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Abstract: Interline Power Flow Controller (IPFC) is a new LINE 1 transformer

concept of Flexible AC Transmission System (FACT %5

controller with the wunique capability for series
compensation with the unique capability of powemfl

management among multi-line of a substation. THeCIP IPEC
employs a number of Voltage Sourced Converters gV S( L
linked at the same DC terminal, each of which canvide ] { = {
series compensation for the selected line of trestnission i)
system. Through common dc link , any invertersimvitie
IPFC is able to transfer real power to any othedahereby S PG
facilitate real power transfer among the line. tdrine Series
Power Flow Controller (IPFC) can control the powfiaw o esomer LINE 2
in a multi-ine system. Power imbalance betwee o] LOAD
overloaded and under-loaded lines was correctedgl8i %t —— rm
phase circuit model for uncompensated system w o
developed. Fig. 1. IPFC power circuit
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1. Introduction _ \
Vi Vi Va Vv,
An Interline Power Flow Controller (IPFC), shown I—@ I Ty /m\—l
in Fig.1, consists of two series VSCs, whose D _
capacitors are coupled, allowing active power t Py X
circulate between different power lines. Whel -
operating below its rated capacity, the IPFC is i Vi, ) Vo, v,
regulation mode, allowing the regulation of thefda ~ ¥2, s ‘i L e
Q flows on one line, and the Power flow on the pthe U | — W\—l
line. In addition, the net active power generakigithe
two coupled VSCs is zero, neglecting power losses. X2
can also be regarded as several SSSCs sharing aFig. 2. Basic Two-Inverter Interline Power Flow
common DC link [1]. In this way, the power Controller.

optimization of the overall system can be realibgd
appropriately transferring power through the common An elementary IPFC scheme consisting of two
DC link from over-loaded lines to under-loaded $ineback-to-back dc to ac inverters is used as a wol t
[2, 3]. compensate a transmission line by series voltage
injection. Two synchronous voltage sources, with
phasors Vlyand V2, in series with transmission linel
and 2 respectively, represent the two back-to-dad&
ac inverters as illustrated in Figure2.The IPFC is



designed with a combination of the series connect&b linel can be compensated. The rotation witheangl
VSC which can inject a voltage with controllablelof phasor V], modulates both the magnitude and the
magnitude and phase angle at the fundamentaigle of phasor ) and, therefore, both the transmitted
frequency while DC link voltage can be maintaintal a real power, B, and the reactive powerQvary with
desired level. The common dc link is represented byl. This process requires the voltage source refiirge
bidirectional link (R, =Pi,q = -Popg) for real power Inverterl (M, to supply and absorb both reactive,
exchange between voltage sources. Qupe and real, B power [4, 5].

Transmission linel, represented by reactige 2. Equivalent Circuit Analysis of IPFC
has a sending-end bus with voltage phasgravd a
receiving end voltage phasor;,¥The sending end An IPFC with combining two or more series
voltage phasor of Line2, represented by reactance Xonnected converters working together extends the
is V,s and the receiving end voltage phasor is V concepts of voltage and power flow control beydred t
Simply, all the sending end and receiving end galfa hat is achievable with a known one-converter FACTS
are assumed to be constant with fixed amplitudes; V controller-SSSC.A simplest IPFC consists of two
V1 = Vas= Vo =1 p.u., and with fixed angles resultingconverters, which are connected in series with two
in identical transmission anglg s s for the two transmission lines, respectively. It can contrdhlto
systems. The two line impedances, and the ratitigeof three power system quantities such as three
two compensating voltage sources, are also assiomeghdependent power flows of two lines. Such an IPFC,
be identical. This means,yjmax= Vapgmax@nd X% = X,.  which is shown in Fig.4 used to shown the basic
Although in practice systeml and system2 could luperation principle for the sake of simplicity. The
likely different due to different transmission linemathematical derivation is applicable to an IPF@wi
voltage, impedance and angle. We assumed systemansarbitrary number of series converters [6].
arbitrarily selected to be the prime system forchhi The equivalent circuit of IPFC consistingotw
free controllability of both real and reactive lipewer controllable series injected voltage sources isvshin
flow is stipulated to derive the constraints theefr Fig.5. Real power can be exchanged between series
controllability of systeml forces on the power flowconverters via the common DC link. The sum of real
control of system2. A phasor diagram of systemdower exchange should be zero [7].
illustrated in Figure 3 defines the relationshipameen

