Each convertemvittki DPFC is independent and has its own DC ctgpaci
to provide the required DC voltage. The configunatdf the DPFC is shown in figure. 3.
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Figure 2. Flowchart from UPFC to DPFC for a singile.

3. DPFC OPERATING PRINCIPLE
3.1. Active power exchangewith eliminated DC link:
Within the DPFC, the transmission line presentsrmmon connection between the AC ports of the

shunt and the series converters. Therefore, ibssiple to exchange active power through the AGspdihe
method is based on powé#reory of non-sinusoidal components. Accordinghe Fourier analysis, non-
sinusoidal voltage and current can be expressdédeasum of sinusoidal functions in different freqoies
with different amplitudes. The active power reqigtirom this non-sinusoidal voltage and currerdefined
as the mean value of the product of voltage andentir[5] Since the integrals of all the cross prcidof
terms with different frequencies are zero, thevagtiower can be expressed by:
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Equation (1) shows that the active powers at diffefrequencies are independent from each other
and the voltage or current at one frequency hamffience on the active power at other frequencide
independence of the active power at different feagies gives the possibility that a converter witha
power source can generate active power at onedneyuand absorb this power from other frequen¢igs.

The high-pass filter within the DPFC blocks thedamental frequency components and allows the
harmonic components to pass, thereby providingwanmeath for the harmonic components. The shudt an
series converters, the high pass filter and thargtdorm a closed loop for the harmonic curreri. [5

3.2. Using third har monic components

Due to the unique features of 3rd harmonic frequermanponents in a three phase system, the 3rd
harmonic is selected for active power exchang&énRPFC is shown in Figure 3. In a three-phaseepyst
the 3rd harmonic in each phase is identical, wiglans they are ‘zero-sequence’ components. Bethese
zero-sequence harmonic can be naturally blocked-y transformers and these are widely incorporated in
power systems (as a means of changing voltage)e tiseno extra filter required to prevent harmonic
leakage [5].
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Figure 3. & Harmonic Current flow in DPFC.

By using the zero-sequence harmonic, the costiyrfdan be replaced by a cable that connects the
neutral point of the YA transformer [7]on the right side in Figure 4. witie ground. Because the -
winding appears open-circuit to the 3rd harmonicrent, all harmonic current will flow through the-Y
winding and concentrate to the grounding cable. [5]
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Figure. 4 Utilize grounded YA transformer to filter
Figure. 5 DSSC Circuit schematic [7].zero-sequence

harmonic

The harmonic at the frequencies like 3rd, 6th,.9tre all zero-sequence and all can be used to
exchange active power in the DPFC. However, the t8admonic is selected, because it is the lowest
frequency among all zero-sequence harmonics. [5]
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3.3. Distributed Series Converter

This paper introduces the concept oDsstributed Static Series Compensa{@SSC) which is
shown in Figure 5. That uses multiple low-powergin phase inverters that attach to the transmissio
conductor and dynamically control the impedancéheftransmission line, allowing control of activewer
flow on the line [4]. The DSSC inverters are safygred by induction from the line itself, float efiécally
on the transmission conductors, and are contralkdg wireless or power line communication techagju
Implementation of system level control uses a langenber of DSSC modules controlled as a group to
realize active control of power flow. The steadgtstbehavior of the DPFC is analyzed and the cbntro
capability of the DPFC is expressed in the pararaateboth the network and DPFC itself [11]

4. DPFC SIMPLIFICATION AND EQUIVALENT CIRCUIT
To simplify the DPFC, the converters are replacgddntrollable voltage sources in series with

impedance. [12] Since each converter generateagastat two different frequencies, they are reptesgeby
two series connected controllable voltage sourges,at the fundamental frequency and the othdreaBtd
harmonic frequency [8]. For an easier analysisetham the superposition theorem, the circuit inuFege.
Can be further simplified by splitting it into twaircuits at different frequencies. The two circite isolated
from each other, and the link between these cidaithe active power balance of each converteshasn

in Figure 7.

