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This paper is devoted to the incorporation of ttemady-state model of the
unified power flow controller (UPFC) in power floprograms using a
UPFC injection model. The adopted UPFC injectiondedois based on
the representation of UPFC in steady-state condgidy two voltage
sources in series with certain reactances. Using tWPFC power flow
model, the effects of UPFC control variables on teays voltage
magnitude, line active and reactive power flowakatystem losses, slack
bus generated active and reactive power and theciapl reactive power
from voltage controlled buses are illustrated. Alsbe effects of the
UPFC location and the UPFC series converter couplimansformer
reactance on power flows and on total system realgy loss are studied.
It is found that using this UPFC power flow modeisi possible to show
the power flow characteristics inside the UPFC aaners, themselves.

KEYWORDS: Flexible AC transmission systems (FACTS), Unified
power flow controller (UPFC), Load flow analysis ANILAB.

1. INTRODUCTION

During the last decade, continuous and fast impneve of power electronics
technology has made flexible AC transmission systéfACTS) a promising concept
for power system applications [1,2]. With the apation of FACTS technology, power
flow along transmission lines can be more flexibbntrolled [3]. Among a variety of
FACTS controllers, the unified power flow controll@bbreviated (UPFC) is one of
the more interesting and potentially the most wdesd4]. It can provide simultaneous
and independent control of important power systarameters such as line active
power flow, line reactive power flow, line impedasc and node voltages [5]. Thereby,
it offers the necessary functional flexibility fthe combined application of voltage
magnitude and phase angle control with combinedtratbed series and shunt
compensation. The UPFC operation mode (terminakagel regulation, series
reactances compensation, phase shift, or any caitrinof them) can be changed
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from one state to another without hardware altemsato adapt particular changing
system conditions. This feature makes it a competevice. Computation and control
of power flow for power systems embedded with URFpPear to be fundamental for
power system analysis and planning purposes. Aenatical model is required for
investigation the effects of UPFC on power syst@eration.

In this paper, an injection power UPFC proposed Nhyroozian in ref.[6], is
incorporated in a MATLAB power flow program [7] ket on Newton-Raphson
algorithm. This UPFC power flow model is capablegdfing investigations of the
effects of the UPFC on power system operation. dJgis UPFC power flow model,
the effect of UPFC location on power flow and olleiransmission real power losses
is studied and illustrated. The UPFC power flow relsteristics inside the UPFC
converters are cleared.

2. Injection Power UPFC Model:

2.1 UPFC Construction

Fig. 1 shows the basic circuit arrangement of ti#~0O where it consists of
two switching converters. These converters are atpdrfrom a common DC link
provided by a DC storage capacitor. Converter Zigdes the main function of the
UPFC by injecting an AC voltage with controllableagmitude and phase angle in
series with the transmission line via a series sfi@amer. The basic function of
converter 1 is to supply or absorb the real poveenahd by converter 2 at the common
DC link. It can also generate or absorb controdakdactive power and provide
independent shunt reactive compensation for tree {onverter 2 supplies or absorbs
locally the required reactive power and exchanbesattive power as a result of the
series injection voltage.

Busi Busj
e Vser —

I; pﬂ — [I4 I,
Conv. 1 Vi JConv.

R IESEaE
ITT 7]

"?s]'l =1 vser Clour

Figure 1. UPFC components.

2.2 UPFC Steady-State Representation

A UPFC can be represented in steady-state conditigntwo voltage sources
representing fundamental components of output geltavaveforms of the two
converters and impedances being leakage reactaht®s two coupling transformers.
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Fig. (2) depicts a two voltage-source model of UPF@: voltage sourcessy¥and Vi,
are controllable in both magnitudes and phase anglg,should be defined as:

Vser=rV el® (1)

The values of r an@serare defined within specified limits given by theéldaving Eqn.

(2).
O<r<rmax and (£ Bser< 21 (2)

Figure 2: UPFC equivalent circuit.

2.2.1 Series Connected Voltage Source Converter Model

The steady-state UPFC mathematical injection modeldeveloped by
replacing voltage sourcesyby a current source) parallel with a susceptances. ¥
1/ Xser Therefore, the series curregt iis defined by:

Iser= —]b sV se (3)

The current sourceel can be replaced by injected power at the two anyibuses i
and j between which the UPFC is connected as slowiy. (4).

