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Abstract:

This paper introduces the mathematical modeling of an advanced member of flexible ac
transmission systems (FACTS) controller which is a unified power flow controller
(UPFC). This model submitted the implementation of the device in conventional
Newton–Raphson (NR) power flow algorithm; it is derived from two-voltage source
represented and analyzed in detail. The model takes operational losses of UPFC into
account so it represents a more robust and feasible alternative than other methods.
Based on the proposed model a program in Matlab language has been written to extend
conventional NR algorithm. A computer simulation study performed on IEEE 14-bus
test system and IEEE 30-bus test system are presented to test the approach by locating
the UPFC anywhere in a power system. The effect of UPFC allocation on power system
operation has been investigated in detail and the power losses minimization of the
power system with UPFC has been achieved using the proposed method by adjusting
the location of UPFC with a proper adjustment of UPFC parameters.
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1. Introduction:

The possibility of controlling power flow in an electric power system without
generation rescheduling in order to improve the power system performance is not an
easy process; however the fast development of power electronics technology has
introduced the FACTS as a promising concept for power system applications during the
last decade [1].
By the use of FACTS technology, power flow along the transmission lines can be more
secured, reliable and flexibly controlled. UPFC is one of the more interesting members
of FACTS controller devices which have the capability to control all the three
transmission parameters (voltage, impedance and phase angle).

The performance of the UPFC for power flow control by deriving a mathematical
modeling of unified power flow controller (UPFC) will be investigated and the
implementation of the device in conventional Newton–Raphson (NR) power flow
algorithm is proposed by this model. The model is derived from two-voltage source
represented and analyzed in detail. It is considered to be more robust than others as it
takes operational losses of UPFC into account. A program in Matlab language is written
by extending conventional NR algorithm based on proposed model.

This paper is organized as follows: part 2 describes the construction and operating
principle of UPFC. Part 3 explains the basic control functions of UPFC. Part 4 develops
a steady state model for UPFC. Part 5 discusses the implementation of the model for
power flow studies. Part 6 demonstrates the application of UPFC in optimal power flow
control through numerical examples for different case studies. Part 7 gives the overall
conclusions of the research work.

2. Construction and Operation of UPFC:

UPFC as shown in Fig.1. consists of two switching converters.  These converters are
operated from a shunt transformer and linked by common dc link provided by a dc
storage capacitor [2]. Converter 2 injects an ac voltage Vser with controllable magnitude
Vser (0≤ Vser ≤Vsermax) and phase angle θser (0≤ θser ≤360) which provides the main
function of the UPFC. The voltage is injected in series with the line via an insertion
transformer. The injected voltage is considered to be a synchronous voltage source. The
transmission line current flows through this voltage source which causes real and
reactive power to be exchanged between it and the ac system. The real power converted
by the first converter into dc power exchanged at the ac terminal appeared at the dc link
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as positive or negative real power demand, while the reactive power exchanged at the ac
terminal is generated internally by the first converter [3-5].
The basic function of converter 1 is supplying or absorbing the real power needed by
converter 2 at the common dc link. This dc link power is converted back to ac and
connected to the transmission line by a series-connected transformer. Converter 1 also
generates or absorbs controllable reactive power and it can provide independent shunt
reactive compensation for the line [3].
It is significant to note that there is a closed path for the real power negotiated by the
action of series voltage injection through converters 1 and 2 back to the line, the
corresponding reactive power exchanged is supplied or absorbed locally by converter 2
and therefore it does not flow through the line. Thus, converter 1 can be operated at a
unity power factor or controlled to have a reactive power exchange with the line
independently of the reactive power exchanged by the converter 2. This means that
there is no continuous reactive power flow through UPFC [3], [6].

Figure (1): Basic circuit arrangement of UPFC [3]

3. Basic Control Functions:

With this operational flexibility, UPFC might be used for the purposes of terminal
voltage regulation, series compensation, and transmission angle regulation. Fig.2.
describes the phasor relationships of these operating modes. Terminal voltage regulation
is similar to that attainable with a transformer tap-changer having infinitely small steps
is shown in Fig.2.(a). The series voltage Vser is injected either in-phase or out-phase
with sending end voltage Vs. Namely Vser= ±DVo. Series reactive compensation is
shown schematically in Fig.2.(b). The series voltage Vser is injected either 90̊ lagging
or 90̊ leading with the transmission line current IL. In this case Vser= ±Vc. The phase
shifting is shown schematically in Fig.2. (c). The series voltage Vser is injected with an
angular relationship with respect to Vs so that the desired σ phase shift (leading or
lagging) without any change in magnitude is achieved. In this mode Vser= ±Vσ. In
multi-function control mode, the injected series voltage Vser is controlled to meet
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simultaneous terminal voltage regulation, series compensation, and phase shifting. In
this multi-function mode, Vser = DVo + Vc + Vσ. The resulting voltage phasors is
observed in Fig.2.(d) [3],[7-8].

