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Abstract: An UPFC may be applied for steady-state power-flow and voltage control as well as for mastering 

dynamic phenomena like transient-stability margin enhancement, oscillation damping, etc. For these tasks the 

Lyapunov energy-function approach is frequently used as a convenient way to control or analyze the electric-

power system (EPS). The basis for the implementation of such an approach is to know the energy function of the 

EPS. Currently, this is not possible for the EPSs that include UPFCs, because the already known energy 

functions that proved to be suitable for an EPS do not include such a device. In the present paper, the convenient 

operation and control of UPFC for transient stability improvement are considered. Considering that the system’s 

Lyapunov energy function is a relevant tool to study the stability affair. UPFC energy function optimization has 

been used in order to access the maximum of transient stability margin. In order to control UPFC, a fuzzy-sliding 

mod (FSM) and PI controller have been used. The designing results have been studied by the simulation of a 

single-machine system with infinite bus (SMIB) and another standard 9-buses system (Anderson and Fouad, 

1977).  
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1. Introduction 

With the increased importance of online 

dynamic security assessment the Lyapunov 

direct method might be applied to avoid the 

time-consuming repetition of solving a 

system’s nonlinear differential 

equations in a step-by-step manner. However, 

to apply this direct method one has to have the 

proper Lyapunov function for the electric-

power system (EPS). Although many different 

Lyapunov functions have been constructed for 

a system without FACTS devices, the function 

obtained by integrating a system’s swing 

equations and thus representing the sum of the 

kinetic and potential energies has provided the 

best results [1]. Instabilities in power system 

are caused by insulation breakdown or 

collapse, long length of transmission lines, 

interconnected grid, changing system loads 

and other unforeseen disturbances in the 

system. These instabilities result in reduced 

line flows or even line trip. FACTS devices 

stabilize transmission systems with increased 

transfer capability and reduced risk of line 

trips. Other benefits attributed to FACTS 

devices are additional energy sales due to 

increased transmission capability, reduced 

wheeling charges due to increased 

transmission capability and due to delay in 

investment of high voltage transmission lines 

or even new power generation facilities. These 

devices stabilize transmission systems with 

increased transfer capability and reduced risk 

of line trips [1]. The major problem in power 

system is upholding steady acceptable system 

parameters like bus voltage, reactive power 

and active power under normal operating and 

anomalous conditions. This is usually system 

regulation problem and regaining synchronism 

after a major fault is critical for this 

phenomenon. Faults can cause loss of 

synchronism. As effects of instability, faults 

occur due to insulation breakdown or 

compromise as result of lightning ionizing air, 

power cables blowing 

 In [1], together in the wind, animals or plants 

coming in contact with the wires, salt spray, 

pollution on insulators, system overloading, 

long transmission lines with uncontrolled 

buses at the receiving end, shortage of local 

reactive power, intrinsic factors, natural causes 
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like harsh weather and small generation 

reserve margins. Such system disturbances 

have led to the introduction of FACTS devices 

such as SVC, SSSC, STATCOM, UPFC and 

IPFC [2,3], also, has considered transient 

stability improvement using UPFC. It has been 

accomplished a lot of studies on UPFC, 

simulation, and modeling. [4], is among the 

other fundamental works which has done the 

simulation and modeling of UPFC in 

MATLAB and EMTP. [5], also, has 

considered UPFC discontinuous control by 

maximizing and minimizing the line power 

flow via UPFC and by the aim of transient 

stability improvement. The application of the 

direct method of Lyapunov stability has been 

studied in 1980s [6]. [7], is the basis of many 

studies accomplished in applying Lyapunov 

function in the power networks despite FACTS 

devices. In [8], with the aim of accessing to 

maximum of the transient stability limit, the 

maximization of the network total potential 

energy has been considered by defining the 

critical energy function for UPFC and 

controlling it adequately. Also, there are some 

studies relating to the application of the 

Lyapunov direct method for controlling UPFC 

with the aim of damping the system 

oscillations [9]. In [10], UPFC intellectual 

control has been studied via designing two 

fuzzy controllers. One controller was used for 

calculating essential power for transient 

stability improvement, and the other for 

controlling UPFC parameters with the aim of 

producing the calculated power. In some 

papers, the application of Neuro networks in 

controlling FACTs devices, such as UPFC, has 

been studied [11]. In [12, 13], it is considered 

controlling UPFC by Nero network based on 

Lyapunov in order to improve power system 

transient stability. In [14], SSSC, STATCOM, 

and UPFC have been controlled by the radial 

basis function network (RBFN) controller, and 

their function has been compared in transient 

stability improvement. 