Ss=Vi (— |ser)* (4)

Ss = \/j(lser)* (5)

The injected powersand & can be simplified according to the following opéras,
by substituting Egns. (1) and (3) into (4), (5).eTpower injected in bus i is found by
substituting Egns. (1,3) in (4) to yield:

Ss= Vi(jbserfv el )* = —rbseV% SING ser jrbsevzi o9 s (6)
Eqn. (6) can be decomposed into its real and inaaginomponents,S= Bs + jQs,
where

Ps=- rbs,erVi2 SiNO ser (7)
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Qis = —rbser'V# COD ser (8)
bus i bus j
. bser= 1;}{53r -
hodl AR RS ¥l
-
L
Iser

Figure 3: Replacement of series voltage source by a cusmnte.

Similarly the power injected at bus | is obtaingdsoibstituting Eqns. (1,3) into Eqgn.
(5) to yield:

Sis = ViVibser SiNQij + Bser)+ VIV Psel COSP ij+ O ser) (9)
Eqgn. (9) can also be decomposed into its real maginary parts, ;S= Bs + jQs , with:
Pis = ViVibser Sin@Qij + Bser) (20)
st = Viijseﬂ’ COS@ij + eser) (11)

Based on Eqgns. (7), (8), (10) and (11), the powmgection model of the series
connected voltage source can be seen as two degqgmulaer injections at auxiliary
buses i and j, as shown in Fig. (4).

bus i % bus j
. ser .
IV' YTy VJI
is » Qis isr Tis

Equivalent power injection of Equivalent power injection of
series branch at bus i series branch at bus j

Figure 4: Equivalent power injections of series branch.

2.2.2 Shunt Connected Voltage Source Converter Model

In UPFC, the shunt branch is used mainly to protidén the real power,R
which is injected to the system through the sdsiasich, and the total losses within the
UPFC. If the losses are to be neglected in the peater injection of the shunt
connected voltage source at bus dni$then equal to the injected series real powgr P
through the series connected voltage source teytstem. This can be expressed by:
Pser+ Psh= 0 (12)

The apparent power supplied by the series convisrtalculated as.
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ANRVAY
Sser= Vsel |T = reiese’Vi[ VI VIJ (13)

JX ser

Active and reactive power supplied by the serigssedter can be calculated from Eqn.
(13):

S 1% VI 1€V V= ) /] (14)
The final form of Eqgn. (14) can be written ag: S Peer + j Qser Where

Pser= rbseV V 5INQi— 8+ B ser)— rbseV3 Simd se (15)
Qser=—rbseN V COSQi— Oj+ B ser)+ rbseVi CO® set rbseV (16)

The reactive power delivered or absorbed by thentsbonverter is independently
controllable by the UPFC and can be modeled aparate controllable shunt reactive
source. In this case the main function of reacpesver is to maintain the voltage
levels at bus i within acceptable limits. Consedlyesteady-state UPFC mathematical
model is constructed from the series connectedgelsource model with the addition
of a power injection equivalent taR j Qsnto bus i, as depicted in Fig. (5). Where:

Psh = — Pser= — rbserViVjSin6 —0i+0 ser)+ rbseV5 Sird (17)
busi buas
Hser )
Vi Vi I
FPsh+ i Qsh

Eqguivalent power ingection
of shant bratich at bus i

Figure5: Equivalent power injection of shunt branch.

2.2.3 Whole UPFC Injection Model

Finally, steady-state UPFC mathematical model c&n constructed by
combining the series and shunt power injectionisadlt bus i and bus j as shown in

Fig. (6).
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Figure 6: Steady-state UPFC mathematical model

Having &j =& — 3 The elements of the equivalent power injectionSig (6) are,

P, uprc= Ps+ Psh=— rbserViVjSin6 i—0 i+ 0 ser: (18)
P uprc= Ps= reerViViSIN®i— Oj+ O ser) (29)
Qi, UPFC = Qis+ Qsh: —rbseV3 cOD et Qs (20)
Qi urrc= Qjs = rbseV V iCOSQ i— Oj+ O ser) (22)

2.3 Incorporating UPFC Injection Model in Newton-Raphson
Load Flow Programs.

Having the above derived mathematical UPFC injectimodel, it can be
incorporated in a load flow program as follows
(a) If a UPFC is located between bus i and busg power system, the admittance
matrix is modified by adding a reactance egjant to X, between bus i and bus j.

(b) The Jacobian matrix is afterwards modified dgliaon of appropriate injection
powers at buses i, j according to Egns. (@gp1) .

(c) Considering the linearized load flow model as:

[AP} [ H N} {Aa }
= , (22)
AQ J LJ|[AVIV

(d) The Jacobian matrix is to be modified accagdimthe form given in table (1).
(The superscript o denotes the Jacobianezies without UPFC).