Figure (2): Basic UPFC control functions: (a) terminal voltage regulation, (b) Series
reactive compensation, (c) phase angle regulation, and (d) Multifunction power control

mode.

4. Modeling of UPFC [7],[9-10]:

A UPFC is represented in the steady-state conditions as shown in Fig.3. by two voltage
sources representing fundamental components of output voltage waveforms of the two
converters and impedances being the leakage reactances of the two coupling
transformers. The voltage sources, Vser and Vsh, are controllable in both magnitudes and
phase angles.
Vser can be assumed to be:
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serj
ser iV rV e θ=        (1)

The values of r and serθ are defined within specified limits. The variable r represent
certain percent of the voltage magnitude Vi at bus i.

max ser0 r r and 0 2 .≤ ≤ ≤ θ ≤ π      (2)

Figure (3): UPFC equivalent circuit

4.1. Series Connected Voltage Source Converter Model:

The steady-state UPFC mathematical injection model is developed by replacing voltage
source Vser by a current source Iser parallel with a susceptance bser = 1/Xser. Therefore,
the series current Iser is defined by:

ser ser serI jb V= −  (3)
The current source Iser can be modeled by injected power at the two buses i and j
between which the UPFC is connected as shown in Fig.4.

Figure (4): Replacement of series voltage source by a current source

*
iser i serS V ( I )= −   (4)

*
jser j serS V (I )=    (5)

The injected powers Siser and Sjser can be simplified according to the following
operations, by substituting equations (1) and (3) into (4) and (5). The power injected at
bus i is found by substituting equations (1)and (3) into (4) to yield:

serj *
iser i ser iS V ( jb rV e )θ=   (6)
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By using the Euler Identity, ( serj
ser sere cos jsinθ = θ + θ ), equation (3-16) takes the form:

serj( 90) *
iser i ser iS V (e b rV )− θ +=  (7)

[ ]2
iser i ser ser serS V b r cos( 90) jsin( 90) .= −θ − + −θ − (8)

By using trigonometric identities, equation (8) reduces to:
2 2

is ser i ser ser i serS rb V sin jrb V cos= − θ − θ (9)
Equation (3-19) can be decomposed into its real and imaginary components,

iser iser iserS P jQ= + , where
2

iser ser i serP rb V sin= − θ    (10)
2

iser ser i serQ rb V cos= − θ  (11)
Similarly the power injected at bus j is obtained by substituting equations (1) and (3)
into (15) to yield:

jser i j ser i j ser i j ser i j serS V V b rsin( ) jV V b rcos( )= δ − δ + θ + δ − δ − θ    (12)

Equation (12) can also be decomposed into its real and imaginary parts,
jser jser jserS P jQ= + , with:
jser i j ser i j serP V V b rsin( )= δ − δ − θ   (13)
jser i j ser i j serQ V V b rcos( )= δ − δ − θ   (14)

Based on equations (10), (11), (13), and (14), the power injection model of the series
connected voltage source can be seen as two dependent power injections at auxiliary
buses i and j, as shown in Fig.5.

Figure (5): Equivalent power injections of series branch
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4.2. Shunt Connected Voltage Source Converter Model:

In UPFC, the shunt branch is used mainly to provide both the real power, Pser, which is
injected to the system through the series branch, and the total losses within the UPFC. If
the losses are to be neglected in the real power injection of the shunt connected voltage
source at bus i, Psh is equal to the injected series real power Pser through the series
connected voltage source to the system. This can be expressed by:

ser shP P 0+ =       (15)
The apparent power supplied by the series converter is calculated as.

ser

*\
i j* j

ser ser ij i
ser

V V
S V I re V

jX
θ  −= =  

 
  (16)

Active and reactive power supplied by the series converter can be calculated from
equation (16) as follows:

( )( )ser ser
*

j j
ser i i i j serS re V re V V V / jXθ θ= + −                                                                (17)

