
IJE TRANSACTIONS B: Applications  Vol. 39, No. 08, (August 2026)  1878-1892 

 

 
Please cite this article as: Yaghobi H. A Modified Impedance-Based Loss of Field Detection Method of Synchronous Generator in the Presence 

of Series Capacitor and its Over-voltage Devices. International Journal of Engineering, Transactions B: Applications. 2026;39(08):1878-92. 

  

International Journal of Engineering 
 

J o u r n a l  H o m e p a g e :  w w w . i j e . i r  
 

 

A Modified Impedance-Based Loss of Field Detection Method of Synchronous 

Generator in the Presence of Series Capacitor and its Over-voltage Devices  
 

H. Yaghobi* 

 
Faculty of Electrical and Computer Engineering, Semnan University, Semnan, Iran 

 
 

P A P E R  I N F O   

 
 

Paper history: 
Received 30 June 2025 

Received in revised form 08 September 2025 

Accepted 26 September 2025 

 
 

Keywords:  
Synchronous Generator  

Series Capacitor  

Loss of Field Relay  

Over-voltage Devices 
 

 

 

 

A B S T R A C T  
 

 

Loss of field (LOF) detection of synchronous generators in power networks compensated with series 

capacitors (SCs) create challenging conditions. Fault currents passing through the capacitors can 
generate over-voltages that exceed the SC ratings, necessitating protection by Metal Oxide Varistors 

(MOVs). However, when the MOV and capacitor are part of the fault impedance loop, unfavorable 

conditions arise for LOF relays, including current and voltage fluctuations, high-frequency oscillations 
from MOVs, and sub-harmonic oscillations. Therefore, this work presents a new modified impedance-

based function for LOF protection in the presence of a series capacitor and its over-voltage devices. An 

analytical solution is proposed to correct the impacts of SCs on LOF protection, which has not been 
documented previously. The non-linear behavior of the varistor in parallel with the series capacitor is 

approximated using a linear series R-X impedance model. The operation of the modified LOF function 

is considered with various capacitor placements, and power network variations such as compensation 
levels and load changes under complete and partial LOF scenarios. Simulations conducted in 

MATLAB/Simulink demonstrate the effectiveness and reliability of the proposed method, highlighting 

its independence from the power system structure while addressing existing relay challenges. 

doi: 10.5829/ije.2026.39.08b.09 
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NOMENCLATURE 

eX  System external reactance , , sw w  Rotor angle, rotor speed and synchronous speed 

Rv Voltage-transformer (VT) ratio ,d dV I  The d-axis components of V and I 

Rc Current-transformer (CT) ratio ,q qV I  The q-axis components of V and I 

Kv, MVA Machine’s rated voltage and power ,d qX X  The d-axis and q-axis synchronous reactances 

VS Machine terminal voltage ,d qX X   The d-axis and q-axis transient reactances 

ZG, ZT Generator and transformer impedance ,d qX X   The d-axis and q-axis sub-transient reactances 

ZSYS Lumped system impedance adX  The d-axis mutual reactance 

XC Series compensation capacitor reactance ,do doT T   
The d-axis transient and sub-transient open circuit 

time constants 

i ,v Resistor current and voltage ,qo qoT T   The q-axis transient and sub-transient open circuit 

time constants 

 , Ip.u.. Constant and normalized current ,f fR X  Rotor winding resistance and reactance 

Ipr , Ic 
Capacitor current of the protective level and the capacitor 

fault current 
,a lsR X  Stator winding resistance and leakage reactance 

m, k Series capacitor locations and degrees of compensation ,d q   The d-axis and q-axis stator flux linkages 

VG Generator excitation voltage 1,fd d   The d-axis field and damper flux linkages 

,e mp p  Active and mechanical power of the generator 1 2,q q   The q-axis dampers flux linkages 

,  ,V I   Voltage and current of the stator and their phase angle 

difference 
,f fV I  Field voltage and field current 

H  The total inertia constant of the generator , ,c c cZ R X   Linear equivalent and series R-X impedance of the 

parallel arrangement of MOV and series capacitor 

 

 

1. INTRODUCTION 

 

Series compensation on long transmission lines is 

growing and unavoidable for various reasons, such as 

improving the power system stability, increasing voltage 

control, and transmission power (1, 2). On the other hand, 

installing series capacitors (SCs) in transmission lines 

makes the protection more complicated. The amount of 

this difficulty depends on the installation location and the 

size of the capacitor. The higher size of the series 

compensation makes the protection more difficult. The 

installation place and the technique of series capacitor 

bypass are also very significant in the protective strategy 

(3, 4). When the series capacitor and its bypass system 

are located in the fault impedance loop, the conditions for 

the LOF relay become unfavorable. The relay computes 

the impedance value utilizing the voltage and current at 

the generator station. With the operation of the capacitor 

bank and its MOV, the currents and voltages of the power 

network change. Consequently, the impedance calculated 

by the LOF function is adversely affected. As stated 

above, the LOF relay is a distance type (5, 6) and it 

should be mentioned that the performance of distance 

relays for different faults with the existence of FACTS 

devices has been considered in many publications. It is 

worth highlighting that the effects of FACTS devices on 

the distance relay are different from the effects of the 

LOF distance function and should be investigated, 

separately. Consequently, some research works 

evaluated the impacts of FACTS devices on the LOF 

distance relay (7-9). In this regard, a wavelet-based 

scheme for LOF protection in the presence of 

STATCOM have been presented by Dolatabadi et al. 

(10). In this work, LOE detection and its differentiation 

from other network disturbances are discussed and the 

importance of intelligent signal processing approaches in 

modern FACTS-equipped networks is emphasized.  

Hasani et al. (11) presented a complete review of current 

LOF protection strategies for synchronous generator. 

This work highlights emerging trends such as digital 

signal processing methods and adaptive techniques that 

increase the accuracy and speed of detection. 

Furthermore, some papers have been announced 

specifically on the effect of series capacitors on line 

distance function relays. As an example, adaptive 

distance protections in transmission lines compensated 

with series capacitors have been presented based on 

different techniques. The method presented by Ghassemi 

et al. (12) used the voltage compensation for calculating 

the voltage drop on the series capacitors and modifying 

the relay settings. Another adaptive technique using 

impedance estimation considering MOV operation, 

power system condition, and fault resistance in series 

compensated lines is proposed by Biswal et al. (13). Also, 

a scheme using residual current in distance function 

relays for series compensated lines is suggested by 

Ghassemi and Johns (14). Some other methods based on 

artificial intelligence for distance function relays in series 
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compensated lines have been proposed by several 

research scientists (15-21). Furthermore, neural network 

intelligent algorithm and data mining method are 

proposed by Rahmkhoda et al. (22, 23) and Silva et al. 

