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Flexible AC Transmission Systems FACTS include unified power flow 

controllers (UPFC). Incorporation of a UPFC by a comprehensive 

Newton-Raphson power flow model into an existing MATLAB Newton-

Raphson power flow algorithm is the subject of this paper. Unlike existing 

UPFC models available in open literature, this UPFC power flow model 

is modified to set control of active and reactive powers and voltage 

magnitude in any combination or to not control all of them. A set of 

analytical equations has been derived to provide better UPFC initial 

conditions. Their solution algorithm exhibits quadratic or near quadratic 

convergence characteristics. Based on this model, it is possible to 

estimate the UPFC control variables and the UPFC converters ratings. 

Also the effects of the UPFC coupling transformers impedances on the 

UPFC control variables and converters ratings are clarified and 

highlighted. 
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1. INTRODUCTION 
 

Several publications have recently appeared in FACTS literature which describe the 

basic operating principles of the UPFC [1, 2]. However, most of the unified power 

flow controller UPFC models and have only addressed cases where the UPFC is 

connected between infinite busbars. Very little work has been done in developing 

suitable models for assessing the UPFCs behavior in large-scale power networks. This 

is particularly the case in the area of power flow analysis where, according to available 

literature, only two very constrained models have been published [3], [4]. Reference 

[3] takes a simpler approach. Here, the sending-end of the UPFC is transformed into a  
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PQ bus, while the receiving-end is transformed into a PV bus and a standard Newton-

Raphson load flow is carried out. This method is simple, but it will only work if the 

UPFC is used to control voltage magnitude, active power and reactive power, 

simultaneously. It is wished to control one or two variables; the method is no longer 

applicable. Moreover, since the UPFC parameters are computed after the load flow has 

converged, there is no way of knowing, during the iterative process, whether or not the 

UPFC parameters are within limits. Reference [4] takes the approach of modeling the 

UPFC as a series reactance. The voltage magnitude and angle of the series source are 

adjusted manually to achieve a power flow solution which, is hoped, will match the 

target power flow. 

 

Trying to circumvent these limitations, a UPFC comprehensive NR power flow model 

has been proposed in [5]. This UPFC model is a straightforward extension of the power 

flow equations and, hence, it is suitable for incorporation into an existing Newton-

Raphson NR load flow algorithm. 

 

The main advantages which this UPFC power flow model has over the models reported 

in [3] and [4] are: 

 

(a) In this model, the UPFC state variables are incorporated inside the Jacobian matrix 

and mismatch equations, leading to very robust iterative solutions. In this unified 

solution, the UPFC state variables are adjusted simultaneously with the nodal network 

state variables in order to achieve the specified control targets. Hence, the interaction 

between the network and the UPFC is better represented. 

 

(b) This UPFC power flow model is completely general. It controls active and reactive 

power simultaneously as well as voltage magnitude. It can also be set to control one or 

more of those three variables above in any combination, or to control none of them. 

 

(c) A set of analytical equations has been derived to provide good UPFC initial 

conditions. Providing no limit violations take place, the algorithm converges 

quadratically to a very tight power mismatch tolerance. 

 

(d) The losses of the UPFC coupling transformers are taking into account. 

 

2. 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. 
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Figure 1: UPFC components. 

 

3. COMPREHENSIVE NEWTON-RAPHSON NR UPFC MODEL 
 

3.1 UPFC Equivalent Circuit: 
The UPFC equivalent circuit shown in Fig. 2 is used to derive the steady-state 

comprehensive NR UPFC model. The equivalent circuit consists of two ideal voltage 

sources representing the fundamental Fourier series component of the switched voltage 

waveforms at the AC converter terminals. The source impedances included in the 

model represent the positive sequence leakage inductances and resistances of the 

coupling UPFC transformers. 

The ideal voltage sources are: 

 

 ser ser ser serV V cos jsin                                                               (1)                                                                                                  

 

 sh sh sh shV V cos jsin                                                               (2)                                                                                                

 

Where, Vser, and ser are the controllable magnitude  ser min ser ser maxV V V  and angle 

 ser0 360   of the voltage source representing the series converter. The magnitude 

Vsh and angle sh of the voltage source of the shunt converter are controlled between 

limits  sh min sh sh maxV V V  and  sh0 360   , respectively. 
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Figure 2: UPFC equivalent circuit. 

