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This paper is devoted to the incorporation of the steady-state model  of the 
unified power flow controller (UPFC) in power flow programs using a 
UPFC injection model. The adopted UPFC injection model is based on 
the representation of UPFC in steady-state conditions by two voltage 
sources in series with certain reactances. Using this UPFC power flow 
model, the effects of UPFC control variables on system voltage 
magnitude, line active and reactive power flow, total system losses, slack 
bus generated active and reactive power and the injected reactive power 
from voltage controlled buses are illustrated. Also, the effects of the 
UPFC location and the UPFC series converter coupling transformer 
reactance on power flows and on total system real power loss are studied. 
It is found that using this UPFC power flow model it is possible to show 
the power flow characteristics inside the UPFC converters, themselves. 
 
KEYWORDS: Flexible AC transmission systems (FACTS), Unified 
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1. INTRODUCTION 

 
During the last decade, continuous and fast improvement of power electronics 

technology has made flexible AC transmission systems (FACTS) a promising concept 
for power system applications [1,2]. With the application of FACTS technology, power 
flow along transmission lines can be more flexibly controlled [3]. Among a variety of 
FACTS controllers, the unified power flow controller, abbreviated (UPFC) is one of 
the more interesting and potentially the most versatile. [4]. It can provide simultaneous 
and independent control of important power system parameters such as line active 
power flow, line reactive power flow, line impedances, and node voltages [5]. Thereby, 
it offers the necessary functional flexibility for the combined application of voltage 
magnitude and phase angle control with combined controlled series and shunt 
compensation. The UPFC operation mode (terminal voltage regulation, series 
reactances compensation, phase shift, or any combination of them) can be changed  
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from one state to another without hardware alternators to adapt particular changing 
system conditions. This feature makes it a competent device. Computation and control 
of power flow for power systems embedded with UPFC appear to be fundamental for 
power system analysis and planning purposes. A mathematical model is required for 
investigation the effects of UPFC on power system operation.  
In this paper, an injection power UPFC proposed by Noroozian in ref.[6], is 
incorporated in a MATLAB power flow program [7] based on Newton-Raphson 
algorithm. This UPFC power flow model is capable of giving investigations of the 
effects of the UPFC on power system operation. Using this UPFC power flow model, 
the effect of UPFC location on power flow and overall transmission real power losses 
is studied and illustrated. The UPFC power flow characteristics inside the UPFC 
converters are cleared. 
 

2. Injection Power UPFC Model: 
 

2.1 UPFC Construction 
Fig. 1 shows the basic circuit arrangement of the UPFC where it 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. 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. 

 
Figure 1: UPFC components. 

 
2.2    UPFC Steady-State Representation 

 
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 leakage reactances of the two coupling transformers. 
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Fig. (2) depicts a two voltage-source model of UPFC. The voltage sources, Vser and Vsh 
are controllable in both magnitudes and phase angles.  Vser should be defined as: 
 

serj
ser iV rV e θ=            (1)

                                                                                                                                  
 
The values of r and serθ are defined within specified limits given by the following Eqn. 
(2). 
 

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

 
 

 
 

Figure 2: UPFC equivalent circuit. 
 

2.2.1 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 replaced by injected power at the two auxiliary buses i 
and j between which the UPFC is connected as shown in Fig. (4). 

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

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

The injected powers Sis and Sjs can be simplified according to the following operations, 
by substituting Eqns. (1) and (3) into (4), (5). The power injected in bus i is found by 
substituting Eqns. (1,3) in (4) to yield: 
 

serj * 2 2
is i ser i ser i ser ser i serS V ( jb rV e ) rb V sin jrb V cosθ= = − θ − θ      (6)                               

Eqn. (6) can be decomposed into its real and imaginary components, Sis = Pis + jQis, 
where 

2
is ser i serP rb V sin= − θ         (7)                                                                                                                             



M. Z. EL-Sadek, M. Abo-Zahhad, A. Ahmed, H.E. Zidan 210 

2
is ser i serQ rb V cos= − θ         (8)                                    

         
 

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

 
Similarly the power injected at bus j is obtained by substituting Eqns. (1,3) into Eqn. 
(5) to yield: 

js i j ser ij ser i j ser ij serS V V b rsin( ) jV V b rcos( )= δ + θ + δ + θ             (9)                   
                 
Eqn. (9) can also be decomposed into its real and imaginary parts, Sjs = Pjs + jQjs , with: 

js i j ser ij serP V V b rsin( )= δ + θ         (10)                         
                   

js i j ser ij serQ V V b rcos( )= δ + θ         (11)                      
                  
Based on Eqns. (7), (8), (10) and (11), the power injection model of the series 
connected voltage source can be seen as two dependant power injections at auxiliary 
buses i and j, as shown in Fig. (4). 
 