(24) to enhance the safety of the LOE protection of 

synchronous generator in the presence of unified power 

flow controller and SVC. Supervised learning algorithms 

to distinguish LOF from power swings, was proposed by 

Gulati and Verma (25). They demonstrated the ability of 

artificial intelligence to recognize complex dynamic 

behaviors. Furthermore, a machine learning ensemble 

framework for detecting LOF conditions have been 

presented by Ramadoss and Muthiah (26). In this 

research, several models are presented to improve 

classification accuracy and reduce false detection rate. 

However, these methods need a lot of training. On the 

other hand, in the previous study of the author, only the 

performance of two LOF relays with positive and 

negative offset has been compared with the presence of 

the series capacitor, and no solution has been provided 

(27).  

Therefore, in this paper, the impact of SCs and their 

over-voltage devices on the LOF relay has been carefully 

analyzed. This research describes a modified impedance-

based function for LOF protection of generators in the 

power networks with fixed series compensation. The 

parallel arrangement of the nonlinear resistance and 

series capacitor is approximated by the linear series 

impedance R-X. In other words, an analytical method is 

developed considering MOV operation, different series 

capacitor locations, and variations in the power network 

such as different degrees of compensation, load, and 

different LOF scenarios. In summary, the important 

points in the literature review of this article can be found 

as follows: 

 The LOF relay is basically a distance type because 

it uses the voltage and current at the relay location 

to make a decision. 

 The problems of distance relays, including 

transmission line distance relays and generator field 

relays in the existence of FACTS devices, have 

been investigated in several articles. In these 

articles, usually no solution is presented and only 

the problems are investigated or mostly solutions 

based on artificial intelligence are presented to 

solve the issues. However, these methods need a lot 

of training data for different conditions of the 

network. 

 The problems of transmission line distance relays in 

the existence of series compensation capacitors, 

have been investigated in some papers. In these 

papers, similar to the previous case, most solutions 

based on artificial intelligence are presented to 

solve the problems. However as mentioned above, 

these approaches require a lot of training data for 

different conditions of the power system. 

 The impacts of the series capacitor on the LOF 

protection of the synchronous generator have not 

been evaluated in the literature or at least no 

solution has been presented for it. 

Therefore, the key contributions of this study are as 

follows: 

 The effect of the series capacitor on the LOF 

protection of the synchronous generators is 

investigated and an analytical solution for its 

correction is presented which has not been reported 

in the literature yet.  

 This analytical technique is developed taking into 

account MOV operation, different capacitor 

locations, and variations in the power network such 

as degrees of compensation, load, and different 

LOF conditions including complete and partial LOF 

scenarios. 

 The parallel arrangement of a highly non-linear 

varistor and series capacitor is estimated by a linear 

series R-X impedance. 

 Based on the point that these kinds of relays are 

currently operative in loss of field protection of 

synchronous generators, therefore, it has been  

tried to solve some of the issues of these kinds of 

relays. 

The LOF relay considered in this research is the 

Berdy distance function and the “Matlab/Simulink” 

software has been used for time domain simulation of the 

SCs and their over-voltage devices. Extensive results 

indicate the effectiveness and satisfactory performance of 

the suggested method. The rest of this article is organized 

as follows: Section 2 explains the modified impedance-

based LOF protection of a generator in the presence of a 

series capacitor and its over-voltage devices. In section 

3, the performances of the proposed technique are 

presented and the results are analyzed. Finally, section 4 

concludes the investigation. 

 
 

2. MODIFIED LOF PROTECTION IN THE SERIES 

COMPENSATED LINE 

 

Coordination between LOF protection with generator 

under-excited capability (GUEC) limit, steady-state 

stability limit (SSSL), and generator under-excitation 

limiter (UEL) is very important issue. The salient-pole 

generator capability limits are illustrated in Figure 1. This 

machine has minor end core area losses. Consequently, 

the GUEC limit has been represented by the current limit 

of the stator winding (i.e. arc from B to D). It is worth 

mentioning that the leading VAR limit of the GUEC is 

determined by the portion of the arc from C to D. 

Furthermore, during the normal mode of operation of the 

generator, the SSSL shows how far the machine can 

operate under-excited area of the capability curve (9, 28, 

29). 
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In fact, in coordination studies, the SSSL is utilized to 

adjust the machine UEL. The SSSL characteristic is 

drawn in Figure 1, as portion of a circle with the 

following center and radius. 

(1) 
2 21 1 1 1

0,  ( ),  ( )
2 2

s s

e d e d

V V
Center Radius

X X X X
     

where Xe is the system external reactance, Xd is d-axis 

steady-state machine reactance and Vs is the machine 

terminal voltage. 

In addition to these, the machine UEL is set to prevent 

the reduction of the excitation over the heating limit of 

the stator-end region. Usually, this characteristic is set to 

80–85% of one of the SSSL characteristic or the GUEC 

characteristic with minimum time delay (9). In order to 

coordinate the three characteristics GUEC, SSSL, and 

UEL to LOF relay, these three characteristics should be 

converted in the R-X plane (9) (see Figure 2(a)). In this 

figure, Rv is the voltage-transformer (VT) ratio, Rc is the 

current-transformer (CT) ratio, kV is the machine’s rated 

voltage and MVA is the machine’s rated power. 

On the other hand, it should be mentioned that the 

common technique to detect the LOF in a generator is to 

use a relay introduced by Berdy (30) as presented in 

Figure 2(b). This relay has two operation zones with a 

negative offset equal to / 2dx  . The diameter of the first 

zone is one p.u. (machine base) and the diameter of the 

 

 

 
Figure 1. Capability limits of a generator 

 

 

  
(a) (b) 

Figure 2. Synchronous generators characteristic (a) GUEC, 

SSSL, and UEL in the R-X plane (b) Berdy LOF 

characteristic and impedance locus at the generator terminal 

following LOF and stable power swing condition 

second zone is xd. In this relay, typically, 0.1s time delay 

is considered for the first zone and, 0.5 to 0.6 s time delay 

is considered for the second zone. These intentional time 

delays prevent relay misoperation during stable power 

swings and transient conditions (31-33). It should be 

noted that transient stability studies should be conducted 

to see if the above time delays are sufficient to prevent 

inadvertent tripping during stable power swings and 

transient conditions. However, usually for simplicity 

these time delays are typically considered. 