According to the review in [15], several 

attempts have been made to model the 

emotional behavior of the human brain [16], 

[17]. In [17], the computational models of the 

amygdala and context processing were 

introduced, which were named Brain 

Emotional-Learning (BEL) model, which was 

not used in any practical area, particularly in 

engineering applications. Based on the 

cognitively motivated open-loop model, the 

BEL-based intelligent controller (FSM) was 

introduced for the first time by Lucas in 2004 

[18], and during the past few years, this 

controller has been used in control devices for 

several industrial applications such as heating, 

ventilating, and air conditioning control 

problems, washing machines, controlling a 

mobile crane and electrical machine drives 

[19]–[25]. The main features of that controller 

were its enhanced learning capability, 

provision of a model-free control algorithm, 

robustness, and ability to respond swiftly. 

 For the first time, the implementation of the 

FSM method for electrical drive control was 

presented by Rahman et al. [26]. In [27], 

Markadeh et al, used a modified emotional 

controller for the simultaneous speed and flux 

control of a laboratory IM drive. This 

simultaneous speed and flux control is 

achieved by quick auto learning and adaptively 

proper tracking of reference speed and is quite 

independent of system parameters, which 

results in performance improvement.  

Moreover, many other advantages of the FSM 

are investigated in other electric drives in [28]. 

[29], is the only paper which study the 

application of FSM on the power system. 

 

2. Modeling of System 

2.1. Unified power flow controller(UPFC) 

UPFC was established to create a multi-

application flexibility for solving many 

problems of the power transmission industry. 

In the framework of the traditional concepts of 

the power transmission, UPFC is capable to 

control all parameters synchronically or 

adoptively affecting on the power flow in 

transmission line (that is, voltage, impedance, 

phase angle). 
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Fig.1. UPFC fundamental model 

 

Furthermore, it can separately control the flow 

of both active and reactive powers on the line. 

In an ideal system, UPFC can be displayed 

with a series voltage source via the reactance 

(Xs) related to UPFC’s transformer and a 

current source with shunt connection [8].  

This configuration has been shown on figure 

(1). In this figure, UPFC has placed between 
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buses i and j. The current (IT) is in phase with 

(Vi) and shows the real power exchanged 

between the series and shunt branch. This 

power is the same power which is injected to 

the power network via the series branch. (Iq) 

shows the shunt reactive branch which is 

independent from (Vi). 

UPFC controllable parameters contains: the 

series branch voltage value (VT), series branch 

voltage angle (  ) toward the bus voltage (Vi ), 

and series branch reactive current (Iq). The 

active current (IT) depends on the real power 

that the series branch will inject to the network. 

In the other words, its value is determined so 

that the real power balance can be confirmed 

between series and shunt branch.  

Figure (2) shows UPFC phasor diagram 

representing its series and shunt branch as the 

magnitude and angle of series branch voltage 

(   and   ) and series branch current (IT و   Iq) 

with the vectors of the network current and 

voltage. Figure (3) shows the injecting power 

of series branch. This model resembles to 

SSSC injecting model that we can derive the 

equations related to UPFC by adding the shunt 

branch. 
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Where,             

Now, the modeling can be continued 

considering the real power balance between 

series and shunt branch. As pointed before, IT is 

the real part of the series branch current. Also, 

in the shunt branch, the real part of the complex 

power shows the injecting real power, so:  

 

        [     
 ]                                      (5)  

                                                                              

                                                             

By deriving (Ij): 
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Attending to the phasor diagram in figure (2) , 

the magnitude and angle of the voltage  ́  can 

be written as following 
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Replacing the obtained equations, and after the 

simplification, the real power is calculated as 

following 
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Fig .2. Phasor diagram 
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Fig.3. UPFC injected powers model 

 

By replacing it on the equation (1(, Hence: 

    
    

  
   (     

 )                    (10)    

                                                                              

            

This relation, by mathematical analyzing, 

affirms the real power balance in UPFC, it 

means: 

                                                      (11)    

                                                                              

                                                                    

Thus, the basic relations concerning UPFC, 

which are necessary on the next stages and 

during the control operations, were derived [8]. 

 

2.2. Energy Function 

In [8] and [11], it has been affirmed if 

UPFC, depending on its rated values, could 
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have the maximum magnitude of     and   , 

the maximum transient stability margin will be 

obtainable. So, if    and   are set in their 

maximum value and    is fixed, UPFC 

Lyapunov energy function will be definable 

for the first oscillation. 

In order to deriving the system energy function 

with UPFC, it is used of the SPEF method [7]. 