 
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 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 then 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+ =           (12)                                            
                   
The apparent power supplied by the series converter is calculated as. 
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ser

*\
i j* j

ser ser ij i
ser

V V
S V I re V

jX
θ  −= =  

 
       (13)                 

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

( )( )ser ser
*

j j
ser i i i j serS re V re V V V / jXθ θ= + −         (14)    

                   
The final form of Eqn. (14) can be written as: Sser = Pser + j Qser, where 

2
ser ser i j i j ser ser i serP rb V V sin( ) rb V sin= δ − δ + θ − θ        (15)       

                  
2 2

ser ser i j i j ser ser i ser ser iQ rb V V cos( ) rb V cos rb V= − δ − δ + θ + θ +     (16) 
                                                                           
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 depicted 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     (17)     

                 

 
Figure 5: Equivalent power injection of shunt branch. 

 
 

2.2.3 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 is sh ser i j i j serP P P rb V V sin( )= + = − δ − δ + θ      (18)   
                 

j, UPFC js ser i j i j serP P rb V V sin( )= = δ − δ + θ       (19)     
                  

2
i, UPFC is sh ser i ser shQ Q Q rb V cos Q= + = − θ +      (20)                                                                                                     
j, UPFC js ser i j i j serQ Q rb V V cos( )= = δ − δ + θ        (21)                                                                                                     

 
2.3  Incorporating UPFC Injection Model in Newton-Raphson 

Load Flow Programs. 
 
Having the above derived mathematical UPFC injection model, it can be 

incorporated in a load flow program as follows 
(a)  If a UPFC is located between bus i and bus j in a power system, the admittance  
      matrix is modified by adding a reactance equivalent to Xser between bus i and bus j.  
 
(b) The Jacobian matrix is afterwards modified by addition of appropriate injection  
     powers at buses i, j according to Eqns. (18) to (21) .  
 
(c) Considering the linearized load flow model as: 
 

P H N
,

Q J L V / V

∆ ∆δ     
=     ∆ ∆     

       (22)                      

                                           
 
 (d) The Jacobian matrix is to be modified according to the form given in table (1).    
        (The superscript o denotes the Jacobian elements without UPFC). 
 
(e) Load flow study according to NR method is then performed as in normal studies. 
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Table 1: Modification of Jacobian matrix 
 

(i, i) (i, i) i, UPFC

(i, j) (i, j) j, UPFC

( j, i) ( j, i) j, UPFC

( j, j) ( j, j) j, UPFC

H H Q

H H Q

H H Q

H H Q

= −
= +
= +
= −

o

o

o

o

 

(i, i) (i, i) j, UPFC

(i, j) (i, j) j, UPFC

( j, i) ( j, i) j, UPFC

( j, j) ( j, j) j, UPFC

N N P

N N P

N N P

N N P

= −
= −
= +
= +

o

o

o

o

 

(i, i) (i, i)

(i, j) (i, j)

( j, i) ( j, i) j, UPFC

( j, j) ( j, j) j, UPFC

J J

J J

J J P

J J P

=
=
= −
= +

o

o

o

o

 

(i, i) (i, i) i, UPFC

(i, j) (i, j)

( j, i) ( j, i) j, UPFC

( j, j) ( j, j) j, UPFC

L L 2Q

L L

L L Q

L L Q

= +
=
= +
= +

o

o

o

o

 

 
 

3. STUDIED SYSTEM 
 
In order to investigate the feasibility of the injection power UPFC model, UPFC is 

applied to the six-bus Ward Hall test system shown in Fig. (7). UPFC is connected 
between buses 1 and 4, near bus 4. Bus 7 is defined as a dummy bus to connect UPFC 
between buses 4 and 7. The UPFC control variables, i.e. (r, serθ and Qsh) 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 effect of UPFC control variables i.e.,(r, 

serθ and Qsh) on power system operation. This can be achieved by varying one of the 
three control variables and by keeping the other two control variables constant. First of 
all serθ is varied from 0 to 360o. Afterwards, r is varied from 0 to 0.1 p.u. and finally 
Qsh is 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 magnitude at load nodes with 

respect to serθ at different values of r ( from 0 to 0.1 p.u. with interval step 0.01) and 
Qsh = 0. The figure shows the voltage magnitude at all load nodes at (r=0.1) when 

serθ is varied from 0 to 360o. It oscillates around its original value i.e. without UPFC 
connection (r=0). The increase of r causes increase in the amplitude of the voltage 
magnitude. All voltages reach its maximum value at serθ =15o. 