 

 

3.2  UPFC Power Equations 
Based on the equivalent circuit in Fig. 2, the active and reactive power equations 

are: 
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At node j: 
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       (6)                                                                                         

Series converter: 
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Shunt converter: 
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The system admittance matrix elements are defined by: 

 
1 1

ii ii ii ser shY G jB Z Z                          (11)                                                                                                     
1

jj jj jj serY G jB Z                          (12)                                                                                                                
1

ij ji ij ij serY Y G jB Z                           (13)                                                                                                     
1

ser ser ser shY G jB Z                           (14)                                                                                                      

 
Assuming a loss free converter operation, the UPFC neither absorbs nor injects active 

power with respect to the AC system. Hence, the active power supplied to the shunt 

converter, Psh, must overcome the active power demanded by the series converter, Pser, 

i.e.  

 
ser shP P 0                          (15)                                                                                                                         

 

3.3 UPFC Jacobian Equations 
The UPFC linearized power equations are combined with the linearized system of 

equations corresponding to the rest of the network, 

f(x)=[J][Δx]                       (16)                                                                                                                         

 

Where, 

 

   
T

i j i j ij ij bbf (x) P P Q Q P Q P                            (17)                                                                              

 
 Pbb is the power mismatch given by Equation 15 and the superscript T indicates 

transposition. [ x] is the solution vector and [J] is the Jacobian matrix. For the case 
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when the UPFC controls voltage magnitude at the AC shunt converter terminal (node 

i), active power flowing from node j to node i and reactive power injected at node j, 

and assuming that node j is PQ-type, the solution vector is: 

 

 
T

sh j ser
i j ser sh

sh j ser

V V V
X

V V V

   
      

 
                                                  (18) 

 

and the Jacobian matrix J can be expressed as Eqn. 16.  If the UPFC voltage control is 

deactivated, the third column of Eqn. 19 is replaced by partial derivatives of the UPFC 

mismatch powers with respect to the nodal voltage magnitude Vi. Moreover the shunt 

voltage magnitude increment in Eqn. 18 is replaced by the nodal voltage magnitude 

increment at node i (Vi / Vi). In this case, Vsh is maintained at a fixed value within 

the prescribed limits. 

 

4. UPFC INITIAL CONDITIONS AND LIMITS VERIFICATION 
 

Good starting conditions are mandatory in any iterative process. The solution  of 

the load flow equations does not differ in this respect. Engineering judgment indicates 

that for the simple case in which no controlled buses or branches are present, 1 p.u. 

voltage magnitude for all PQ buses and 0 voltage angle for all buses provide a suitable 

starting condition. However, if controllable devices are included in the analysis, the 

issue is not clear cut as the case above. For the UPFC, a set of equations which give 

good initial estimates can be obtained from the nodal and constraint UPFC power flow 

equations by assuming lossless converter valves and coupling transformers operation 

and null nodal voltage angles. 
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4.1 Series Source Initial Conditions 
 

For specified nodal powers at node j, (Pjref and Qjref), the solution of Eqns. (5) 

and (6) yields, 

jref1
ser

P
tan

CI

  
   

 
                      (20)                                                                                                                  

ser 2 2
ser jref

j

X
V P CI

V

 
  
 

                     (21)                                                                                                     

Where 

 

 
j

jref j i j i

ser

V
CI Q V V if V V

X
                                    (22)                                                                                     

jref j iCI Q if V V                                     (23)                                                                                                         

With: Xser is inductive reactance of the series source and the superscript 0 indicates 

initial value. 

 

4.2 Shunt Source Initial Conditions 
 

An equation for initializing the shunt source angle can be obtained by substituting 

Equations (7) and (8) into Equation (15) and performing some manipulations to get: 

 i j ser sh ser
1

sh

sh i ser

V V V X sin( )
sin

V V X


  
   
 
 

                    (24)                                                                                

where Xsh is the inductive reactance of the shunt source. 

When the shunt converter is acting as a voltage regulator, the voltage magnitude of the 

shunt source is initialized at the target value and then it is updated at each iteration. 

Otherwise, if the shunt converter is not acting as a voltage regulator, the voltage 

magnitude of the shunt source is kept at a fixed value within prescribed limits, 

 sh min sh sh maxV V V  for the whole iterative process.  