The classic model is also considered for the 

generator. The loads are also modeled as the 

fixed admittance. The energy function of the 

whole system, containing N bus and m 

generator, is calculated as following: 
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And δ is a vector consisting of the rotor angles 

of m generator;   is a vector consisting of the 

voltage angles of N bus;   is a vector 

consisting of the rotor speed of the m 

generator; and V is vector consisting of the 

voltage magnitude of N bus. The symbol (~) 

over the variables has been written to present 

the variables toward the Center Of Angle 

(COA) frame. K is an optional constant which 

is usually set so that it sets the equation source 

on Zero.    is the kinematical energy, and the 

remaindering of the terms is the system 

potential energy; thus   2  is the potential 

energy of the system loads, and     is defined 

as following: 
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In this equation,     is input mechanical 

energy of machine i,  (  ) is the reactive part 

related to bus voltage i,     is the susceptance 

in the increased admittance matrix.  

If UPFC injected real power, that is    and    , 

is multiplied by  ̇ and   ̇ , and then their 

outcome is added up, Hence: 
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Now, the equation (3) is multiplied by  ̇ , and 

then is divided by   ; and the equation (4) is 

multiplied by  ̇ , and then is divided by   : 
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The following outcome is obtained from the 

sum total of the equation (15) to (17): 
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Now, the integral of these relations must be 

calculated. But there is no identical way for 

calculating such integrals. There is a specific 

way for solving each of FACTS devices 

depending on the controllable strategy. Here, if 

و          are set on their maximum value, and 

   be a Sectional Constant, the equation (18) 

can be defined as following: 
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        Now, UPFC Lyapunov energy function 

can be obtained as an explicit function in the 

form of        (     ) via integration of the 

equation (19). So, UPFC potential energy is 

calculated as following: 
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This energy function is the sum total of 

reactive powers      ,      according to figure 

(3), and is the indicant of the whole reactive 

power injected to the system by UPFC. In the 

case of SSSC and UPFC, the energy function 

is the total of the active powers [8]: 

 

 (         )                                   (21) 

 

By deriving UPFC energy function, it can be 

added to energy function of the whole network 

(the equation (12)), so [8]: 
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3. Control method 

As pointed previously, when the purpose is 

transient stability improvement, two 

controllable parameters VT and Iq must be set 

in their maximum value proportional to the 

selective rated values; in the other words, after 

selecting UPFC rated voltage and power, two 

parameters from three controllable parameters 

will be marked. So, it just remains 

parameters   . On the other hands, the more 

energy UPFC injects to the network, the more 

transient stability security margin will be. 

Thus, use UPFC energy function is used to 

control UPFC optimally at the purpose of 

transient stability. In this way that    , be 

determined so that UPFC energy function 

would be maximized in Eq. (20). As, for 

obtaining φT, by which the energy function is 

maximized, the derivative of the energy 

function should be done towards   . 
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If           ,        ,          , 

hence:                   (25) 
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    is calculated by (31). 
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 And, according to Eq. (11) and Eqs. (1) and 

(2), 
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If    , be clear then     is also calculated. 

 

3.1. FUZZY SLIDING MOD 

Fig. (8-a) shows the UPFC connected with the 

single machine infinite bus (SMIB) system 

Voltage at the generator terminal is V 1∠δ  , 

impedance of the tieline and series connecting 

transformer is rse+jxse, impedance of shunt 

connecting transformer is rs+jxs, and voltage 

at the bus is V b ∠θ  . Current from the 

generator is is, current exchanged by shunt 

converter is and current flowing through series 

converter is ise. The respective subscripts d and 

q represents the direct and quadrature axis 

components. Fig. (8-b) shows the vector 

diagram of different voltages in d-q reference 

frame. The mathematical structure of SMIB 

with UPFC used in the paper is based on dq0 

reference frame. 

With the higher modelling of synchronous 

generator the accuracy of the system increases, 

but it also increases the system complexity. 

 

 
Fig. (8-a). Single Machine Infinite Bus System 

with UPFC 

 

 
Fig. (8-b). Vector diagram of voltages in d-q 

reference frame 

 

With the higher modeling of synchronous 

generator the accuracy of the system increases, 

but it also increases the system complexity. So 

to maintain the required accuracy andavoid 

system complexities we have used fourth order 

model of synchronous generator, by neglecting 

the effect of the damper winding as illustrated 

in reference [10]. The generator data is taken 

from reference [11]. 

