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Abstract:

This paper is devoted to the incorporation of the steady state model of the unified power
flow controller (UPFC) in optimal power flow programs using injection model of
UPFC.  This model is based on the representation of UPFC in steady state conditions by
two voltage sources with certain reactances.  The effects of UPFC control parameters on
generation cost, system voltage profile, and system loadability are studied.  The
proposed method has been applied to the IEEE 57-bus system with promising results.
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1. Introduction:

Flexible AC Transmission Systems (FACTS) represents a new domain in power system
control engineering, using power electronic devices and circuits and the more recent
available technologies in automatic control and valves [1].  With the application of
FACTS technology, power system becomes more flexibly controlled [2].  It can be used
to extend the capacity of existing power transmission networks to their limits without
the necessity of adding new transmission lines [3].
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So, FACTS can facilitate the power flow control, decrease the cost of generation,
enhance the power transfer capability, and improve the security and stability of the
power system [4].  The unified power flow controller (UPFC) is the most
comprehensive multivariable flexible ac transmission system (FACTS) controller [5, 6].
It can provide simultaneous and independent control of power system parameters such
as line active power flow, line reactive power flow, line impedances, and node voltages
[7,8].  In this paper, the steady state model of the unified power flow controller (UPFC)
using injection power model [9] is incorporated in a MATLAB optimal power flow
programs.  Using this model of UPFC the effects of UPFC control parameters on
generation cost, system voltage profile, and system loadability are studied and
illustrated.  The proposed method has been investigated on the IEEE 57-bus system
[10].

2. Operating Principle of UPFC:

UPFC (Fig. 1) consists of two switching converters.  These converters are operated from
a common dc link provided by a dc storage capacitor.  Converter 2 provides the main
function of the UPFC by injecting an ac voltage with controllable magnitude and phase
angle in series with the transmission line via a series transformer [9].  The basic
function of converter 1 is to supply or absorb the real power demand by converter 2 at
the common dc link.  It can also generate or absorb controllable reactive power and
provide independent shunt reactive compensation for the line.  Converter 2 supplies or
absorbs locally the required reactive power and exchanges the active power as a result
of the series injection voltage.

3. Modeling of UPFC:

A UPFC can be represented in steady-state conditions 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. Fig. 2 depicts a two voltage-source model of the UPFC. The voltage
sources, Vser and Vsh , are controllable in both magnitudes and phase angles.
Vser should be defined as:

se rj
ser iV rV e θ=                                                                                                              (1)

Where, max ser0 r r and 0 2 .≤ ≤ ≤ θ ≤ π                                                                                (2)
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Figure (1): Basic circuit arrangement of UPFC

Figure (2): UPFC equivalent circuit

3.1. 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. 3.

*
iser i serS V ( I )= −                                                                                                              (4)

*
jser j serS V (I )=                                                                                                                  (5)
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Figure (3): Replacement of series voltage source by a current source

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)

By using the Euler Identity, ( serj
ser sere cos jsinθ = θ + θ ), and trigonometric identities

equation (6) takes the form:

[ ]2
iser i ser ser serS V b r cos( 90) jsin( 90) .= −θ − + −θ −                                                           (7)

Equation (7) can be decomposed into its real and imaginary components,
iser iser iserS P jQ= +  where,

2
iser ser i serP rb V sin= − θ                                                                                                    (8)

2
iser ser i serQ rb V cos= − θ                                                                                                   (9)

Similarly the power injected at bus j is obtained by substituting equations (1) and (3)
into (5) to yield:

jser i j ser i j ser i j ser i j serS V V b rsin( ) jV V b r cos( )= δ − δ + θ + δ − δ − θ (10)

Equation (10) 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 (11)

jser i j ser i j serQ V V b rcos( )= δ − δ − θ                                                                                   (12)
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Based on equations (8), (9), (11), and (12), 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. 4.

Figure (4): Equivalent power injections of series branch

3.2. 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+ =                                                                                         (13)

The apparent power supplied by the series converter is calculated as.

ser

*\
i j* j

ser ser ij i
ser

V VS V I re V
jX

θ  −
= =  

 
                                                                             (14)

Active and reactive power supplied by the series converter can be calculated from
equation (14):

( )( )ser ser
*j j

ser i i i j serS re V re V V V / jXθ θ= + −                                                                      (15)
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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 rVV(cos( )

jsin( ))

= + θ + θ − δ − δ + θ

+ δ − δ + θ
 (16)

The final form of equation (16) 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                                                              (17)

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 +                                         (18)

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. In this case the main function of reactive power is to maintain the voltage levels
at bus i within acceptable limits. 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 + j Qsh to bus i, as shown in Fig. 5. Where:

2
sh ser ser i j i j ser ser i serP P rb V V sin( ) rb V sin= − = − δ − δ + θ + θ                                               (19)

Figure (5): Equivalent power injection of shunt branch

3.3. 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. 6.
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Figure (6): Steady-state UPFC mathematical model

Having ij i jδ = δ − δ , the elements of the equivalent power injections in Fig. (6) are,

i, UPFC iser sh ser i j ij serP P P rb V V sin( )= + = − δ + θ (20)

j, UPFC jser ser i j ij serP P rb V V sin( )= = δ + θ                                                                            (21)

2
i, UPFC iser sh ser i ser shQ Q Q rb V cos Q= + = − θ +                                                                 (22)

j, UPFC jser ser i j ij serQ Q rb V V cos( )= = δ + θ                                                                           (23)

4. UPFC Injection Model for Optimal Power Flow Studies

The UPFC injection model can easily be incorporated in optimal power flow program as
follows:

4.1. Modification of Admittance Matrix:

If a UPFC is located between bus i and bus j in a power system, the admittance matrix is
modified by adding the reactance Xser between buses i and j.

