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The IFPFR can be used as inter-line dynamic voltageorer

Abstract—The Inter feeder Power Flow Regulator (IFPFR)DVR [2-5], in this mode of operation, the basiceogting

proposed in this paper consists of several volsma&ce inverters
with common dc bus; each inverter is connecteceiies with one of
different independent distribution feeders in tlmver system. This
paper is concerned with how to transfer power betwtbe feeders for
load sharing purpose. The power controller of eadlerter injects

the power (for sending feeder) or absorbs the pdfeerreceiving

feeder) via injecting suitable voltagehis voltage injection is
simulated by voltage drop across series virtual eidgmce, the
impedance value is selected to achieve the comdguiwer exchange
between the feeders without perturbing the loadagel magnitude of
each feeder. In this paper a new control schemké#ar sharing using
IFPFR is proposed.

Keywords—IFPFR, Load sharing, Power transfer

|. INTRODUCTION

N general, the droop technique [1] has been widesd as a

load-sharing scheme in conventional power systert wi

multiple generators. In this droop method, the gatoes
share the system load by dropping the frequencyeaith
generator with the real power delivered by the ¢eoe. This
allows each generator to share changes in total loaa
manner determined by its frequency droop charatierand
essentially utilizes the system frequency as a comcation
link between the generator control systems. Silgilar droop
in the voltage amplitud&/,, with reactive power is used to
ensure reactive power sharing. This load sharioprigue is
based on the power flow concept in an ac transamissystem,
which states that the flow of the active power amdctive
power between two sources can be controlled bystidgithe
power angle and the voltage magnitude respectivEhis
concept is explained in Fig. 1. Fig. 1 shows twdtage
sources connected to a load through feeder impedartoe
real power flow is mostly influenced by the powergkes s,
andd,, while the reactive power flow depends on theaggts
E; and E [1].

A new proposed technique for load sharing usingltier
feeder Power Flow Regulator (IFPFR) is proposedthis
paper. The IFPFR consists of several voltage sonneters
connected to different distribution feeders in floaver system
with common dc bus; Fig. 2 shows the inter feedmrgr flow
regulator with two radial independent feeders. Mudtage
source converter (VSC) is connected in series with grid.

principle of the inverter is to inject an appropeiaoltage in
series with the supply through injection transformdéenever
voltage sags or swells take place. A new mode efatjpn is
introduced in this paper; it is the power transfemde. This
mode of operation allows transferring power betwéssaders
for load sharing purpose.

Fig. 1.Two sources connected to a load
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Fig. 2.Inter feeder power flow regulator (IFPFR) fwo feeder
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Fig. 3.Inter feeder power flow regulator with twaxial independent
feeders

Il. POWER CONTROLLER WITH VIRTUAL IMPEDANCE INJECTION
FOR SENDING FEEDER

For inter feeder power flow regulator with two raldi
independent feeders, if it is desired to transfewgr from
feeder 1 (sending feeder) to feeder 2 (receiviredde) as
shown in Fig.3. The inverter 1 will be responsifile pumping
the required power to the dc bus via injectingahlé virtual
impedance. Assuming that the feeder is feedingeetphase
balanced load, Fig. 4 shows per phase equivalentitiof
feeder 1 with series virtual impedance injectioig. B shows
the corresponding phasor diagram. Since the thinase load
is balanced, all the following analysis will be @ofor per
phase circuit. The voltage injection is simulatgdabvoltage
drop across series impedance. The impedance mjeatust
not perturb the load voltage magnitude. Moreovee, power
consumed by this impedance represents the reqpegr to
be transferred. To transfer power and to keepdhd Voltage
magnitude unchanged, the injected voltage must hexe

components, namely;; which is in phase with current phasor,

andV,,, which is perpendicular to the current phasostasvn

Avr‘l (max) .

Fig. 5 Phasor diagram of feeder 1

The supply power is given by (2), as indicatedha phasor
diagram shown in Fig. 5.

R,+4P =1V, cos(¢, - 5;) 2)
Hence
B, =9, cos (T 3)

The maximum value for angleis the load power factor angle
@, where the supply input power factor will be unity.
Moreover, the maximum allowabl&éP corresponds to unity
input power factor. For a given load power facttng
maximum value fonP is given by (4)

P, =1 V,(1-cos(4,)) ()

The resistance;, which represents absorbed active power from

feeder, is given by

_ 4P _ 1.Vy(cos( ¢, - B,) - cos( 4,))
2 2

I I

®)

Iy

From the phasor diagram, shown in Fig. 5, the clabrténgth
is given by

in Fig. 5. TheV,; component absorbs active power from sourc@ence, the capacitive reactangean be calculated as

(AP) and V,; component keeps the load voltage magnitude

unchanged. For a given transferred poweaP, the
corresponding value for the capacitive reactaqcshould be
estimated from the following relations to ensurastant load
voltage magnitude. The load power is given by (1)