The UPFC is modeled with two voltage source 

converters (VSC) one in shunt and other in 

series with the tie line, both the converters are 

linked through a DC link capacitor, in order to 

maintain voltage support for the converters and 

provide independent control for real and 

reactive powers by the two converters. In 

UPFC both the converters are able to exchange 

real and reactive power with the power system, 

but in our system we have used series 

converter to exchange the real and reactive 

power and shunt converter has been used to 

exchange the real power demanded or 
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absorbed by the series converter to keep the 

DC link capacitor voltage  

constant. The mathematical structure for the  

UPFC has been used as described in reference 

[12] and is given as follows: 

Shunt Converter 

 

                                               (29) 

Series Converter 

Where: 
 

  ، seqsqq iii  و   qdi VVV 
                     (30) 

 

The DC link capacitor voltage dynamics has 

been established on the basis of power balance 

on the DC side of the converters. The net real 

power exchanged by both the converters 

through DC side should be zero to keep the 

capacitor voltage constant. 

A. Sliding Mode Control 

The sliding mode control is popular nonlinear 

control technique which is known for its 

robustness against parameter variations. The 

SMC based controller brings the system to 

steady state by sliding the state trajectory along 

the sliding surface and reducing the error value 

to zero, when the state trajectory reaches to 

origin. This sliding surface is usuallydefined 

by using the error and its derivative as in (12). 

 

e = y ref − y actual                     (31) 

 

s = e + k.e                          (32)  

  

To get obtain an attractive surface the 

dynamics usually chosen is 

 

S=m.sign(s)                                       (33) 

 

Since, the switching caused by the signum 

function is hard one we replace it by tanh 

function to make the controller output 

smoother [13] as shown in the Fig. 9. 

 

 

 

 

 

 

Fig. 9. Control structure for the Fuzzy-Sliding 

Mode Controller 

4. Single-machine system modeling 

A single-machine system with an infinite 

bus (SMIB) has been shown in figure (8).  

In this paper, MATLAB software is used for 

simulating and modeling. Transient stability is 

studied during the first oscillation, and during 

this period, the critical clearing time (CCT) 

will be evaluated. In order to find the critical 

time of the fault removal, it has been used of 

step by step method. In this way that the fault 

duration is gradually increased to obtain the 

last time in which the system would be 

unstable. Three-phase fault, which is the worst 

and most common error in the practical power 

systems, has been considered for the whole 

simulations. The fault place is considered on 

the middle of line L2. By this method, CCT 

has obtained 209 ms for SIMB system without 

any compensation. 

Three-phase fault, which is the worst and most 

common fault in the practical power systems, 

has been considered for the whole simulations. 

The fault place is considered on the L2. By this 

method, CCT has obtained 209 ms for SIMB 

system without any compensation. It is 

supposed that the fault has occurred on 7
th
 

second after the startup moment; because the 

system must be reached on the steady state of 

the permanent performance; otherwise, the 

shortest fault can also result in the system 

instability. Now, the method mentioned above, 

is repeated again to calculate CCT, but this 

time, UPFC has been placed in the network. 

UPFC

real power 

balance 



iV
T

TI

T

5MW

1L
id

FSM

,iq

δ Vi

 

Fig.8. SMIB system with UPFC and 

controllable blocks 

 

Supposing that UPFC is placed in the network 

with VT = 0.1 p.u. and Iq = 0.1 p.u. Fig. 9 

shows a system encountered a three-phase 
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fault. The results have obtained supposing that 

the fault has lasted about 230 ms. Figures 

(9)(a) and (9)(b) show machine angel and 

machine speed with and without compensator 

respectively. The main idea of this method is 

to create the motor orbits under the different 

primary conditions in mechanical second-

degree systems, and then to study the 

qualitative characteristics of these orbits. 

Because of being graphical, this method 

provides a relevant tool for observing the 

system behavior.  

In figures (10)(a) and (10)(b) the speed and 

angle of the machine with compensator and PI 

controller and FSM have been respectivey 

shown in the error duration 230 ms. Figure 

(10)(a) in same error duration condition, shows 

the effect of FSM on the other transient 

stability standards that is the oscillations 

damping improvement and the overshot 

reduction.  

Figures (11) φT obtained from FSM has been 

shown in order to maximize the energy 

fanction in the error duration 230 ms. 