 

2. 1. Distance Relay Problem due to Compensation          

The series capacitor and its protective devices against 

overvoltage, despite the advantages in the power 

network, cause problems for protection relays such as 

sub-harmonic oscillation, current and voltage changes, 

and additional transients (4). Following the occurrence of 

the fault, impedance-based relays in series compensated 

networks face various challenges, and changes in current 

and voltage data occur. Depending on the location of the 

fault and the compensation degree, the impedance-based 

relay may experience a fundamental frequency resonant 

situation with high voltage and current values. One of 

these impedance-based relays is the Berdy LOF relay. 

The impedance trajectory measured at location of the 

relay is affected by voltage changes caused by the series 

capacitors after the fault. 

 

2. 2. Modified Impedance-Based LOF Protection        

In this research, it is assumed that the LOF condition 

occurred simultaneously during the three-phase short 

circuit fault. Figure 3 shows approximated equivalent 

circuit for research on the detection of LOF condition 

during fault in a compensated power network with a 

MOV-protected series capacitor. This situation activates 

MOV. In fact, when the capacitor and its MOV are 

located in the fault impedance loop, the conditions for the 

LOF relay at the generator location become unfavorable. 

In this network, VS is machine terminal voltage, ZG, 

ZT, ZSYS, XC, and ZC are generator impedance, transformer 

impedance, lumped system impedance, series 

compensation capacitor reactance, and linear equivalent 

impedance of the parallel arrangement of MOV and 

series capacitor, respectively. The generator terminal 

voltage can be calculated as follows: 

(2) 2 2 S d qV V V   

 

 

 
Figure 3. Configuration of the network studied 
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In this investigation, the complete model of the 

synchronous generator is used. This model takes into 

account all the basic aspects of the behavior of the 

synchronous generator, including its electrical and 

mechanical characteristics. In fact, this complete model 

provides the possibility of simulation and detailed 

analysis of the performance of the synchronous generator 

in different operating conditions. A three-phase salient 

pole synchronous generator with one field winding 

(subscripted by f), has been used. A lumped winding 

(subscripted by 1d) was used to consider the impact of 

the induced currents in the rotor core.  

On the other hand, two fabricated lumped windings 

(subscripted by 1q and 2q) were used to consider the 

effects of damper bars in the rotor. It should be noted that 

in this work eight equations have been used to model the 

performance of a three-phase salient pole synchronous 

generator, including two mechanical Equations, 3 and 4, 

and six electrical equations in dq form, Equations 3 to 8 

(34). 

(3) 
2

m e
s

H dw
p p

w dt
   

(4) s

d
w w

dt


   

(5) 
1 d

d q a d
s

d
V w R I

w dt


    

(6) 
1

-
q

q d a q
s

d
V w R I

w dt


   

(7) 
12

- ( - )[ (
( )

( ) ]

q d d
do q d d d d

d ls

d ls d q f

dE X X
T E X X I

dt X X

X X I E E


  

    
 

    

 

(8) 
1

1- ( )d
do d q d ls d

d
T E X X I

dt


       

(9) 
22

- ( - )[ (
( )

( ) ]

q qd
qo d q q q q

q ls

q ls q d

X XdE
T E X X I

dt X X

X X I E


 

    
 

   

 

(10) 
2

2- ( )
q

qo q d q ls q

d
T E X X I

dt


       

where 

(11) 1 1
11

,  ,  
aqad ad

q fd d q f q f
f f q f

XX X
E E E V

X X R
        

Also, the variables of the machine can be calculated as: 

(12) 1- I d ls d d
d d d q d

d ls d ls

X X X X
X E

X X X X
 

   
   

  
 

(13) 2- I
q ls q q

q q q d q
q ls q ls

X X X X
X E

X X X X
 

   
   

  
 

This model of three-phase salient pole generator is 

simulated in Matlab/Simulink software. Furthermore, 

standard models of ESDC1A and IEEEG1 have been 

utilized to model the machine excitation system and 

governor, respectively (35). The detailed data of these 

models are given in Appendix (see Tables 2 and 3). In the 

network, illustrated in Figure 3 the LOF relay impedance 

measured at the machine terminal can be determined as 

follows: 

(14) Relay

( )S G G G
G

V V Z I V
Z Z

I I I

 
   

� � �

� �

� � �
 

where 

(15) 
0G T G T

G T S Y S C

V V V V
I

Z Z Z Z Z

   
 

  

� �

�

� � � �
 

On the other hand: 

(16) 
0

,  
T T TjT

G G GG

V V VV
e m

V V VV






  


�

�

 

Therefore: 

(17) ( ) j
T GV V m e 
� �

 

By substituting Equation 17 into Equation 15, the 

can be written as: 

(18) 
(1 )j

G

G T S Y S C

V m e
I

Z Z Z Z




  

�

�

� � � �

 

Finally, by applying Equation 18 to Equation 14, the 

impedance seen by the LOF relay can be calculated as:  

(19) Relay
(1 )

G T SY S C
Gj

Z Z Z Z
Z Z

me 

  
 



� � � �

� �

 

As stated earlier, Zc is the equivalent impedance of the 

parallel arrangement of MOV and series capacitor which 

is fully described in the following. Series capacitor banks 

are constructed by combining parallel and series units to 

obtain the desired nominal values. Also, these capacitor 

banks are designed in such a way that rated current values 

are obtained. Series capacitor banks are exposed to 

severe stress during fault situations. Fault current passing 

through the capacitor bank produces voltages that exceed 

the rated amount of the capacitor. Hence, in modern 

capacitor banks, Metal Oxide varistors (MOVs) as shown 

in Figure 4(a) are usually used to protect against over-

I
�
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voltages (4). In addition, the capacitor block illustrated in 

Figure 4(a) contains a "damping device" that is a current-

limiting circuit. A typical non-linear voltage-current 

characteristic (4) of this surge arrester called a varistor, is 

illustrated in Figure 4(b). 