( )( )i ser i ser i jj( ) j( ) j j
ser i i i j serS rV e rV e V e V e / jXδ +θ − δ +θ − δ − δ= + − −                                               (18)

ser i j ser2 2 2 j j( )
ser ser i ser i ser i jS jb r V jb rV e jb rV V eθ δ −δ +θ= + −  (19)

2 2 2
ser ser i ser i ser ser ser i j i j ser

i j ser

S jb r V jb rV (cos jsin ) jb rV V (cos( )

jsin( ))

= + θ + θ − δ − δ + θ

+ δ − δ + θ
(20)

The final form of equation (3-20) can be written as ser ser serS P jQ= + , where,
2

ser ser i j i j ser ser i serP rb V V sin( ) rb V sin= δ − δ + θ − θ    (21)
2 2 2

ser ser i j i j ser ser i ser ser iQ rb V V cos( ) rb V cos r b V= − δ − δ + θ + θ +     (22)
The reactive power delivered or absorbed by the shunt converter is independently
controllable by the UPFC and can be modeled as a separate controllable shunt reactive
source but it is not considered in this modeled. In this case the main function of reactive
power is to maintain the voltage levels at bus i within acceptable limits. In view of the
above explanations, Qshunt can be assumed to be 0[11]. Consequently, steady-state
UPFC mathematical model is constructed from the series connected voltage source
model with the addition of a power injection equivalent to Psh + j0 to bus i, as shown in
Fig.6.
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Figure (6): Equivalent power injection of shunt branch

4.3. Whole UPFC Injection Model:

Finally, steady-state UPFC mathematical model can be constructed by combining the
series and shunt power injections at both bus i and bus j as shown in Fig.7.

Figure (7): Steady-state UPFC mathematical model

Having ij i jδ = δ − δ , the elements of the equivalent power injections in Fig.7.  are,
Pi,UPFC = Piser+Psh

           = 0.02 r bser Vi
2 sin θser -1.02r bser Vi Vj sin(δij+θser)  (24)

Pj,UPFC = Pjser = rbser Vi Vj sin(δij+θser)  (25)
Qi,UPFC = Qiser+Qsh = -r bser Vi

2 cos θser (26)
Qj,UPFC = Qjser = r bser Vi Vj cos(δij+θser)  (27)

5. Implementation:

For solving optimal power flow program the proposed algorithm is embedded with UPFC by using
MATLAB. We referred to the program as “unified power flow controller load flow” (UPFCLF).
Fig.3.6 describes the flow diagram of the programming process.
The general procedure of the proposed algorithm can be summarized as follows: the input system data
includes the basic system data needed for conventional power flow calculation, i.e., the number and
types of buses, transmission line data, generation and load data, the location of UPFC, and the values
of UPFC control parameters.
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Figure(8):Flow chart of the proposed power flow algorithm

6. Case studies:

UPFC embedded power flow studies on IEEE 14-bus test system and IEEE 30-bus test
system are carried out. It should be pointed out that the results are taken by the choice of
UPFC parameters where r changes from 0.05 to 0.15 and serθ  changes from 0̊ to 360̊,
i.e., the control parameters of UPFC (r, serθ ) are given and UPFC is operated.
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6.1.  IEEE 14-bus test system:

6.1.1. Case (1):
14 bus system operates under condition of 100% of its original load with r=0.1 and
different values of serθ  which changes from 0̊ to 360.̊

Figure (9): 14 bus system with UPFC parameters                     Figure (10): 14 bus system with UPFC parameters

            adjusted at r=0.1 and serθ =0̊ adjusted at r=0.1 and serθ =45̊

Figure (11): 14 bus system with UPFC parameters    Figure (12): 14 bus system with UPFC parameters

            adjusted at r=0.1 and serθ =90̊   adjusted at r=0.1 and serθ =135̊
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Figure (13): 14 bus system with UPFC parameters      Figure (14): 14 bus system with UPFC parameters

            adjusted at r=0.1 and serθ =180̊  adjusted at r=0.1 and serθ =270̊

As we see above by changing serθ  values the active and reactive losses are affected. The
least loss value is obtained at serθ  =90̊ and UPFC is located between buses (6 and 11)
and (6 and 12) and (6 and13). Also we get a quite similar result at serθ  =270̊ and UPFC
located between buses 7, 8.
Now we will explore the effect of changing the value of injected voltage r on line losses
with serθ  values 90̊ and 270.̊