(b)

Figure 6. DPFC simplified representation. [5] Figur DPFC equivalent circuit: (a) the fundamental
Frequency ; (b) the 3rd harmonic Frequency [5]

5. POWER FLOW CONTROL CAPABILITY
The power flow control capability of the DPFC camiltustrated by the active power &hd reactive
power Q at the receiving end, the active and reactive pdlows can be expressed as follows: [9]

P+iQ =V
V.-V -V
=V s r sgl

The power flow (P Qr) consists of two parts: the power flow with@®PFC compensation F0Q0)
and the part that is varied by the DPFC.(@®, ). The power flow without DPFC compensation®.) is
given by:[5]

. VARVA
T

jX
Ay 3
Accordingly, by substituting (3) into (2), the DPEGnNtrol range on the power flow can be expressed a
. v, @
PI',C + JQI’,C :\/I' ( j)S(E;-J
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The control range of the DPFC is a circle in thenptex PQ-plane, whose center is the uncompensated
power flow (R, Qo) and whose radius is equal to [Vr||Vse,1|/X1aBguming that the voltage magnitude at
the sending and receiving ends are both V, [10kthrol capability of the DPFC is given by theldaling

formula

(Pr - I:30)2 +(Q - Qo)2 =

2

(5)

In the complex PQ-plane, the locus of the powen flsithout the DPFC compensation o) is

a circle with radius*V|2 / X, around its center (defined by coordinates P =dDQr* |V|2/ X,). Each point

of this circle gives PrO and Qr0 values of the unpensated system [13] at the corresponding trasgmis
angled. The boundary of the attainable control rangeMband Qr is obtained from a complete rotation of

the voltage Vse,1 with its maximum magnitude. [13]

6. MATHEMATICAL ANALYSISOF DISTRIBUTED POWER FLOW CONTROLLER

Sending end voltage = 220 V [Ph-Ph, rms]
Phase difference 20

Transmission anglée = tarn’(Q+P) = tan'(100+1d) =0.5729

cfz =F

= Cf2

=k
1l

Figure 8. Three phase Pi section line

7. SIMULATIONRESULTS

To simulate the effect of the DPFC on Distributgdtem is processed using MATLAB. One shunt
converter and nine single phase series converterdult and tested. The specifications of the DRRC

MATLAB are listed below.

Power factor Cos6 = 0.99

Impedance calculations:

Three phase Pi section line

R=positive+ zero sequence resistance (ohms) = 03399
L=positive+ zero sequence inductance (H)= 5.0598x10
C=positive+ zero sequence capacitance (F)= 20.48°Lx1
Line impedance = 2.30659 ohms

Finding line current:

I, = KVA+V= (10.10 x1G) +2449.489 = 4.123A

Tofind thereceiving end voltage:

lea = PWH(C+2)* Vr = j 3.862*10°Vr

I1= l+le= 4.123_0.5729+j 3.862*10°Vr

V&V, +(4.12390.5729+j3.862*1%,)*2.30659

V, = (529.371-j0.0945)+(1+j8.908*1% = 529.309-j0.09 V

Tofind active and r eactive power swithout compensation:

ProtjQro = Vi (Vs Vi)+iX1)
=529.37_-0.01"%((538.88L_0°-529.37_0.01°)+j2.306))
20.21-j2185.3 VA

Tofind active and reactive power swith compensation:
P+ J Q=V: *((V s'Vr'Vse,])+jX 1)
=529.37_-0.01((538.88__0°529.37_-0.01>-
1273.2_0°+j2.306) = 101.26 + j 290089.44

Tofind thevectors S and S:
So=PRo+ | Qo= 2185.4 VA, $ = B+ Q = 290089.46VA,
Sange = 287904 VA

Tofind active and reactive power s of series converters:
Pse1tjQse1 = Vser*l1= 24291.73 +j 4.239 VA

Voltage of seriesconverters:
Ve = (28904*2.30569) +529.37= 1253.976V

Control range of DPFC:

Vs=538.88, Vse=1273.2, Vr=529.37, X=1.90%0.5729
Calculation of Radius:

Vs.Vr + X; =538.88 * 529.37 + 1.907=149589.35

Figure 10 and 11 illustrates the line active & taacpower and Injected voltage & current. The e®ri
converters are able to absorb and inject reactiveep in the line at the fundamental frequency ammlgase

the active power flow in the system.
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Figure 9. Simulation Model for transmission systeith DPFC (one three phase shunt converter and four
three phase series converters)
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Figure 11. Injected voltage & current
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Figure 14. Simulation model for Shunt Converter