When the voltage reaches its limit, a large amount of 

current passes through the varistor, and the voltage 

through the series compensation capacitor is limited. The 

voltage-current characteristic of this surge arrester can be 

approximated as follows: 

(20) v ki   

where i is resistor current,  is a constant smaller than 

one and v is resistor voltage. Equation 20 can be written 

as: 

(21) 
(ln ln )

ln ln ln   
k i

v k i v e e
          

By substituting Equation 18 into Equation 21, the 

MOV voltage can be written as: 

(22) 
(1 )

(ln ln( ))
j

G

G T SY S C

V me
k

Z Z Z Z
v e







  

�

� � � �

 

It should be noted that during a complete LOF VG is 

zero. However, in partial LOF, VG is not zero and its 

amount is a percentage of the machine’s complete field 

voltage (i.e. less than 100 %). Using the experimental 

data, a fundamental frequency model of the non-linear 

MOV has been remodeled to a series R-X model (36). 

This is shown in Figure 5, that
cR   and 

cX   are controlled 

by the instantaneous current (36). It can be seen that 

capacitive reactance and resistance are non-linear, and 

are functions of the normalized current Ip.u..  

In other words, the parallel arrangement of non-linear 

varistor and series compensation capacitor can be 

modeled by a linear series R-X impedance as illustrated 

in Figure 5. Using the data from Figure 5 and least-

squares curve fitting, this linear model can be found as 

follows (36, 37): 

 

 

 
Figure 4. Series capacitor (a) Used model (b) Voltage- 

current characteristic of the MOV. 
 

(23) 

0.243 5 1.4

0.8566

(0.0745 0.49 35 0.6 )

(0.1010 0.0057 2.088 )

pu pu pu

pu

I I I

c c

I

c c pu

R X e e e

X X I e

  



    

   
 

where Xc is nominal capacitor reactance, Ip.u.=Ic/Ipr (the 

current is normalized), Ipr is the capacitor current of the 

protective level and Ic is the capacitor fault current. 

It should be noted that the value of the capacitor fault 

current should be determined and sent to the relay 

location in the generator terminal through a 

communication channel.  

Specific data of the series compensation module that 

is required in this method is given in Appendix (see Table 

2). 

In power system relaying, the acceptable latency and 

required bandwidth for a data communication channel 

can vary significantly based on the specific application, 

the type of relay being used, and the overall system 

requirements. It is worth noting that the impedance LOF 

relay is a slow relay. Hence, there is no need for a very 

high-speed communication channel to transmit 

capacitor's fault current value to the generator's terminal. 

However, the acceptable latency for protection relays in 

the range of 1 to 10 milliseconds is suitable for the 

proposed method. On the other hand, the bandwidth 

requirement for proposed relay is low since the method 

send small amounts of critical data (i.e. the capacitor's 

fault current value) at high rates. Typical bandwidth 

requirements are around 10 to 100 kbps.  

Furthermore, since relay 78 (out-of-step relay) is a 

backup for relay 40 (LOF relay), the generator will not 

be left unprotected in the event of a failure or cyber-

attack on this data communication channel  (Please see 

the answer to your comment 3.). 

Another point to consider is that whenever a fault 

occurs, there is a DC component in the fault current. To 

remove the DC offset, various methods mentioned by 

Yaghobi (38) can be used. However, it should be noted 

that in this research assumes that the DC offset has been 

removed first. 

 

 

 
Figure 5. Normalized equivalent impedance (resistance and 

reactance) versus normalized current of the series 

compensation capacitor and its MOV protection 


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The typical value of Ipr is 2-2.5 times of the full load 

current. It should be noted that and  is normalized 

by dividing by and precise amounts of and 

depends on the amplitude of the fault current passing 

through the MOV (varistor). Rahmkhoda et al. (23) 

determined the equivalent impedance; only the values of 

Xc and Ipr should be determined. The normalized value of 

 and 

 

versus Ip.u. is plotted in Figure 5. These 

values change with the current and reach almost zero as 

Ip.u. is increased more than 6 p.u. According to 

Rahmkhoda et al. (23) and data from Figure 5, the linear 

equivalent impedance of the MOV-protected series 

compensation capacitor can be found as follows (36, 37): 

(24) 
. .

. .
. .

            0.98
( )

      0.98 

c p u

c p u
c c p u

jX if I
Z I

R jX if I

   
      

 

It is worth highlighting that if the capacitor current is 

more than 98% of the protective level current, the MOV 

conducts. However, below this value, the MOV does not 

act and is out of service. In other words, if the protective 

voltage level of the series compensation capacitor 

exceeds its threshold value under fault conditions, the 

MOV will conduct and as a result, the impedance of the 

series capacitor/MOV combination will vary. 

 

 

3. PERFORMANCES OF THE PROPOSED 

TECHNIQUE  

 

The operation of the modified LOF function is evaluated 

in the presence of a series capacitor at different locations 

for a 400 kV power system as illustrated in Figure 3. In 

the transmission line, every phase of the series 

compensation module includes the series compensation 

capacitor and the capacitor is protected by a MOV. In the 

protection of a synchronous generator with the series 

compensated line, the series capacitor location and 

degrees of compensation are important. Therefore, this 

research has been done for various series capacitor 

locations (i.e. m = 0, m = 0.5, m = 1), for varying degrees 

of compensation (i.e. k = 0.4, k = 0.7), and for different 

LOF conditions including complete and partial LOF 

scenarios (i.e. VG = 0 p.u. and VG = 0.5 p.u.). 

Furthermore, four critical loading points of the machine 

are considered in this research (i.e. light and heavy 

loading with the lagging and leading power factor 

conditions). 

 

3. 1. Performances of the LOF Relay without 

Coordination with other Characteristics        

The results for the conventional and proposed technique 

are provided in Table 1 for various system situations. As 

stated earlier, adding series compensation capacitors in 

the transmission line complicates the protection of the 

generator, and the degree of this complexity changes with 

the degree of compensation and the installation location 

of the capacitors along the transmission line. In other 

words, in transmission lines compensated with series 

capacitors, observable characteristics may change 

significantly and this problem may cause difficulties for 

conventional LOF relaying schemes. The voltage, 

current, and impedance measured by the relay have 

significant changes depending on the size and installation 

location of the series capacitor. 

For a clear demonstration, the machine output voltage 

and current following LOF under inductive heavy load 

condition (L1 = 0.9 + j0.3 p.u.) is shown in Figure 6(a). 

LOF condition in this case occurs after 10 s of starting 

the simulation time. As it is displayed in Figure 6(a), the 

generator output voltage decreases to a negative value 

during this situation. In addition, with the existence of a 

series compensation capacitor, the rate of reduction of the 

machine terminal voltage is reduced, which makes the 

LOF condition to be detected later. The output current of 

the generator is also presented in this figure. As shown in 

this figure, the existence of a series capacitor causes the 

machine armature to remain longer under the fault 

current conditions and its amount increases to a 

consideration value. Furthermore, Figure 6(b) presents 

the machine output active and reactive power under 

inductive heavy load condition (L1 = 0.9 + j0.3 p.u.). 