Table (1) shows CCT values obtained by the 

various values of VT , Iq with PI controller and 

FSM. 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

(b) 

 

Fig. 9. Simulation results of the SMIB with 

and without UPFC in the error duration 230 ms 

(a): machine angel (b): machine speed 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

(c) 

 

Fig. 10. Simulation results of the SMIB with 

UPFC in the error duration 230 ms (a): voltage 

of bus i (b): machine angel (c): machine speed 

 

 

 

 

 

 

 

Fig. 11. FSM output in the error duration 230 

ms 

 

Table 1: CCTs obtained in a SMIB with 

different value of UT including an UPFC 

 

(ms)CCT 
Iq (p.u) VT (p.u) 

PI FSM 

209 209 0 0 

230 248 0.1 0.1 

235 252 0.1 0.2 

239 258 0.1 0.4 

 

5. Multi-machine system modeling 

Standard 9-Bus single line diagram has 

been shown in Fig.12. Like the single-machine 

state, by exerting three-phase fault to the 

system which its place has been shown in 

Fig.12, by gradual increasing fault time 

duration, CCT is calculated. For a system 

without compensation, this time has obtained 

117 ms. Here, the fault removal has 

accommodated by exiting the line from the 

network, thus, both oscillations and admittance 

matrix will be different after the fault.  
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 Fig.12. 9-Bus single line diagram 

 

When the system, applies UPFC in order to 

improve the transient stability, it performs as a 

compensator, its impression must be modeled 

in some way. Thus, two changes will occur on 

the main system: first, fault occurrence, and 

second, entering UPFC to the network. The 

fault occurrence is modeled by changing the 

admittance matrix and calculating it on three 

time periods, and naturally, the power changes. 

In order to study UPFC in the network, its 

impression has been directly considered on the 

network powers. In this manner, the real power 

injected by UPFC has an impact on the 

generators’ real powers (directly on the 

generator 1, and indirectly on the other 

generators), and therefore, it results in 

improving the operation. In order to compare a 

system encountered a fault with duration of 

129 ms, the system variables have been shown 

on three conditions in figure (13). In figures 

(13)(a) and (13)(b) relative angular position 

and In figures (13)(c) and (13)(d) relative 

angular speed with and without compensator. 

Here, this state is similar to the single-machine 

state in which the system has reached on the 

steady state, and then, the fault has occurred. 

Selecting the place has accomplished just by 

examining two other states, and consequently, 

the selected place, marked on Fig.12, shows 

the more CCT increasing toward two other 

places. UPFC control method, for a multi-

machine system, has been exactly considered 

like a single-machine system to verify its 

efficiency also for the multi-machine system. 

Because the methods are alike, it is prevented 

from the repetition. Emotional Intelligent 

controllers output, which is the same series 

branch voltage angle and UPFC power, has 

been shown on figures (14-a), (14-b) 

respectively. Table (2) shows CCT values 

obtained by the various valaes of VT , Iq with PI 

controller and FSM. 

 

 

 

 

 

 

 (a) 

Fig. 13. Simulation results of the 9-buses 

system with and without compensation in the 

error duration 129 ms (a): relative angular 

position δ21  
 
 
 

 

 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

(b) 

Fig. 14. FSM controllers output in the error 

duration 129 ms (a): φT (b): active-power 

injection by UPFC 

 

 

Table 2: CCTs obtained in a standard 9-buses 

system with different value of VT including an 

UPFC 

 

Conclusion 

In this paper, the transient stability 

improvement has been studied using UPFC 

with PI controller and FSM. The application of 

UPFC with FSM to improve the transient 

stability is more effective than PI controller. 

The emotional intelligent controller with a 

model free and simple structure has a better 

affect on the oscillation damping, overshot 

reduction and CCT improvement. Computer 

simulation tests show the effectiveness and 

superiority of FSM, in the multi-machine and 

(ms)CCT 
Iq (p.u) VT (p.u) 

PI FSM 

117 117 0 0 

129 137  0.1 0.1 

133 142 0.4 0.1 

141 156 0.1 0.4 
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single-machine system. 

 

Appendix 

Gain parameters for FSMare: 

 α=1.3e-2, αTh=1.75e-2, β=2.5e-2, K1=0.7, 

k1=0.1, K2=0. 1, k2=0.044, K3=0.3, k3=0.5. 

 

 

Multi-machine system data: 

Reduced Y matrices: 
 

 

 Pre-fault network: 
     

 [
                                    
                                      
                                        

] 

 During fault: 
     

 [
                        

           
                          

] 

 After fault network: 
     

 [
                                      
                                        
                                        

] 

 

 

Table 4: Simulation parameters of multi- 

machine system 

  

 

SMIB data: 

Table 5: Simulation parameters of SMIB 

-0.245 KE 3.12 H (MJ/MVA) 

0.95 TE (sec) 1.014 Xd (p.u) 

0.05 KF 0.6 Xq (p.u) 

0.35 TF (sec) 0.314 X'd (p.u) 

2 KD 6.55 T'do (sec) 

0.07 XT (p.u) 400 KA 

0.65 XL (p.u) 0.05 TA (sec) 
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