Table 1. Parameters of STATCOM

Y

Table 2. Parameters of Three phase RL Load

STATCOM Value Three phase RL Load value
Number of bridge arms 3 Configuration Y (grounded)
Snubber resistance Rs (ohms) 1x105 Nominal phase to phase voltage Vn 1000 V
Snubber capacitance Cs (f) 1x10-6 (Vrms)
Power electronic device IGBT/Diodes Nominal Frequency (HZ) 60 HZ
Ron (ohms) 1x10-3 Active Power P (W) 10x103 W
Forward voltages [Device Vf(v) Diode [00] Inductive reactive power Q1 (positive 100 Var
Vfd(v)] Var)
[ Tf(s) T f(t)] [1x10, 2x10] Capacitive reactive power Qc (negative 0
Var)

Power Transfer Capability & Reliability Improvemeénta Transmission Line using ..

. (Ramesh P.)



560 O ISSN: 2088-8708

Figure 14. represents the simulation model for skbonverter. STATCOM used is in configuration
with IGBT/Diode. Control is done by using a conkeolas shown in the figure.

&
Table 3. Parameters of Three phase Harmonic filte
Three-phase Har monic filter Value l l
Type of filter Single-tuned @l_t’ 5 ° %
Filter connection Y (neutral) —d;% —m&
Nominal L-L voltage and frequency [Vn [315x103 60] s u Y
(Vrms) fn (HZ)]
Nominal reactive power (Var) 49x106 Var 1
Tuning frequency (HZ) [5x60] HZ ’I‘
Quality factor (Q) 16 - @—l J
c8 -
o [= ©
E W

Figure 15. Simulation model for Series Converter

Figure 15 represents the simulatiordehof a single phase series converter. Four IGBiags are
in each single phase converter. Figure 16 contawsfrequency components ie., fundamental and Third
harmonic frequency components. The constant 3rchdmaic current injected by the shunt converter is
evenly dispersed to the 3 phases and is superimposthe fundamental voltage and current.
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Figure 16. Injected voltage and current injectediynt converter

S0 TP S NERE 2T

Figure 17. Injected Voltage by Series Converter  Figure 18. Line active power for without DPFC

Figure 17 contains two frequency conwts i.e., fundamental and Third harmonic freqyenc
components as shown in Figure 4. The constant @rthdnic voltage injected by the series converter is
evenly dispersed to the 3 phases and is superimmosthe fundamental voltage. Figure 18 and 18tilates
the line active power of transmission system wittemd with DPFC. The series converters are abédosorb
and inject active power in the line at the fundatakfiequency.

Figure 20 and 21 illustrates the line reactive pofa without and with DPFC. The series
converters are able to absorb and inject reactiveep in the line at the fundamental frequency ammldase
the active power flow in the system.

IJECE Vol. 2, No. 4, August 2012 : 553 — 562



IJECE ISSN: 2088-8708 a 561

BBDPro AGE A T

O e

Figure 19. Line active power for with DPFC Figure 20. Line reactive power for without DPFC

Figure 21. Line reactive power for with DPFC

8. CONCLUSION

Analytical expressions were derived for the activel reactive powers of series converter. The
DPFC emerges from the UPFC and inherits the coctiphbility of the UPFC, which is the simultaneous
adjustment of the line impedance, the transmisaiugie, and the bus-voltage magnitude. The common dc
link between the shunt and series converters, wisialsed for exchanging active power in the UPEC, i
eliminated. This power is now transmitted throulgh transmission line at the third-harmonic freqyefidie
series converter of the DPFC employs the D-FACT&cept, which uses multiple small single-phase and
three phase converters. The series converter whiahvoltage source inverter injects an almostssidal
voltage in series with the transmission line. Tihjsected voltage is almost in quadrature with ihe turrent,
thereby emulating an inductive reactance or a dipaceactance in series with the transmission.lifihe
reliability of DPFC is higher than UPFC becauseeifundancy in large number of series converters. Th
total cost of the DPFC is also much lower thanUWiR-C, because no high-voltage isolation is requateitie
series-converter part and the rating of the compiznis low when single phase series convertersised.
The simulation results, obtained by MATLAB show tfficiency of DPFC, in controlling line both aotiv
and reactive power flow. It is proved that the dhamd series converters (single-phase & three pliatbe
DPFC can exchange active power at the third-harobaeguency, and the series converters are aligetct
controllable active and reactive power at the fumeatal frequency. By comparing single-phase & three
phase series converters in the DPFC, a single miuaserter is of low rating and reduces the cost.
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