Vs Vi, Vi (the voltage phasor across)>and the Vsey

inserted voltage phasor 1), with controllable PO ly

magnitude and angle.),is added to the sending end V:

voltage Mse= Vis+ Vipg SO Visert Vir, the difference L g

sets the compensated voltage phasor graéross

reactance X As 1 is varied over its full 360 degree L

range, the end of phasoiymoves along a circle with @':_T

its center located at the end of phases Vhe area

within this circle defines the operating range lo&gor o .

Vipg 1 Ve
Vsey

Fig. 4. Operational of IPFC system with two cerigrs

According to the equivalent circuit of the IPFC
shown in Fig.5. The power flow equations can be
derived as follows
Pi=V{Gi-YnViVa(GinCOS in+binSING in)-
YnViVS6n(GinCOSE i-0 S&n)+hinsin(0 i-0 se&n)) (1)

Q=-Vi0i-LViVo(GinSING in+binCOSI in)-

_ _ 2nViVsen(ginSin(@ i-0 sen)-bincos@ i-0 s&n)) (2)
Fig. 3. Phasor diagram of system 1



Pi +]Qi

Pri=ViiGnn -ViVa(GincOSE -0 )+binsin(@ .60 1))
+VVS6,(ginCOSE n-0 S6,)+binSIN(@ - O Skn))

o @ p
I:)ni:'Vn bnn 'Vivn(ginsm(g n'e i)'bijcos(g n'g I)) -
+VnVS6:(GinSIN(0 -0 S6r)-binCOSE - O S8n))
@) K
Wheregi,tjbin=1/ Zs&,, Gutbn=1/ Zs&,,
giizZn Oin; hFZn bin
Wheren=jk,.......
Zse; Vsej _
+C 4 Pji +1Qji
—> [ v, i g s
Re{VSEiiI["+VSEil(|[l(i}:0 "
\ | Vv Fig. 6. Uncompensated System
ki
. Overloaded/ under-loaded Line-1 and Linge a
+ - Pu +]Qu linked by the dc Link via respective coupling
Zse Vs transformers. Line-1 being overloaded will setup dc
Link voltage depending on the extent of overloa8CV/
Fig. 5. The Equivalent circuit of IPFC converts the dc to ac of required magnitude andgha

angle due to self commutating nature of the power
dlevices. Injected voltage modifies the sending

According o the operating principle of IPFC, Th end voltage to correct the under-loaded conditfdheo

operating constraint representing active power ghan

. . Line-2.
between series connected converters via the common
DC link is given bellow. For uncompensated line
PE=Re{ Vs&l )=0 (5) Vr=VsVy (7)
Wheren=jk,.......
1=V o/(X+X +R.) 8)

The equivalent controllable injected voltage source
bound constrains are given bellow
Vsg,""<Vsg.<Vse, " For compensated line
Q min<Q <Q max 6 Vr=VstVpq 9
s§, '<Qsg,<Qse,
4. Simulation Results

3. Simulation of IPFC System Line-1 and Line-2 are assumed to be opeyaiin
11KV and 10KV respectively. Operating status of
Upper and lower lines are referred to as limad Line-1 is overloaded and Line-2 is under-loadedeki
Line-2 respectively. Line-1 and Line-2 are connécte1 & 2 are connected to identical loads. Both are
: C!%entlcal lines. For uncompensated condition IP&C i

by coupling transformers at the sending end. Dio . .
Bridge, capacitor and VSC form the link permittthg frg‘gbtlﬁg ﬁ‘ﬁetge coupling transformers are discdedec

real power transfer between lines. The circuit rhofie
uncompensated system is shown in Elgi$assumed
that Line-1 is overloaded and Line-2 is under-
loaded. During normal operating condition Line-tlan
Line-2 are decoupled with the isolation of the dmgp
transformers.
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Fig. 7. Simulation Results of Uncompensated Syste