 

 

 
(a) 

 
(b) 

Figure 6. The generator output following LOF under 

inductive heavy load condition (L1 = 0.9 + j0.3 p.u.) (a) 

Terminal voltage and current (b) Active and reactive power 

cR  cX 

cX cR  cX 

cR  cX 
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As can be seen from this figure, similar to the terminal 

voltage, next the happening of the LOF condition, the 

machine output reactive power decreases to a 

considerable negative value, while the output active 

power has an almost constant value before loss of 

synchronism. The effect of the partial LOF on the 

machine output under the capacitive heavy load 

condition (L3 = 0.7 -j0.5 p.u.) is shown in Figure 7. The 

PLOF condition in this case occurs after 10 s of starting 

the simulation time. In PLOF condition, the rotor field of 

the generator is partially lost, while in complete LOF, the 

rotor field of the machine is completely lost. The 

comparison between Figures 6 and 7 denote that the 

impact of the partial LOF on the generator output is less 

intense than a complete LOF. 

In PLOF condition, depending on the amount of 

residual excitation voltage, the rate of voltage drop and 

the reactive power of the machine terminal are reduced 

compared to the complete LOF. Therefore, the operation 

time of the relay increases. In PLOF conditions, because 

the excitation voltage of the generator is not completely 

lost, the machine absorbs less reactive power from the 

grid than a complete LOF condition. The lower 

percentage of field is lost, the generator loses 

synchronism at a longer time, which means the relay will 

have more time to detect, however this detection will be 

more difficult. Therefore, the worst case for the 

conventional relay is a low percentage of PLOF under 

loading with the leading power factor condition, which 

 

 

 
(a) 

 
(b) 

Figure 7. The generator output following PLOF under 

capacitive heavy load condition (L3 = 0.7 -j0.5 p.u.) (a) 

Terminal voltage and current (b) Active and reactive power 

greatly increases the relay operation time or in some 

cases, the relay does not operate. Long-term reactive 

power drain may cause tripping of the line relays and 

general power network instability. This situation 

becomes worse with the presence of a series capacitor. 

Because some of the reactive power required by the 

generator in this condition is supplied by the series 

capacitor.  

If the series capacitor is placed in the middle of the 

transmission line, its effectiveness is increased, 

especially for very long transmission lines. When the 

capacitor is installed in the middle of the transmission 

line, the changes in the variables (i.e. voltage, current, 

and impedance) are less than when the capacitor is 

located at the beginning or end of the line. Therefore, 

according to Table 1, in general, the time to detect the 

LOF conditions by the relay when the series capacitor is 

installed in the middle of the line is less than the other 

two cases. It should be mentioned that the relay operating 

time is higher under a capacitive load condition than an 

inductive load condition. In addition, the relay operation 

time increases in the partial LOF condition compared to 

the complete LOF condition. Therefore, as stated earlier, 

the worst case for the relay is partial LOF under 

capacitive load condition, which greatly increases the 

relay operation time. Furthermore, when the series 

capacitor is in service, generator protection becomes 

more complicated, and this condition can potentially 

cause the relay not to operate.  

Accordingly, it can be seen from the simulation 

results presented in Table 1, that the presence of a series 

capacitor under PLOF (VG =0.5 p.u.) with capacitive 

load conditions causes the conventional LOF relay not to 

work during cases 3, 9, 15, 27, and 33. In other words, 

during these cases, the conventional LOF relay does not 

issue a trip signal whereas the modified technique trips at 

4.15 s (5.65-1.5), 4.02 s (5.52-1.5), 3.93 s (5.43-1.5), 4.43 

s (5.93-1.5), and 4.21 s (5.71-1.5) for cases 4, 10, 16, 28, 

and 34, respectively. The partial LOF condition in all 

cases occurs after 1.5 s of starting the simulation time. In 

other cases, the presence of the series capacitor causes 

the conventional relay to take a longer tripping time 

compared with the suggested modified technique. In fact, 

the modified technique has effectively reduced the 

tripping time associated with the presence of the series 

compensation capacitor. It should be noted that the 

amount of equivalent impedance of the compensation 

capacitor and its MOV (Zc) in simulation has been 

presented in Table 1. Figure 8(a) presents the impedance 

trajectory calculated by the modified and conventional 

LOF function following LOF (i.e. VG = 0 p.u.) during 

cases 7, and 8 under inductive heavy load condition (i.e. 

L1=0.9+j0.3 p.u.) with the presence of series capacitor 

and its over-voltage devices. In these cases, the series 

compensation capacitor is considered at the beginning of 

the transmission line with 70% compensation (i.e. m=0, 

k=0.7). Both impedance locus enters into the operating 
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zone of the relay. However, the conventional technique 

trips at 2.32 s (3.82–1.5) which has been reduced to 2.01 

s (3.51–1.5) by the modified technique. 

Moreover, to illustrate the similarity in 

characteristics, Figure 8(b) illustrates the impedance loci 

computed by the modified and conventional LOF 

function following complete LOF during cases 25, and 

26 under inductive heavy load condition (i.e. L1 = 

0.9+j0.3 p.u.) with the presence of series capacitor and its 

over-voltage devices. In these cases, the series 

compensation capacitor is considered at the end of the 

transmission line with 40% compensation (i.e. m=1, 

k=0.4). Both impedance locus enter into the operating 

zone of the relay. However, the conventional technique 

trips at 3.68 s (5.18–1.5) which has been reduced to 2.82 

s (4.32–1.5) by the modified technique. As reported in 

Table 1 and according to Figures 8(a) and 8(b), it can be 

clearly seen that these two techniques are robust adequate 

to correctly distinguish the complete LOF situation under 

inductive loading with the presence of a series capacitor 

and its over-voltage devices. 

In other words, there is no significant difficulty. 

However, only the conventional relay needs more time to 

send a trip signal compared to the modified technique. 

Additionally, the performance of the modified and 

conventional function under LOF (VG =0 p.u.) with the 

heavy capacitive loading conditions (i.e. L3 = 0.7-j0.5 

p.u.) in the presence of series capacitor and its over-

voltage devices are shown in Figures 8(c), 8(d), and 8(e). 