4.2. Modification of Jacobian Matrix:

The Jacobian matrix is modified by addition of appropriate injection powers at buses i
and j according to equations (20) to (23), considering the linearized load flow model as:

n n nP H N
,

Q J L V / V

∆ ∆δ     
=     

∆ ∆          
                                                                                  (24)
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Where P and Q are the real power and reactive power mismatch vectors. ( V∆ and
∆δ ) are vectors of incremental changes in nodal voltages and angles. H, N, J, and L
denote the basic elements in the Jacobian matrix. n is iteration number. Since injected
powers vary with bus voltage amplitudes and phases, the relevant elements of Jacobian
matrix will be modified at each iteration. Based on Equations (20) and (23), the
following additional elements of Jacobian matrix (( o UPFCH H H= + ) and for N, J, and L
elements) owing to the injections of the UPFC at the buses i and j can be derived. The
superscript o denotes the Jacobian elements without UPFC.

4.3. Modification of the Mismatch Equations:

The related power mismatch equations at bus i and bus j must be modified as:

i i, G i, L i, UPFC i, CalP P P P P∆ = − + −                                                                                  (25)

j j, G j, L j, UPFC j, CalP P P P P∆ = − + −                                                                                   (26)

i i, G i, L i, UPFC i, CalQ Q Q Q Q∆ = − + −                                                                                (27)

j j, G j, L j, UPFC j, CalQ Q Q Q Q∆ = − + −                                                                   (28)

5. Effects of UPFC Control Parameters on Power System Operation:

To investigate the effect of UPFC control parameters (r, serθ and Qsh) on the operation of
the IEEE 57-bus system (baseMVA = 100), A UPFC is assumed to be located between
buses 31and 32, near bus 31 (the weakest bus), and the effect of these parameters on
generation cost, system voltage profile, and system loadability are studied.

5.1. Effects of UPFC Control Parameters on Generation Cost:

Fig. 7 shows the effect of varying r ( serθ =10°, Qsh = 0.1 pu) on the cost of generation.
The results show that r = 0.09 pu gives the minimum cost of generation (41728 $/h) due
to the losses reduction.  Note that, the cost without UPFC was 41738 $/h.
Also, the effects of varying serθ  and Qsh on the generation cost are shown in Fig. 8 and
Fig. 9 respectively.  It can be concluded that the cost of generation can be minimized by
adjusting the three control parameters of UPFC.
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Figure (7): Effect of varying r on generation cost ( serθ =10°, Qsh=0.1 pu)
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Figure (8): Effect of varying serθ  on generation cost (r=0.1 pu, Qsh=0.1)



Proceedings of the 6th ICEENG Conference, 27-29 May, 2008 EE205 - 10

0 0.05 0.1 0.15
4.15

4.2

4.25

4.3

4.35

4.4
x 10

4

Qsh (pu)

generation cost

($/
hour

)

Figure (9): Effect of varying Qsh on generation cost (r=0.1 pu, serθ =10°)

5.2. Effects of UPFC Control Parameters on System Voltage Profile:

Previous objective function (generation cost) seeks to improve the cost of operation
regardless of the power quality.  Optimal power system operation requires some kind of
compromise between the operation cost and quality.  Voltage Profile Index (VPI) is one
of the quality measures for power system.  It can be improved by minimizing the load
bus voltage deviations from 1.0 pu.  The objective function can be expressed as:

VPI = Sum |V-1|                                                                      (29)

Figures 10, 11, and 12 show the effect of r, serθ and Qsh respectively on the system
voltage profile.  From these Figures, it is clear that the voltage profile can be enhanced
by controlling the control parameter of UPFC.  That the voltage profile reaches to
1.1208 when r = 0.19 pu, serθ  = 10°, and Qsh = 0.1 pu.  Knowing that the system voltage
profile without UPFC is equal to 1.3057.
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Figure (10): Effect of varying r on system voltage profile( serθ =10°, Qsh=0.1 pu)
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Figure (11): Effect of varying serθ on system voltage profile(r=0.1 pu, Qsh=0.1)
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Figure (12): Effect of varying Qsh on system voltage profile(r=0.1 pu, serθ =10°)

5.3. Effects of UPFC Control Parameters on System Loadability:

Another power quality measure is the system loadabilty.  The system loadability can be
measured by the Loadability Factor (LF), which defined as:

LF = Sum (|S/Smax| ^2)                                                                                                 (30)

To enhance the system loadability this factor must be minimized.  The results of varying
the various control parameters of UPFC to enhance the system loadability are shown in
Figures 13, 14, and 15.
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Figure (13): Effect of varying r on system loadabilty( serθ =10°, Qsh=0.1 pu)
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Figure (14): Effect of varying serθ on system loadability(r=0.1 pu, Qsh=0.1)
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Figure (15): Effect of varying Qsh on system loadability(r=0.1 pu, serθ =10°)
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6. Conclusion

Injection power UPFC model can be incorporated in optimal power flow program.  The
capability of UPFC control parameters in optimal power flow applications has been
demonstrated.  It is clear that a UPFC can be controlled in a power system to satisfy the
following objectives:

• Minimizing the generation cost which mean reduction in the total system losses.
• Enhancing the system voltage profile by reducing the load bus voltage deviations

from 1.0 pu.
• Enhancing the system loadability.
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