PLl = Ilvl COS( ¢1 ) (1)

to dc bus

Fig. 4 Feeder 1 circuit with virtual impedance atjen

chord(ab) = 2V, sin(0.583, ) = {Vr,? +Vx2 (6)
X = 1/ (abz|—2vr12 : %

Substituting (6) in (7), yields
= \/(4:/—1zzsin2(0.5,81)—r12] ®)

Fig. 6 shows the relation betwees (i.e. r;) andx, for
different values of load power factor assuming=1f.u,
Zioad1p.u with respect to the feeder 1 base values.
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IV. POWER CONTROLLER WITH VIRTUAL IMPEDANCE INJECTION
FOR RECEIVING FEEDER

The inverter 2 will be responsible for absorbinge th

transferred power via injecting suitable virtualpedance Fig.
7 shows per phase equivalent circuit of feeder th weries
virtual impedance injection. Fig. 8 shows the cspanding
phasor diagram. The voltage injection is simuldiga voltage
drop across series impedance. The impedance mjeatust
not perturb the load voltage magnitude. Moreovee, power
generated by this impedance represents the abspadvest.
For each received powaP, inductive reactancg, should
be estimated from the following relations to guésarkeeping
the voltage magnitude unchanged.
The load power is given by (9)

P, =1,V,co8(g,). 9

The supply power is given by (10), as indicatedhie phasor
diagram shown in Fig. 8.

R,-4P=1V,cos(¢, +f3,) (10)
B, =, +oos () (11)
2Y2

The resistance,, which represents received active power, i

given by
==L _ 1V, (cos(g, + )~ co8(4,)

2

(12)

|2 I2
From the phasor diagram, shown in Fig. 8, the clabrténgth
is given by

chord(ab) = 2V, sin(0.58, ) = yVIr,? +Vx,? (13)
Hence, the inductive reactangecan be calculated as
2 vy 2
X, = /(ab_z\/rz) (14)
l 2
Substituting (13) in (14), yields
_ Vz z i n2 2
X, = 4|—2 sin“(0.546,)-r, (15)
2

0.15 0.2

r(p.v)

0.25 0.3 0.35 0.4

Fig. 6 Relation betweefP (or r,) andx,; for different values of load
power factor

is from dc bus
PL2
— Ly iﬂf Y
P,-4P [ r(-ve) X,
v — I
I ———————
. -
V..
Vsz + inj2 + %
Q |

Fig. 8.Phasor diagram of feeder 2

Fig. 9 shows the relation betwea® andx, for different
values of load power factor assuming=¥p.u, Z.F1p.u
with respect to the feeder 2 base values. In Eidgo©certain
load power factor as the received power incredsemtuctive
reactance increases even locus ofyXafter that inductive
reactance decreases as the received power incrétasas be
illustrated from the phasor diagram shown in Fi@ 4s
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follows, as the length of, (r;) term increases the terhp(x,)
increases even reach maximum length this happees wie
Ve phasor is perpendicular 1g phasor i.e. zero input power
factor, i.e. the supply out zero power, and alereed power
fed to the load. In this case if power commanf)(increased
the received power will fed both the load and therse.

In case o the angle is given by (16)

B, =90 -9, (16)

I1l. PROPOSED CONTROL SCHEME

For each feeder if the angle of voltage phaSgris
assumed zero. For giveyP and measured signals V, pf) a
voltage source inverter is used to inject a suitaldltage in
series with the grid; this injected voltage has efenence
magnitude is equal to; (/r? + x? ) wherer, x calculated from
Egs (5), (8) for the sending feeder, but for theereing feeder
Egs (12), (15) can be used. The phasor of thetetgeeoltage
for feeder 1 will lag the y phasor by 980.53 as shown in

The value ofXis given by (17), as indicated in the phasoFig. 5, but the phasor of the injected voltageféader 2 will

diagram shown in Fig. 10.
X = bc _ac-ab _V,-V,sin(¢,)

l,

(17)

l,

Hence the per unit value ¥f., is given by (18)
X PU) =1-sin(g,)

(18)

] Ldcus of%
”""'X‘mux';””" 1
pf

! “supply zerg
- ; i i i i i
-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4
power (p.u)

-0.3 -0.2 -0.1
Fig. 9 Relation between transmitted power §i,6.andx, for

different load power factor

If a load of 0.8 lag power factor connected to fiseder 2,
the X from (18) will equal to (1-0.6=0.4 p.u). This retsid
similar to the data of graph shown in Fig. 9. Astbase the
received power=0.8 p.u and the load power=0.8 that
means the supply out zero power; i.e. zero inputgpdactor.

Fig. 10 Phasor diagram of the receiving feeder

lead the \{; phasor by 980.58 as shown in Fig. 10.The control
block diagram of the IFPFR when power transfer mixle
applied is shown in Fig. 11.

IV. CASE STUDIES

Case 1; for inter feeder power flow regulator with two rad
independent feeders in low voltage distributiontesys it is
desired to transfer power equal to 0.1p.u from deetl to
feeder 2 for 0.1<t<0.8s. Assume same base valuebdih
feeders, the system data is tabulated in tabldné. Simulation
results are shown in Fig. 12a, 12b.