 

4.3 Limits Verification of The UPFC Controllable Variables 
 

The main advantages that this UPFC model has over the UPFC decoupled power 

flow model [3] and UPFC injection power flow model [4] is that the UPFC control 

variables are adjusted simultaneously with the nodal network state variables in order to 

achieve the specified control target. Hence, the interaction between the network and the 

UPFC is better represented and the limits of the UPFC state variables can be identified 

inside the power flow program. If a limit violation occurs in one of the voltage 

magnitudes, it is fixed at the offending limit and the regulated variable is freed. In this 

situation no further attempts are made to control this regulated variable for the 

remaining of the iterative process. Conversely, the voltage phase angles of both voltage 

sources are never fixed, since they are naturally circumscribed between the limits 
0 2  . If the violation occurs in the series voltage source, the active and reactive 
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power flow across this source will vary in an unrestricted manner. Similarly, if the 

violation occurs in the shunt voltage source, the reactive power injection contributed 

by this source will also vary in an unrestricted manner. These voltage phase angle 

changes ensure that Eqn. (15) is always satisfied. 

 

5. STUDIED SYSTEM 
 

The six-bus Ward Hall network shown in Fig. 3 has been used as a test system to 

verify the use of the UPFC comprehensive NR power flow model. UPFC is connected 

between buses 1 and 4, near bus 4. Bus 7 is defined as auxiliary bus to connect UPFC. 

 

Figure 3: Six-bus Ward Hall network 

5.1  Base Case Without UPFC 
 
Table (1) shows the voltage magnitude and angle at bus 4 and the active and reactive 

power from bus 4 to bus 1 before connecting the UPFC. 

 
Table 1: The voltage magnitude and angle at bus 4 and the active and reactive 

 power in line 4-1 before UPFC connection. 

 
V4 

(pu) 

4  

(deg) 

P4-1 

(MW) 

Q4-1 

(MVAR) 

0.9526 -9.922 -48.846 -10.480 

 

5.2  UPFC Application 
In this section it is required to find the UPFC control variables i.e., ( ser serV  and 

sh shV  ) and also the UPFC converters ratings i.e. . ( ser ser sh shP , Q , P , and Q ) that 

required to adjust the voltage magnitude at bus 4 and the active and reactive power in 
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line 4-1 according to the control parameters values specified in table (2). Assuming the 

control parameters Vref, Pref and Qref are the values given in table (2). 

 
Table 2: Control parameters of the system 

 
Vref (pu) Pref (MW) Qref (Mvar) 

1.00 -50 -5 

 
Those  control parameters of the system are entered as inputs data in the power flow 

program. The UPFC control variables ( ser serV  and sh shV  )  will be directly 

obtained as outputs from power flow program together with the normal power flow 

results. 

Tables (3) and (4) show the UPFC control variables and the UPFC converters ratings 

that required to adjust the voltage magnitude at bus 4 and the active and reactive power 

in line 4-1 with the values shown in table (2) respectively, when Xser = Xsh = 0.1 p.u. 

and Rser = Rsh = 0. 

 
Table 3: UPFC control variables. 

 
Vser (pu) ser (deg) Vsh (pu) sh (deg) 

0.0707 53.11 1.0129 -9.598 

 
Table 4: UPFC converters ratings. 

 
Pser  

(MW) 

Psh  

(MW) 

Qser 

(Mvar) 

Qsh (Mvar) 

1.0 -9.524 0.973 -10.2 

 

5.3   Effects of UPFC Coupling Transformers Impedances on 
UPFC Control Variables and UPFC Converters Ratings: 

 

The effects of UPFC coupling transformers impedances on the UPFC control 

variables and consequently, the UPFC converters ratings will be cleared in this section. 

The UPFC is set to control the voltage magnitude and active and reactive power flows 

at the values as those specified in Table (2). The UPFC control variables and 

converters ratings corresponding to different combinations of source impedances are 

shown in Figs. 4 to 7. Figs. 4 and 5 show the variation of the UPFC control variables 

and converters ratings versus Xser at different values of Xsh (0.01, 0.05, and 0.1 p.u.) 

and the sources resistances are neglected i.e. Rser = Rsh = 0. Figs. 6 and 7 show the 

variation of the UPFC control variables and converters ratings versus Rser at different 

values of Rsh (0.0, 0.02, and 0.04 p.u.) and the sources reactances are Xser = Xsh = 0.1 

p.u. 