(e) Load flow study according to NR method is tipenformed as in normal studies.
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Table 1: Modification of Jacobian matrix

Ha.iy =H i) — Q. urrc
Ha.p =H G, + Q. uprc
Han =H i + Q. urrc
Ha. ) =H"G.) —Q.uprc

N iy = N°.iy — B uprc
N¢. ) =N’ » — B uprc
N, =N°iy + B uprc
N = NG, j) + B uprc

Jiiy = Jai
Ji.n =Jap
Ji.h = Ji.h — Puprc
Ji.y = J.h + Puprc

Laiy=L"ai +2Qi, uprc

L.y =L°G.i +Qj uprc
L.y =L"G» +Qjuprc

3. STUDIED SYSTEM

In order to investigate the feasibility of the icjien power UPFC model, UPFC is
applied to the six-bus Ward Hall test system shawfrig. (7). UPFC is connected
between buses 1 and 4, near bus 4. Bus 7 is dedsnaddummy bus to connect UPFC
between buses 4 and 7. The UPFC control variabéegr, 6seiand Qp) are the results
goals in this study.

Figure 7: Six-bus Ward Hall network
3.1 Effect of UPFC Control Variables on Power System Operation

In this section, it is aimed to show the effect8fFC control variables i.e.,(r,
Bserand Q) on power system operation. This can be achieyedabying one of the
three control variables and by keeping the otherdwntrol variables constant. First of
all Bseris varied from 0 to 360 Afterwards, r is varied from 0 to 0.1 p.u. andafly
Qsnis varied from 0 to 5 MVAR.
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3.1.1 Effect of UPFC Control Variables on Load Nodes Voltage
Magnitude

Fig. (8) shows the variation of the voltage magiatuat load nodes with
respect toBserat different values of r ( from 0 to 0.1 p.u. wititerval step 0.01) and
Qsn = 0. The figure shows the voltage magnitude atlcgll nodes at (r=0.1) when
Bseris varied from 0 to 360 It oscillates around its original value i.e. vath UPFC
connection (r=0). The increase of r causes incra@agshe amplitude of the voltage
magnitude. All voltages reach its maximum valu®at=15".

] 100 200 300 ’ ] 100 200 300
Crar (deg) o {deg)

Figure 8: The variation of load nodes voltage magnitudeu&8se-when r varied
from 0 t00.1 and Q= 0.

Figure (9) shows the variation of the voltage magte at bus 4 versus r 8te= (0,
9¢f, 180, and 270) and Q, = 0. The figure shows that the voltage magnitude &
straight line relation with r at certaerand Qp

Figure (10) shows the variation of the voltage niagie at bus 4 with both r aréi.rat
Qsh = 0, When r is varied from 0 to 0.1 p.u. afdris varied from 0 to 360 This
figure represents the area of control for voltagegnitude at bus 4 for all operation
conditions of UPFC at Q= 0.

Figure (11) shows the variation of the load nodeage magnitude versu@erat r
equal 0.1 p.u. and = (0, 5) MVAR. This figure shows that the reactipewer
delivered from the shunt converter has no effecthinshape of change of voltage
magnitude versu.r. The UPFC shunt reactive power causes raise inveftage
magnitude with certain value.
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Figure 10: Control region of voltage magnitude at bus 4 gt=(.

Figure 9: Variation of voltage magnitude at bus 4 versus@sa= (0, 9C, 180, and

4CC
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Figure11: Variation of voltage magnitude vers@s-atr = 0.1 and Q= (0, 5)
MVAR.

3.1.2 Effect of UPFC Control Variables on Line Active and Reactive
Power Flows

Figs. 12a and 12b show the change of line actiwk raactive power flows
from bus 1 to bus 4, respectively, verdiisat different values of r and= O [8].
Figure 12c shows the Q-P characteristics of this #it the same conditions.

P-4 (b L1-4 (hvar) 24-1 (Mlvar)
52 = =
. 26 26 .
24 24 _
ag
. 2zt .
45 20 20+ 1
a4 E 18 18 | 4
4o 16 16 | .
14 14 | .
40
12 12 + .
38 10 1o} y
36 : a : g :
n] 200 n] 200 20 40 G0
Ser (deg) Cer (g F1-4 (W)

Figure 12: Line (a) Active power, (b) Reactive power, and@cP characteristics.
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Figs. 13 and 14 show the variation of the linevectnd reactive power versus r at
Bser= (0, 90, 180, and 276) and Q, = 0, respectively. The figures show that both line
active and reactive power have a straight linetiiawith r at certairBserand Q.

Figs. 15 and 16 show the control region of UPFQtlierline active and reactive power
flow at Q= 0, respectively.