In cases 13 and 14 (see Figure 8(c)) the series 

compensation capacitor is considered at the middle of the 

transmission line with 40% compensation (i.e., m=0.5, 

k=0.4). Also, in cases 19 and 20 (see Figure 8(d)), the 

series compensation capacitor is considered at the middle 

of the transmission line, but with 70% compensation (i.e., 

m=0.5, k=0.7). In cases 25 and 26 (see Figure 8(e)), the 

series compensation capacitor is considered at the end of 

the transmission line with 40% compensation (i.e., m=1, 

k=0.4). As reported in Table 1 and according to Figures 

8(c), 8(d), and 8(e), it can be clearly seen that these two 

techniques are robust adequate to correctly distinguish 

the complete LOF condition with the presence of a series 

capacitor and its over-voltage devices. However, the 

conventional relay takes a longer time to send a trip 

signal compared to the modified technique. It should also 

be noted that this trip time is longer than the inductive 

loading with similar conditions. The conventional 

technique trips at 2.44 s (3.94-1.5), 2.14 s (3.64-1.5), and 

4.372 s (5.872-1.5) for cases 13, 19, and 25, respectively 

whereas the modified technique trips at 1.77 s (3.27-1.5), 

1.62 s (3.12-1.5), and 3.22 s (4.72-1.5) for cases 14, 20, 

and 26, respectively. It can be obviously realized that in 

all cases the trip time of the modified technique has been 

effectively reduced compared to the conventional relay. 

On the other hand, as mentioned before, the worst case of 

relay operation is partial LOF under capacitive load 

conditions. Therefore, the performance of the modified 

and conventional function under PLOF (VG =0.5 p.u.) 

with the heavy capacitive loading condition (i.e. L3 = 0.7 

-j0.5 p.u.) in the presence of series capacitor and its over-

voltage devices are shown in Figures 8(f) and 8(g). In 

cases 9 and 10 (see Figure 8(f)), the series compensation 

capacitor is considered at the beginning of the 

transmission line with 70% compensation (i.e. m=0, 

k=0.7).  

Furthermore, in cases 15 and 16 (see Figure 8(g)), the 

compensation capacitor is considered at the middle of the 

transmission line with 40% compensation (i.e. m=0.5, 

k=0.4). At these conditions, the conventional LOF relay 

does not operate for cases 9 and 15 whereas the modified 

technique trips at 4.02 s (5.52-1.5) and 3.93 s (5.43-1.5) 

for cases 10 and 16, respectively. In the following, in 

cases 9, 10, 21, and 22, it is supposed the generator 

operates at the light capacitive loading conditions with 

partial LOF event. The impedance loci computed by the 

conventional and the modified function after PLOF with 

the light capacitive loading conditions (i.e. L4 = 0.1-j0.1 

p.u.) in the presence of series compensation capacitor and 

its over-voltage devices are also shown in Figures 9(h) 

and 9(k). 

In cases 9 and 10 (see Figure 9(h)) the compensation 

capacitor is considered at the beginning of the 

transmission line with 70% compensation (i.e. m=0, 

k=0.7). Moreover, in cases 21 and 22 (see Figure 9(k)), 

the compensation capacitor is considered at the middle of 

the transmission line with 70% compensation (i.e. m=0.5, 

k=0.7). In all cases, the impedance locus enters into the 

operating zone of the relay. The conventional technique 

trips at 4.12 s (5.62-1.5), and 3.64 s (5.14-1.5) for cases 

9, and 21, respectively whereas the modified technique 

trips at 2.84 s (4.34-1.5), and 2.78 s (4.28-1.5) for cases 

10, and 22, respectively. It can be realized that in all cases 

the trip time of the modified technique has been 

effectively reduced compared to the conventional relay. 

Furthermore, other percentages of PLOE under 

capacitive load conditions were examined and it was 

determined that the proposed method has performed 

successfully up to VG=0.75 (i.e. 25 percent of excitation 

has been lost). The proposed method has had 

unsuccessful performance under conditions where VG is 

greater than 0.75 in several cases (VG>0.75). These 

results are also presented in Table 1. 

 

 

3. 2. Performances of the LOF Relay in 

Coordination with GUEC, SSSL, and UEL 

Characteristics        As stated earlier, 

coordination between LOF protection with GUEC, 

SSSL, and UEL is very important issue and special 

attention should be paid for relay operation under partial 

LOF during capacitive load conditions. In this regard, a 

significant problem that must be considered during  this  
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TABLE 1. Performance of modified and conventional LOF function in the presence of series capacitor and its over-voltage devices 

Type of loading (p.u.) 

Protection 

method 

Mode of 

LOF 
( )cZ   

Degree of 

Compensation 

Capacitor 

location 
Case 

Leading Lagging 

L4- Light 

0.1-j0.1 

L3- Heavy 

0.7-j0.5 

L2- Light 

0.1+j0.2 

L1- Heavy 

0.9+j0.3 

Detection time (s) 

3.71 4.35 3.52 4.13 Conventional 
VG=0 

8.18

3.42

c

c

R

X

 

 
 k= 0.4 

m=0 

1 

3.5 3.8 3.32 3.54 Proposed 2 

6.35 × 5.42 5.62 Conventional 
VG=0.5 

3 

4.58 5.65 4.38 4.81 Proposed 4 

7.58 × 6.44 6.74 Conventional 
VG=0.75 

5 

5.47 6.67 5.25 5.72 Proposed 6 

3.7 3.95 3.5 3.82 Conventional 
VG=0 

20

12.41

c

c

R

X

 

 
 k= 0.7 

7 

3.52 3.61 3.14 3.51 Proposed 8 

5.62 × 4.85 5.2 Conventional 
VG=0.5 

9 

4.34 5.52 4.12 4.56 Proposed 10 

6.74 × 5.78 6.24 Conventional 
VG=0.75 

11 

5.208 6.54 4.91 5.46 Proposed 12 

3.22 3.94 2.8 3.65 Conventional 
VG=0 

7

2.78

c

c

R

X

 

 
 k= 0.4 

m=0.5 

13 

2.95 3.27 2.62 3.14 Proposed 14 

6.12 × 5.22 5.4 Conventional 
VG=0.5 

15 

4.52 5.43 4.12 4.66 Proposed 16 

× × 6.26 6.46 Conventional 
VG=0.75 

17 

5.29 6.32 4.98 5.48 Proposed 18 

3.01 3.64 2.98 3.41 Conventional 
VG=0 

12.26

4.87

c

c

R

X

 