 
 

 
 

Figure 8: The variation of load nodes voltage magnitude versus serθ when r varied 
from 0 to0.1 and Qsh = 0. 

 
Figure (9) shows the variation of the voltage magnitude at bus 4 versus r at serθ = (0, 
90o, 180o, and 270o) and Qsh = 0. The figure shows that the voltage magnitude has a 
straight line relation with r at certain serθ and Qsh.  
 
Figure (10) shows the variation of the voltage magnitude at bus 4 with both r and serθ at 
Qsh = 0, When r is varied from 0 to 0.1 p.u. and serθ is varied from 0 to 360o. This 
figure represents the area of control for voltage magnitude at bus 4 for all operation 
conditions of UPFC at Qsh = 0. 
 
Figure (11) shows the variation of the load nodes voltage magnitude versus serθ at r 
equal 0.1 p.u. and Qsh = (0, 5) MVAR. This figure shows that the reactive power 
delivered from the shunt converter has no effect on the shape of change of voltage 
magnitude versusserθ . The UPFC shunt reactive power causes raise in the voltage 
magnitude with certain value. 
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Figure 9: Variation of voltage magnitude at bus 4 versus r at serθ = (0, 90o, 180o, and 
270o) and Qsh = 0. 

 
 
 

 
 
 

Figure 10: Control region of voltage magnitude at bus 4 at Qsh = 0. 
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Figure 11: Variation of voltage magnitude versus serθ at r = 0.1 and Qsh = (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 active and reactive power flows 

from bus 1 to bus 4, respectively, versus serθ at different values of r and Qsh = 0 [8]. 
Figure 12c shows the Q-P characteristics of this line at the same conditions. 

 

 
Figure 12: Line (a) Active power, (b) Reactive power, and (c) Q-P characteristics. 
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Figs. 13 and 14 show the variation of the line active and reactive power versus r at 
serθ = (0, 90o, 180o, and 270o) and Qsh = 0, respectively. The figures show that both line 

active and reactive power have a straight line relation with r at certain serθ and Qsh. 
Figs. 15 and 16 show the control region of UPFC for the line active and reactive power 
flow at Qsh = 0, respectively. 
Figure 17 shows the variation of the line active and reactive power versus serθ at r = 0.1 
p.u. and Qsh = (0, 5) MVAR. The Figure shows that the shunt reactive power delivered 
by UPFC shunt converter has no effect on the line active power and cause decrease in 
the line reactive power.  
 

 
Figure 13: Variation of line active power versus r at serθ = (0, 90o, 180o, and 270o) and 

Qsh = 0. 

 
Figure 14: Variation of line reactive power versus r at serθ = (0, 90o, 180o, and 270o) 

and Qsh = 0. 
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Figure 15: Control region of line active power from bus 1 to bus 4 at Qsh = 0. 
 
 
 

  
 

Figure 16: Control region of line reactive power from bus 1 to bus 4 at Qsh = 0. 
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Figure 17: Line (a) Active power, (b) Reactive power, and (c) Q-P 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 generated active and reactive power from 
slack bus, respectively, versus serθ at different values of r and Qsh = 0. Figure 17c 
shows the variation of the generated reactive power from bus 2 that represents the PV 
bus, at the same conditions. 
 

 
 

Figure 18: Variation of generated  (a) Active power, (b) Reactive power form slack 
bus and (c) Reactive power from bus PV bus, versus serθ  

 
Figs. 19a, 19b and 19c show the variation of the generated active and reactive power 
form slack bus and reactive power from PV bus versus serθ at r = 0.1 p.u. and Qsh = (0, 
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5) MVAR. The figures show that the UPFC shunt converter reactive power causes 
decrease in both generated active and reactive power. 
 