From these figures, it is possible to conclude that: 
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(a) The series voltage magnitude Vser is more sensitive to Xser, low sensitive to Rser, 

very low sensitive to Rsh, and not affected by Xsh. It is possible to say that Vser is 

affected only by its own impedance Zser. 

(b) The series voltage angle ser is affected only by the series source impedance Zser. 

(c) The shunt source variables sh shV  are affected by the shunt source impedance Zsh 

= Rsh +jXsh and the series source resistance Rser. It is not affected by Xser at all. 

(d) The converters active power (Pser, and Psh) are affected only by Rser. 

(e) The series converter reactive power Qser is affected by Zser only. 

(f) The shunt converter reactive power Qsh is affected by the series source resistance 

Rser and the shunt source reactance Xsh. 

 

 
Figure 4: Variation of UPFC control variables versus Xser. 

 
Figure 5: Variation of UPFC converters ratings versus Xser. 
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Figure 6: Variation of UPFC control variables versus Rser. 

 
Figure 7: Variation of UPFC converters ratings versus Rser. 

 

5.4  Effects of UPFC Coupling Transformers Impedances 
When The Voltage Magnitude Control is Deactivated 
 

In this section, it is aimed to show the effect of the UPFC coupling transformers 

impedances on the UPFC control variables when the UPFC is set to control the active 

and reactive power flows at the same values as those specified in Table (2) and the 

voltage magnitude control at bus 4 is deactivated. The shunt source voltage magnitude 

is assumed to be fixed at 1.0 p.u. The UPFC control variables and converters ratings 

corresponding to different combinations of source impedances are shown in Figs. 8-11. 

Figs. 8 and 9 show the variation of the UPFC control variables and converters ratings 

versus Xser at different values of Xsh (0.01, 0.05, and 0.1 p.u.) and the sources 

resistances are neglected i.e. Rser = Rsh = 0. Figures 9 and 10 show the variation of the 

UPFC control variables and converters ratings versus Rser at different values of Rsh 

(0.0, 0.02, and 0.04 p.u.) and the sources reactances are Xser = Xsh = 0.1 p.u. 

From these figures, it can conclude that: 
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(a) The series voltage magnitude Vser is more sensitive to Xser, low sensitive to Rser, 

very low sensitive to Xsh, and not affected by Rsh. It is possible to say that Vser is 

affected only by its own impedance Zser. 

(b) The series voltage angle ser is affected by the series source impedance Zser, it has 

small sensitivity to Xsh. 

(c) The voltage magnitude at bus 4 and the shunt source angle sh  are more sensitive to 

Xsh and Rser, low sensitive to Rsh. 

(d) The converters active power (Pser, and Psh) are affected only by Rser and Xsh. 

(e) The series converter reactive power Qser is affected by Zser only. 

(f) The shunt converter reactive power Qsh is affected by the series source resistance 

Rser and the shunt source reactance Xsh. 

 
Figure 8: Variation of UPFC control variables versus Xser. 

 
Figure 9: Variation of UPFC converters ratings versus Xser. 
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Figure 10: Variation of UPFC control variables versus Rser. 

 

 
 

Figure 11: Variation of UPFC converters ratings versus Rser. 

 

 

5.5 Effect of UPFC Initial Conditions on The Number of Iterations 
 

To show the impact of good UPFC initial conditions upon convergence, different 

series voltage source initial conditions were used. Table (5) shows three different 

initial conditions and the number of iteration required for convergence. The second 

row of the table gives the initial conditions of the series voltage source using Eqns. 

(20) and (21). Fig. 12 shows the variation of the mismatch at each iteration until 

convergence. The figure shows that improper selection of initial conditions degrades 

Newton’s quadratic convergence; more seriously, causes the solution to oscillate or 

even diverge. 
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Table 5: Effect of UPFC control variables initial conditions on 

 the number of iterations. 

serV  (pu) ser (degree) No. of iterations 

0.0502 84 5 

0.0502 180 8 

1.0 0 11 

 

 
 

Figure 12: Variation of mismatch at various UPFC control variables initial 

conditions. 