6.1.2. Case (2):
 14 bus system operates under condition of 100% of its original load with r=0.05 and

serθ  =90,̊ 270.̊

Fig. 15. 14 bus system with UPFC parameters                      Fig. 16. 14 bus system with UPFC parameters

            adjusted at r=0.05 and serθ =90̊ adjusted at r=0.05 and serθ =270̊
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6.1.3. Case (3):
14 bus system operates under condition of 100% of its original load with r=0.15 and

serθ  =90,̊ 270.̊

Fig. 17. 14 bus system with UPFC parameters                    Fig. 18. 14 bus system with UPFC parameters

            adjusted at r=0.15 and serθ =90̊ adjusted at r=0.15 and serθ =270̊

As we have mentioned the least active and reactive losses of the system are obtained for
locating the UPFC at lines between buses (6and11), (6and12) and (6and13). For these
three locations the best result is found to be with angle serθ =90,̊ but losses gradually
increase with increasing serθ  from 90 ̊ to 180.̊ As for the injected voltage magnitude
effect, the higher value the lower the losses are, for example with r=0.15 we get less
losses than when r=0.1. The losses decreases from 13.593 MW without UPFC   to
13.151 MW with UPFC located near loads with adjusting its parameters at 0.15 p.u. and
90.̊

6.2.  IEEE 30-bus test system:

Different cases are studied on IEEE 30-bus test system with added-on UPFC are
performed using UPFCLF. The electrical system is studied in order to determine the
power flow in each of the transmission line without any compensation to have a general
idea about system steady-state operation. Then UPFC is allocated on each line of the
system and different UPFC parameters are set to activate UPFC, the transmitted active
and reactive power of all of the lines has remarkably changed.
We will study IEEE 30-bus system for r =0.05, 0.1, 0.15 and serθ  values 90̊ and 270.̊

6.2.1. Case (1):
IEEE 30-bus system operates with its original load with different UPFC parameters.
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Fig. 19. 30 bus system with UPFC parameters                           Fig. 20. 30 bus system with UPFC parameters

            adjusted at r=0.05 and serθ =90̊ adjusted at r=0.05 and serθ =270̊

Fig. 21. 30 bus system with UPFC parameters         Fig. 22. 30 bus system with UPFC parameters

            adjusted at r=0.1 and serθ =90̊ adjusted at r=0.1 and serθ =270̊

Fig. 23. 30 bus system with UPFC parameters                      Fig. 24. 30 bus system with UPFC parameters

            adjusted at r=0.15 and serθ =90̊ adjusted at r=0.15 and serθ =270̊
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Comparing power flow solutions of the system without and with locating UPFC
between buses (1 and 3) shows the losses decreases from 17.528 MW to 16.98 MW and
parameters of UPFC is adjusted at r=0.15 p.u. and serθ  = 90.̊ It can be concluded that the
proposed method developed in this study are efficient on analysis of both power flow
and control parameters of UPFC.
From the previous results, it can be concluded that the system lines losses can be
minimized by controlling the different control parameters (r, serθ ) of UPFC. It can be
noticed that UPFC location that gives least line losses appears in the generation zone,
while locating it near loads will not affect power losses in the lines.
The observations we got indicate that for small systems, locating UPFC near loads zone
provides better reduction of system line loss, while when in a network of large size we
find an enhancement of the system line loss is obtained by locating the UPFC at
generation zone.

6.3. Comparative graphical results of  Effective of UPFC parameters on line   loss:

During the simulation study, applied to the IEEE 14-bus system, it has been noted that
the location of UPFC between busses 6 and 11, and varying UPFC parameters, r and

serθ  one at time, while keeping the second variable constant will lead to the results of
the following figures.

Fig. 25. Total active line losses via serθ  Fig. 26. Total active line losses via r

and with r=0.1                                                                               and with serθ =90̊
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Fig. 27. Total reactive line losses via serθ      Fig. 28. Total reactive line losses via r

and with r=0.1                                                    and with serθ =90̊

These results show clearly that increasing parameter r leads to minimization of both
active and reactive losses. The best results are found to take place when serθ  =90.

7. Conclusion:

Insertion of UPFC model can be incorporated in optimal load flow program.  The
capability of UPFC control parameters in optimal power flow applications has been
explained.  It is clear that a UPFC can be controlled in a power system to satisfy the
power system enhancement and minimization of the losses.
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