 
 

Figure 19: Variation of generated  (a) Active power, (b) Reactive power from slack 
bus and (c) Reactive power from bus PV bus, versus serθ at r = 0.1 and Qsh = (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 total system real and reactive 
power loss versusserθ , r = 0.1 p.u and Qsh = (0, 5) MVAR. The figures show that the 
UPFC shunt converter reactive power causes decrease in both total system real and 
reactive power loss. 

 
Figure 20: Total system (a) Real, (b) Reactive power loss at Qsh = (0, 5) MVAR. 
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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 UPFC location on important 

power parameters is carried out for two different UPFC locations. First position named 
as “ position A” refers to UPFC location near bus 4 in line 1-4, while second position 
named as “position B” refers to UPFC location at the middle of line 1-4. comparable 
simulation results are graphically represented in Figure21.There were no significant 
changes in either line real power flow, reactive power flow or total system real power 
loss. 
 

 
 

Figure 21: Effect of UPFC location on (a) Active power flow, (b) Reactive power 
flow, and (c) Total system real power loss. 

 
3.3 Power Flow Characteristics of UPFC 

 
From Eqns. (15) and (16), it is possible to determine the active and reactive 

power supplied from the series converter. As considered that UPFC is lossless, so the 
shunt converter active power equal in magnitude to the series converter active power 
but with opposite sign. The reactive power delivered from shunt converter is not 
considered here, but its effect can be modeled as a separate controllable shunt reactive 
source. Figs. 22(a), 22(b) and 22(c) show the variation of the series converter active 
power, series converter reactive power and shunt converter active power with series 
control angle respectively. Figure 22(d) shows the Q-P characteristics of the series 
converter. 
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Figure 22: Variation of (a) Series converter active power, (b) Series converter reactive 
power, and (c) shunt converter active power, with serθ (d) Q-P characteristics of series 

converter. 
 

4. CONCLUSIONS 
 
The following conclusions can be pointed; 

1) In this paper a UPFC injection power flow model has been incorporated in a 
MATLAB power flow program based on NR technique.  

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

3) Using this UPFC power flow model, the effect of UPFC control variables on 
power system operation has been investigated, the effect of UPFC location on 
the power flow and total system real power loss has been illustrated and the 
UPFC power flow characteristics has been cleared. All results indicate that 
good convergence and high accuracy are achieved by this UPFC power flow 
model.  

4) The simulation examples have shown that UPFC is a powerful FACTS device 
in controlling the voltage magnitude, the flow of real power, as well as the 
flow of reactive power.  

5) The studied on the test system also show that the introduction of UPFC can 
disturb the system voltage profile at the neighboring buses significantly unless 
a voltage regulation support at those buses is not provided.  

6) The incorporation of UPFC has also changed the generated active and reactive 
power from slack bus, generated reactive power from PV buses and overall 
transmission losses of the studied system.  
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7) The comparative study regarding the effects of UPFC location have shown that 
there were no significant changes in either line power flow or overall 
transmission real losses when the UPFC position is changed on the line.    
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  لمنظم مسارات القدرة الموحدة حقن القدرة إدماج  نموذج

  في برامج مسارات القدرة   
  

ـــــــة المســـــــتقرة لمـــــــنظم مســـــــارات القـــــــدرة  يهـــــــدف هـــــــذا البحـــــــث إلـــــــى إدمـــــــاج  نمـــــــوذج الحال

يعتمـد نمـوذج . في بـرامج مسـارات القـدرة باسـتخدام نمـوذج حقـن القـدرة   (UPFC)الموحدة

تمثيــل مــنظم مســارات القــدرة الموحــد فــي حالــة الاســتقرار حقــن القــدرة الــذي تــم اختيــاره علــي 

وباستخدام هذا النموذج يتم توضـيح . علي التوالي لكل منهما هبمصدرين للجهد مع معا وق
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تــأثير متغيــرات الــتحكم فــي مــنظم مســارات القــدرة الموحــدة علــي جهــد النظــام والقــدرة الفعالــة 

. وغير الفعالة التي تسرى في خطوط النقل و الفقد الكلى للقدرة في النظام و القدرة المتولدة

دراسة تأثير المكان الذي يوضع به مـنظم مسـارات القـدرة وباستخدام هذا النموذج يتم أيضا 

و لقـد وجـد أنـه باسـتخدام هـذا . الموحدةعلي مسـارات القـدرة و الفقـد الكلـى للقـدرة فـي النظـام

 . النموذج يتم ظهور خصائص مسار القدرة داخل منظم مسارات القدرة الموحدة