 

5.5  Different UPFC Operation Modes 
The UPFC comprehensive NR power flow model enable to show the availability of 

UPFC to control voltage magnitude and active and reactive power flows 

simultaneously or individually or in combination. Tables (6) and (7) show the UPFC 

control variables and converters ratings respectively, for nine modes to obtain the 

specified values in Table (2). The series and shunt sources reactances are taken to be 

1.0 p.u. and the series and shunt sources resistances are neglected. The adopted modes 

are, 

- In mode 1, the voltage magnitude at bus 4 and the active and reactive power 

flows in line 1-4 are controlled.  

- In mode 2, the line active and reactive power are controlled and the voltage 

magnitude is kept at its value without UPFC (V4 = V4,org = 0.9526 p.u.). 

- In mode 3, the line active and reactive power are controlled and the control of 

voltage magnitude at bus 4 is deactivated. In this mode the shunt voltage 
source magnitude is chosen to be kept at certain value (Vsh = 1.0 p.u). 

- In mode 4, the line active and reactive power are controlled and the shunt 

converter operate at unity power factor i.e. Qsh = 0 by choosing the shunt 

voltage source magnitude equal to the voltage magnitude at bus 4 (Vsh = V4). 

-  In modes 5, 6, and 7 the voltage magnitude and active and reactive power 

flow are respectively, controlled individually.  
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- In mode 8, the voltage magnitude and active power are controlled (Q4-1 = Q4-

1,org). 

-  In mode 9, the voltage magnitude and line reactive power are controlled 

( 4 1 4 1, orgP P  ). 

 

5.6  Effects of Incorporating UPFC Control Variables Limits on 
       UPFC Variables Values: 

 

In order to verify the availability of this UPFC power flow model to identify the 

limits of the UPFC control variables inside the power flow program, consider that the 

series voltage source magnitude limits is ser0 V 0.15  p.u. and the shunt voltage 

source magnitude is sh0.9 V 1.05  p.u. Table (8) shows the UPFC control variables 

with and without limits consideration, while the required active power through line 1-4 

is changed to be –60 MW and the voltage magnitude and reactive power are still 

controlled to the values shown in Table (2).  

 

Table 6: UPFC control variables 

Mode  

 

# 

Vser 

p.u. 

ser  

Degree 

Vsh 

p.u. 

sh   

degree 

 

1 

Control voltage magnitude, line active and reactive power 

0.0707 53.1 1.0129 -9.6 

 

2 

Control line active and reactive power, V4 = V4,org = 0.9526 p.u. 

0.0691 92.9 0.9572 -9.2 

 

3 

Control line active and reactive power and Vsh = 1.0 p.u. 

0.0676 61.9 1.0 -9.5 

 

4 

Control line active and reactive power and Vsh = V4 

0.0808 11.7 0.9255 -8.97 

 

5 

Control voltage magnitude,  

P4-1 = P4-1,org,, Q4-1 = Q4-1,org,   

0.0749 28.8 1.0083 -10.3 

 

6 

Control reactive power, P4-1 = P4-1,org, V4 = V4,org, 

0.0533 99.2 0.9585 -9.85 

 

7 

Control active power, Q4-1 = Q4-1,org,,  

V4 = V4,org, 

0.0696 69.1 0.9513 -9.24 

 

8 

Control voltage magnitude, active power and Q4-1 = Q4-1,org, 

0.0882 36.58 1.007 -9.67 

 

9 

Control voltage magnitude, reactive power and P4-1 = P4-1,org 

0.0548 47 1.0142 -10.25 
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Table 7: UPFC converters power 

Mode  

# 

Pser 

(MW) 

Psh 

(MW) 

Qser 

(MVAR) 

Qsh 

(MVAR) 

 

1 

Control voltage magnitude, line active and reactive power 

1.3076 -1.3076 3.4094 13.104 

 

2 

Control line active and reactive power, V4 = V4,org = 0.9526 p.u. 

1.1516 -1.1516 3.375 4.4075 

 

3 

Control line active and reactive power and Vsh = 1.0 p.u. 