 
 k= 0.7 

19 

2.82 3.12 2.72 3.04 Proposed 20 

5.14 5.73 4.62 4.95 Conventional 
VG=0.5 

21 

4.28 5.25 4.10 4.45 Proposed 22 

× × 5.49 5.94 Conventional 
VG=0.75 

23 

5.01 6.3 4.89 5.34 Proposed 24 

4.65 5.872 4.12 5.18 Conventional 
VG=0 

6.07

2.36

c

c

R

X

 

 
 k= 0.4 

m=1 

25 

4.05 4.72 3.95 4.32 Proposed 26 

6.63 × 5.18 5.62 Conventional 
VG=0.5 

27 

4.69 5.93 4.12 4.52 Proposed 28 

× × 6.28 6.74 Conventional 
VG=0.75 

29 

5.6 7.104 4.93 5.44 Proposed 30 

4.05 4.82 3.87 4.38 Conventional 
VG=0 

10.62

4.12

c

c

R

X

 

 
 k= 0.7 

31 

3.62 3.91 3.01 3.65 Proposed 32 

5.85 × 4.7 4.89 Conventional 
VG=0.5 

33 

4.51 5.71 3.62 3.75 Proposed 34 

× × 5.61 5.85 Conventional 
VG=0.75 

35 

5.43 6.91 4.39 4.53 Proposed 36 

 



1888               H. Yaghobi / IJE TRANSACTIONS B: Applications  Vol. 39, No. 08, (August 2026)  1878-1892 

 

 

 

coordination is the presence of series capacitor and its 

over-voltage devices. Figure 9(a) shows a sample case 

study, in which the voltage reduces about 14%. In this 

case, the impedance locus of the modified LOF function 

does not penetrate the reduced zone of the relay 

characteristic (coordinated with GUEC, SSSL, and UEL 

characteristics). Therefore, non-LOF condition is 

detected. However, it enters the zones 1 and 2 with 

original setting (i.e. Z1old and Z2old) and the LOF relay 

with original setting misoperates in this condition. Such 

a voltage reduction will be alarmed by undervoltage 

(UV) supervising element. It should be noted that usually 

the UV relay is set at 80%–90% of rated voltage of the 

machine to pick up with a time delay of 0.25–1 s. In this 

study, the UV relay is set at 87% of the rated voltage of 

the machine with a time delay of 1s. Figure 9(b) shows 

the generator terminal voltage during undervoltage 

condition (i.e. related to Figure 9(a)). As a result of the 

undervoltage condition, generator terminal voltage 

begins to reduction and falls below the UV threshold at 

which it picks-up at 6 seconds after the start of the 

simulation and assigning a one second time delay. On the 

other hand, in order to investigate the security of the 

proposed modified LOF function, stable power swing 

condition as another non-LOF event has been evaluated 

in this section. It should be mentioned that there are 

various types of unstable power swing or out-of-step 

(OOS) relays, some of which are presented by Yaghobi 

(39). These relays are different from LOF relays. 

Therefore, this article does not discuss the distinction and 

diagnosis of OOS and LOF from each other and only the 

distinction of LOF from stable power swings is 

examined. In fact, the impedance-based LOF protections 

are prone to mal-operation under stable power swing 

conditions and the LOF relay must be blocked during the 

stable power swings to avoid misoperation. These 

methods overcome this possible mal-operation by 

assigning a time delay.  
 

 

 
(a) During cases 7, and 8 under inductive 

heavy load condition (L1). 

 
(b) During cases 25, and 26 under inductive 

heavy load condition (L1). 

 
(c) During cases 13, and 14 under capacitive 

heavy load condition (L3). 

 
(d) During cases 19, and 20 under capacitive 

heavy load condition (L3). 

 
(e) During cases 25, and 26 under capacitive 

heavy load condition (L3). 

 
(f) During cases 9, and 10 under capacitive 

heavy load condition (L3). 

 
(g) During cases 15, and 16 under capacitive 

heavy load condition (L3). 

 
(h) During cases 9, and 10 under capacitive 

light load condition (L4). 

 
(k) During cases 21, and 22 under capacitive 

light load condition (L4). 
Figure 8. Calculated impedance trajectory by the modified and conventional LOF function for LOF and PLOF event 
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(a) 

 
(b) 

 
(c) 

Figure 9. (a) Performances of the LOF Relay in coordination with GUEC, SSSL and UEL characteristics under stable power swing 

and voltage reduction condition (b) Generator terminal voltage and undervoltage (UV) element trip signal associated with Figure 9 

(a) (c) Performances of the LOF Relay in coordination with GUEC, SSSL and UEL characteristics under capacitive heavy load 

condition (L3) in the absence and presence of the PLOF (VG =0.5 p.u.) 

 

 

Figure 9(a) also shows the impedance locus measured 

by modified LOF function in the presence of series 

capacitor and its over-voltage devices under stable power 

swing condition. This condition has been created by 

applying a three-phase short circuit fault at the generator 

terminal for time for the duration of 12 cycles (0.2 s). It 

can be seen that in this condition the impedance 

trajectory of the modified LOF function enters into the 

reduced zone of the relay characteristic in 3.2512 s and 

leaves it after 0.081 s.  

As stated in section II, in LOF relay, 0.1 s time delay 

is considered for the first zone and, 0.5 to 0.6 s time delay 

is considered for the second zone. These intentional time 

delays should be utilized to ride over the transient 

situations that might cause misoperation during transient 

and stable power swings. Therefore, the mentioned time 

delays are sufficient to prevent the relay misoperation in 

this case. Therefore, non-LOF condition is detected and 

the modified LOF function is robust enough. In another 

case studies, the performances of the modified function 

under the heavy capacitive loading condition (i.e. L3 = 

0.7 -j0.5 p.u.) in the absence and presence of the PLOF 

(VG =0.5 p.u.) condition are shown in Figure 9(c). With 

the absence of the PLOF condition, the impedance locus 

of the modified LOF function does not penetrate the 

reduced zone of the relay characteristic. Therefore, non-

LOF condition is detected. However, with the existence 

of the PLOF condition, the impedance trajectory of the 

modified LOF function enters into the reduced zone of 

the relay characteristic (coordinated with GUEC, SSSL, 

and UEL characteristics). Therefore, PLOF condition is 

detected and modified technique trips at 4.21 s (5.71-1.5). 

In fact, the modified function remains secure under this 

condition. 