The Uncompensated system is shown in Fig4.The
voltages \(r&V »r are shown in Fig 7a.The real power
waveforms for P & P, are shown in Fig.7b.The
reactive power waveforms for ;Q, are shown in
Fig.7c.The circuit model of compensated system is
shown in Fig.8 The wave forms wiih = -90° are
shown in Fig 8a to 8fThe wave forms witlp = -180°
are shown in Fig 9a to 9e.
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Fig. 8. Circuit Model for Compensated System

Compensated condition of IPFC is enabled by
connecting the coupling transformers to the lires t

form the dc link between Lines-1 & 2. Simulation

results fop=-90° and -180,-27C¢ and Gare presented

in Table.1.

10KV

o

v

2.92s 2,935 2.94s  2.95: 2.96s  2.97s  2.985  2.99s 3.00s

Fig. 8a. Ms V2pq Vaser,Vor

-2.0K. + + + + + + + t +
2.90s  2.91s 2.92s 2,935 2.94s 2.95s 2.96s  2.97s  2.98s  2.99s 3.00s

o -1(V6) v V(L2:1,EL:4)

Time

Fig. 8b. 12, Vg



T T T T T T T T T

0s  2.91s 2925 2935 2.94s 2.955 2.96s 2.97s 298  2.99s 3.00s s s s 2.955

o V(RL:2,0) o V(L4:2,0) o V(V6:+,0) o V(L2:1,E1:4) v V(L2:1,0)  V(L4:2,0)
Tine Ti me

>
~

Fig. 8c. Mg V2R Fig. 9a. Ms,Vapq Vaserr,Var

Fig. 9b. 12, Vipq

ov T T T T T T T T T
2905 2.91s 292 2935 294 295 2965 2975 298 299 3.00s
o WRL) » V(F5)

Time

Fig. 8d. Vig Var

2.90s 2.91s 2.92s 2.93s 2.94s 2.95s 2.96s 2.97s 2.98s 2.99s 3.00s
5 WRY - WRS)

Time

Fig. 9d. P1,P2

2.90s 2.91s 2.92s 2.93s 2.94s 2.95s 2.96s 2.97s 2.98s 2.99s 3.00s
a WLE) o WL3)

Ti e

Fig 8f. Q1, Q2

Fig. 9e. Q1,Q2



Whenrp varies from 0to -180 on Line-2 P2
and Q2 decreases and f@' ‘from -18C to @ on
Line-2, (under-loaded) P2 & Q2 increases. P2 a&d Q
attains maximum value fop* between -270and O.
The power transfer capability of Line-2 increasae d
to addition of IPFC.

Table. 1. Summary of voltages & powers

Comgensatiol | Vis | Vos | Vir | Vor | P | Po | Q1 | @
KV KV KV KV MW MW KW KW

Without 11 | 10 | 85| 75| 1.1| 0.€ | 45C | 35C
p=-90’ 11 10 | 85| 85| 1.1|0.6| 42C | 42C
p=-180 11 | 10 | 85| 6.5 | 1.1 | 0.€ | 40C | 20C
p=-270 11 10 | 85| 9.C | 1.1 | 0.6 | 42C | 50C
p=0’ 11 | 10 | 85| 9.C | 1.C| 1.2 | 35C | 40C

5. Conclusion

Interline Power Flow Controller (IPFC) i&/&C
based series compensation type FACTS controller.
IPFC is used to balance the power in two oreamor
lines originating from a sub-station. In this pajf#-C
capable of balancing the power in a overloaded line
and a under-loaded line is simulated. Simulatedlises
demonstrate the power transfer capability of IPFC
between two lines through dc link. IPFC system is
successfully simulated for different angles of
injection. The simulation results agree with the
analytical results.
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