0.7369 -0.7369 3.4124 10.977 

 

4 

Control line active and reactive power and Vsh = V4 

-2.5503 2.5503 3.3011 0 

 

5 

Control voltage magnitude,  

P4-1 = P4-1,org,, Q4-1 = Q4-1,org,   

2.4804 -2.4804 3.0462 8.3847 

 

6 

Control reactive power, P4-1 = P4-1,org, V4 = V4,org, 

-1.1335 1.1335 2.4327 5.6239 

 

7 

Control active power, Q4-1 = Q4-1,org,,  

V4 = V4,org, 

-0.0729 0.0729 3.7377 -1.2331 

 

8 

Control voltage magnitude, active power and Q4-1 = Q4-1,org, 

2.4686 -2.4686 4.0461 7.0964 

 

9 

Control voltage magnitude, reactive power and P4-1 = P4-1,org 

1.2628 -1.2628 2.4557 14.367 
 

Table 8: UPFC control variables 

limits Vser(p.u.) ser ,degree Vsh  ) p.u(. sh ,degree 

Without 

limits 

0.2147 

 

67.0109 1.0012 -4.100 

With 

limits 

0.15 63.959 1.0067 -6.551 

 

6. CONCLUSIONS 
The following conclusions can be pointed; 

1) A UPFC comprehensive NR power flow model has been incorporated in a 

MATLAB power flow program based on NR algorithm.  

2) The effects of UPFC coupling transformers impedances on its control variables 

and converters ratings which are required to achieve certain operation are 

detected.  

3) When the voltage magnitude and line active and reactive power are controlled 

simultaneously, the series converter reactive power, voltage source magnitude 

and angle are affected by its own impedance.  

4) The shunt source voltage magnitude and angle are affected by its own 

impedance and series source resistance.  

5) The converters active power are affected by series source resistance only.  

6) The shunt converter reactive power is affected by the series source resistance 

and shunt source reactance.  

7) When the control of the voltage magnitude is deactivated, the converters active 

power become affected by series source resistance and shunt source reactance.  
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8) The availability of UPFC to control voltage magnitude, line active and reactive 

power either simultaneously or individually or in combination of them is 

affirmed.  

9) The results show the influence of the UPFC initial conditions on convergence 

and iterations number, improper selection of initial conditions degrades 

Newton’s quadratic convergence, or more seriously, causes the solution to 

oscillate or even diverge.  

10) Using this UPFC model, the limits violation of UPFC control variables can be 

avoided.  
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 منظم مسارات القدرة الموحدةل فسون الشاملرا-نيوتن نموذج إدماج
 في برامج مسارات القدرة 

أ دددددد مألدددددد  لمألقسددددددلم  ل دددددد م   يددددددة   م  س دددددد    م(UPFC)يعدددددد مسددددددلقدمس ددددددة   م   دددددد   م  س  دددددد  م
إ ددددمإ سدددةمممسدددلقدمس دددة   م   ددد   م  س  ددد  مم ددد م ددد  س ممهددد ذم دددح م    ددد ي.م(FACTS)  س لدددل

.م ميخ  دددذم دددح م  لسددد حممجددد م  لسدددةحمم    ددد  م  لدددةس - خ  دملسددد حممليددد   س دددة   م   ددد   م ة ددد
  م  فعة دلم مييد م  فعة دلم م لأخ ىم  س ة لم  م      ة م   ة  لم ي مألد مي دسبم دة   فدم د م   د 

  جهددد مفسجس جدددلمسأ  فدددلمأ مجددد دم  ددد  فدم ددد مأومسدددلهد.مفسدددةمأ مسجس جدددلمسددد م  سعدددة   ممقيسدددل
ميُقهِدد م.م   مم سددلقدمس ددة   م   دد   م  س  دد   م عطدددملدد  طم     جيددلمجيدد     ي يددلم دددمإه ة هددةم فدد

   ددد م    دددة  م هدددحتم  سعدددة   مخردددةج م  دددة رم   يعيدددلمأ ملددد  م   يعيدددل.م م لدددة  مج ددددم دددح م
  لسدد حمميميسفدد م  ددةرمس ايدد   م  دد  فدم م ددعلم  س دد   مم سددلقدمس ددة   م   دد   م  س  دد  .مفسددةم

 قة م  س    م  س   طلم سلقدمس ة   م   د   م  س  د  مج ددمةهي مسعأل م ي دمإ  ة م  ض  مج دم أ
مس اي   م    فدم م علم  س    .ممممممم