 

3. 3. Switching Effect of the Capacitor on the 

Performances of the LOF Relay             

Transient condition due to the switching of the capacitor, 

is one of  the most  important  issues that  have been  

 

investigated in this study. As stated in section II, in LOF 

relay, 0.1 s time delay is considered for the first zone and, 

0.5 to 0.6 s time delay is considered for the second zone. 

These intentional time delays should be utilized to ride 

over the transient situations that might cause 

misoperation during transient and stable power swings. 

The value of this time delay should be equal to the 

minimum time needed to ride over transient situations. 

Consequently, allocating an deliberate time delay is 

commonly used to ride over the probable misoperation of 

the LOF relay (30-33). The bypass breaker removes or 

inserts the capacitor bank into the circuit (see Figure 

4(a)).  

This breaker provides protection for imbalances or 

failures. When the triggered gap or bypass breaker 

operates, this function creates a transient condition whose 

frequency depends on the capacitance and inductance of 

the circuit. This frequency is generally in the range of 300 

to 1000 Hz (0.001 s to 0.0033 s). Consequently, 

according to the above discussion, a time delay of 0.1 

seconds for the first zone and 0.5 to 0.6 seconds for the 

second zone is enough to overcome this type of transient. 

On the other hand, the frequency of transient waves 

produced by the switching of power circuit breakers is 

typically in the range of kilohertz (kHz) to megahertz 

(MHz) (40).  

These transient waves are usually caused by abrupt 

variations in current and voltage due to switching or 

connecting and disconnecting the loads. Therefore, in 

this case, similar to the previous case, a time delay of 0.1 

seconds for the first zone and 0.5 to 0.6 seconds for the 

second zone is enough to ride over these transient 

situations. For instance, Figure 10 shows a typical 

behavior of the impedance trajectory calculated by the 

modified LOF function following a transient condition. 

In this case, the impedance trajectory enters into the 

reduced zone of the relay characteristic in 4.4511 s and 

leaves it after 0.0022 s. Therefore, the mentioned time 

delays are sufficient to prevent the relay misoperation. 
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Figure 10. Performances of the LOF Relay in coordination 

with GUEC, SSSL and UEL characteristics under transient 

condition due to the switching of the capacitor 
 

 

4. CONCLUSION 

 

The installation of compensation capacitors in electrical 

networks is on the rise, both in terms of the number of 

installations and their capacity, due to their numerous 

advantages. However, while impedance-based distance 

relays are effective for detecting LOF conditions, the 

presence of compensation capacitors and their associated 

over-voltage devices can hinder the operation of 

conventional LOF relays. Specifically, series capacitors 

protected by Metal Oxide Varistors (MOVs) create 

challenging conditions for impedance-based LOF relays 

that rely on traditional impedance calculation methods. 

To enhance the security of these relays, it is crucial to 

account for the influence of series capacitors and their 

over-voltage devices. This research introduces a new 

adaptive relay setting technique that addresses these 

challenges. The technique incorporates an analytical 

solution to correct the effects of series capacitors on LOF 

protection for synchronous generators, a topic not 

previously documented in the literature. This analytical 

method takes into consideration MOV operation, various 

capacitor locations, and fluctuations within the power 

network, including degrees of compensation, load 

variations, and different LOF scenarios such as complete 

and partial LOF. Additionally, the parallel configuration 

of highly non-linear varistors with series capacitors is 

approximated using a linear series R-X impedance 

model. Given that these types of relays are currently 

employed for loss of field protection in synchronous 

generators, this research aims to resolve some of the 

existing issues associated with them. Simulation results 

across various scenarios demonstrate the effectiveness 

and satisfactory performance of the proposed modified 

technique, which remains independent of the power 

system's structure. 
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APPENDIX  

 
TABLE 2. The Network Studied Parameters 

Generator 

S= 390 MVA, V=13.8 kV, f= 60 Hz, H= 5.5 s 

( ) 1.305,dX pu  ( ) 0.296,dX pu  ( ) 0.252,dX pu   

( ) 0.474,qX pu  ( ) 0.2,qX pu  ( ) 0.243,qX pu   

( ) 5,T s
do
  ( ) 0.1,T s

do
  ( ) 0.8,T s

qo
  ( ) 0.09,T s

qo
   

( ) 0.18,lX pu  ( ) 0.0016sR pu   

LOF Relay 

Original setting: Z1=1 p.u., Z2=1.305 p.u., Reduced setting: 

Z1=0.323 p.u., Z2= 0.4215 p.u., Time delay for Z1 =0.1 s, Time 

delay for Z2= 0.5 s, UV element=0.87 p.u. with 1 s time delay, 

RC=1600, RV=200. 

Transformer 
Series compensation 

module 
Line 

S= 475 MVA, 

13.8/400 kV, 

R1(pu)=0, 

L1(pu)=0.15, 

R2(pu)=0, 

L2 (pu)=0.15 

Total line reactance in positive 

seq. (x1) =w× l1 (H/km) × Line 

length (km) 

Series compensation capacitor 

reactance (Xc) =x1×k (Degree of 

Comp.) 

MOV 

Reference current=30 kA Total 

Capacitor full load current 

(Icn)=2 kA , Ipr=2.5× Icn, 

Reference voltage=sqrt (2)× Xc 

× Ipr 

Length (km)=300, 

r1(ohms/km)=0.01273, 

r0(ohms/km)=0.3864, 

l1(H/km)=0.9337e-3, 

l0(H/km)=4.1264e-3, 

c1(F/km)=12.74e-9, 

c0(F/km)=7.751e-9 

 

 

TABLE 3. Parameters of the Utilized Hydraulic Turbine and 

AVR 

Hydraulic turbine & PID AVR 

Servo-motor: 

07.0)(,33.3)(  s
a

Tpu
a

k
 

Low-pass filter: 

320)(  es
r

T
 

Droop: 

05.0)( pu
p

R
 

Regulator: 

001.0)(,300)(  s
a

Tpu
a

k
 

Regulator: 

01.0)(,0

,105.0,163.1





s
d

T
d

k
i

k
p

k
 Damping filter: 

1.0)(,001.0)(  s
f

Tpu
f

k
 

Hydraulic turbine: 

67.2)(,0  s
w

T  
Exciter: 

0)(,1)(  s
e

Tpu
e

k
 

Gate opening limits: 

1.0)/.(
max

,975.0).(
max

1.0)/.(
min

,01.0).(
min





sup
g

Vupg

sup
g

Vupg  

Output Limits: 

5.11).(
min

,5.11).(
max





up
f

V

up
f

V  
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