Figure 17 shows the variation of the line activd egactive power versu&erat r = 0.1
p.u. and @ = (0, 5) MVAR. The Figure shows that the shunctea power delivered
by UPFC shunt converter has no effect on the loive power and cause decrease in
the line reactive power.
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Figure 13: Variation of line active power versus ré@t:= (0, 9C, 18C, and 276) and
Qsh=0.

32
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Figure 14: Variation of line reactive power versus réa= (0, 90, 18, and 270)
and Q,=0.
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Figure 15: Control region of line active power from bus Ibis 4 at Q,= 0.
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Figure 16: Control region of line reactive power from buslus 4 at @ = O.
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Figure 17: Line (a) Active power, (b) Reactive power, and@cP characteristics at

Qsh = (0, 5) MVAR.

3.1.3 Effect of UPFC Control Variables on Generated Active and
Reactive Power from Slack Bus and Reactive Power From PV

Buses

Figs. 18a and 18b show the variation of the geadrattive and reactive power from
slack bus, respectively, versuserat different values of r and Q= 0. Figure 17¢

shows the variation of the generated reactive péwen bus 2 that represents the PV
bus, at the same conditions.
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Figure 18: Variation of generated (a) Active power, (b) Re&cpower form slack
bus and (c) Reactive power from bus PV bus, veésus

Figs. 19a, 19b and 19c show the variation of theegeed active and reactive power
form slack bus and reactive power from PV bus wefsuat r = 0.1 p.u. and = (0,
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5) MVAR. The figures show that the UPFC shunt caterereactive power causes
decrease in both generated active and reactiverpowe
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Figure 19: Variation of generated (a) Active power, (b) Re&cpower from slack
bus and (c) Reactive power from bus PV bus, vesuat r = 0.1 and Q= (0, 5)
MVAR.

3.1.4 Effect of UPFC Control Variables on Total System Real and
Reactive Power Loss

Figs. 20a and 20b show the variation of the toyatesn real and reactive
power loss versuer, r = 0.1 p.u and Q= (0, 5) MVAR. The figures show that the
UPFC shunt converter reactive power causes deciedseth total system real and
reactive power loss.
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3.2 Effect of UPFC Location in the Same Line, on Power Flow and
Total Real Power Loss

A comparative study regarding the effects of UPIBCation on important
power parameters is carried out for two differeRRC locations. First position named
as “ position A” refers to UPFC location near bumd4ine 1-4, while second position
named as “position B” refers to UPFC location a thiddle of line 1-4. comparable
simulation results are graphically representedigufé21.There were no significant
changes in either line real power flow, reactivavpoflow or total system real power
loss.
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Figure 21: Effect of UPFC location on (a) Active power flo(l) Reactive power
flow, and (c) Total system real power loss.

3.3 Power Flow Characteristics of UPFC

From Eqgns. (15) and (16), it is possible to detaarthe active and reactive
power supplied from the series converter. As carsid that UPFC is lossless, so the
shunt converter active power equal in magnitudthéoseries converter active power
but with opposite sign. The reactive power delidefeom shunt converter is not
considered here, but its effect can be modeledsaparate controllable shunt reactive
source. Figs. 22(a), 22(b) and 22(c) show the trarieof the series converter active
power, series converter reactive power and shumverter active power with series
control angle respectively. Figure 22(d) shows @ characteristics of the series
converter.
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Figure 22: Variation of (a) Series converter active powej,gbries converter reactive
power, and (c) shunt converter active power, ith(d) Q-P characteristics of series

converter.

4. CONCLUSIONS

The following conclusions can be pointed;

1)
2)

3)

4)

5)

6)

In this paper a UPFC injection power flow model bagn incorporated in a
MATLAB power flow program based on NR technique.

The UPFC power flow model is based on the reprasient of UPFC by two
voltage sources in series with reactances.

Using this UPFC power flow model, the effect of WPEontrol variables on
power system operation has been investigated,fteet ®f UPFC location on
the power flow and total system real power loss lteen illustrated and the
UPFC power flow characteristics has been clearddresults indicate that
good convergence and high accuracy are achievetdi®yJPFC power flow
model.

The simulation examples have shown that UPFC isveegful FACTS device
in controlling the voltage magnitude, the flow @&l power, as well as the
flow of reactive power.

The studied on the test system also show thatnneduction of UPFC can
disturb the system voltage profile at the neightmpibuses significantly unless
a voltage regulation support at those buses ipmoided.

The incorporation of UPFC has also changed therg&eactive and reactive
power from slack bus, generated reactive power fRdfbuses and overall
transmission losses of the studied system.
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7) The comparative study regarding the effects of URI€@tion have shown that
there were no significant changes in either linevgro flow or overall
transmission real losses when the UPFC positichasiged on the line.
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