TABLE | CASE 2 DATA

Vg1 1p.u
Vso 1 p.u
Loadl | 1 p.uimpedance with 0.8 pf lag
Load2 | 1 p.uimpedance with 0.8 pf lag

The inverter 1 will be responsible for pumpthg required
power the dc bus via injecting suitable virtual edance
which equal to 1;-jx;) wherer;=0.1, x,=0.1641 p.u. In the
other hand, the inverter 2 will be responsibledbsorbing the
transferred power via injecting suitable virtual pedance
which equal to ro+jx,) wherer,= -0.1, x,=0.1141 p.u. From
Fig. 12a, the power transfer is achieved withoutysbing the
load voltage magnitude at each feeder. The supplyepPg
increased when load sharing mode is applied, howkasl
power P o1 did not change, the difference betweey and
Ploaa1 is fed to the dc bus via injecting,;, The interaction
between this injected voltage the feeder curteptoduces the
power to be transferred to the other feeder.
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&
Reference V.-.,,-mr >
generatior

WV, 1, PY,

v,
inj1 ang 0 0.2 0.4 0.6 0.8 1 1.2

+\

inj 1—=

Vv Distributior

C
}jﬂ
8
V. .
inj:
)

s Feeder # e ) ‘ ) ) ‘
el gy, = 0 0.2 0.4 0.6 0.8 1 1.2
+ - == 2 T T T T T
I Tl
e 0
-l
>
P _AP ] 1 Il 1 1 Il
] 0.2 0.4 0.6 0.8 1 1.2
1 T T T T T
[7)] inj 2 magnitudc 0.5- -] i )
3 Reference | Vin2rer Saestimated)
Q v, 1, Pf, generatior 0 1 ! L L |
Q o 0 0.2 0.4 0.6 0.8 1 1.2
0 1 T ‘ T T ‘
§ d
e
g ¢ 0.5 -
Vs Loaa, P .
€ Distributior Loadz(estimate d)
Q Feeder #m 0 . : . . .
O — 0 0.2 0.4 0.6 0.8 1 112
— v - -
inj2 ot Time, s

Fig. 12b Time response of receiving feeder varmfde case 1;

all in p.u values

_ _ However from Fig. 12b, the supply powey decreased
did not change, the difference betwePn. and Ps is

? . . . absorbed from the dc bus via injectiNg,;,, The interaction
& ol between this injected voltage the feeder curtgptoduces the
> power to be received from the other feeder.
-20 0I2 0‘4 O.Ié OIO ; 1.2
L ' ‘ ' ' ‘ Case 2; for inter feeder power flow regulator with twodial

F O_WMNWWMWWMMW— independent feeders, it is desired to transfer powgeial to
N 0.1p.u from feeder 1 to feeder 2. Assume same \xaes for

B 02 04 vs 08 ’ 12 both feeders, the system data is tabulated in tabkhe time
! ' ‘ ' ' ‘ response of the sending feeder variables is showigi 13.
5
s
Ch TABLE Il CASE2 DATA
I % s 0 i 5 12 Vs1 =lp.u
]— T T T ] VSZ :1 p.u
Loadl | =1 p.uimpedance with 0.8 pf lag for 0<t<0.6s
0.5F B
PSl(eslimuletI] and
s o2 oa os o . " =1.1 p.u impedance with 0.7pf lag for t>0.65
L ' ‘ ' - ‘ Load2 | =1 p.uimpedance with 0.8 pflag
0.5 B
PLoucluelslimuTecll ‘ . . ‘ In this case the inverter 1 will be responsible fomping
% 0.2 0.4 0 08 1 12 the required power the dc bus via injecting suéabirtual
Time. 5 impedance which equal to.{jx;) wherer;=0.1,x,=0.1641 p.u

for 0<t<0.6s andr;=0.1219 ,x;=0.2087 p.u for t>0.6s. The
impedance value is changed because the feedernturre
changed at t=0.5s with constant required power In the
other hand, the inverter 2 will be responsibledbsorbing the

Fig. 12a Time response of sending feeder varidblesase 1;
all in p.u values
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transferred power via injecting suitable virtual piedance
which equal tor+jx,) wherer,=-0.1,x,=0.1141 p.u.

0.8 fa 3

0-50 ‘ ‘ PLoudi(eslimuted]

1
9.2 0.4 0.6 0.8 P
Time, s Siestimated

Fig. 13 Time response of sending feeder varialesdse 2;
all in p.u values

V. CONCLUSION

A new proposed technique for load sharing usinglffRFR
is proposed in this paper. One of the invertersl Wi
responsible for pumping the required power to thébds via
injecting suitable virtual positive resistance ieries with
virtual capacitor through its feeder. The othereiter will be
responsible for absorbing the transferred powerinjecting
virtual negative resistance in series with virtuabuctor
through its feeder. The power will transfer fromedeeder to
another without perturbing the load voltage magteétin each
feeder. The proposed load sharing technique islatediusing
MATLAB/SIMULINK to check its validity, and the simation
output was satisfactory.
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