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 The performance of a distance relay is very susceptible to power swing. In 

order to avoid generating unwanted trip in such condition, a power swing 

block function (PSB) is used in distance relays. However, if a fault occurs in 

power swing condition, the relay should distinguish the fault from power 

swing and generate trip rapidly. Detection a fault in a series-compensated 

line by Series Capacitor (SC) during the power swing is more complicated 

than in an uncompensated line due to complex transients generated by series 

capacitor and the Metal–Oxide Varistor (MOV) operation. In a series-

compensated line by TCSC, it is further complicated due to nonlinear 

variation of compensation level during power swing and fault, moreover, 

non-unique application mode of TCSC for different faults which is 

dependent on fault current. This paper examines a method based on negative 

sequence current to detecting all types of fault during power swing in a 

series-compensated line by TCSC. The method is tested for different  

TCSC-compensated power systems include SMIB and 9-bus 3-machine 

systems. Different types of faults, i.e., symmetrical, asymmetrical and high 

resistance faults occurring during a power swing are simulated by 

MATLAB/SIMULINK to examine the algorithm. 
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1. INTRODUCTION 

The fast development of power electronic technology has many possibilities to use new equipments 

in order to improve utilization of existing systems. During the past decade, several control equipments as 

Flexible AC Transmission Systems (FACTS), have been designed and implemented. FACTS devices can be 

used in order to control the power flow, voltage regulation, ambulatory power control, transient stability and 

damping oscillations of power systems. One of the series FACTS devices is Thyristor Controlled Series 

Capacitor (TCSC) that is used for improve transmission capacity on long lines. Although using TCSC, 

improves power transmission‟s capacity and system‟s stability, it can causes problems in power system‟s 

protection, especially distance protection [1-2]. 

Power systems in steady state operation, maintain a balance between generation and loads. In this 

condition the rotor‟s angle of all generators don‟t change and they are fixed. If a disturbance occurs in the 

system, such as switching on fault, On/off generators and large loads, the generator's rotor angles oscillate to 

find a new stable point. This phenomenon is known as power swing, which can cause generate unwanted trip 

in distance relays. Get out the line from productivity, adds more disturbance to the status quo. This unwanted 

trip in power swing condition, will be even harder power grids conditions for maintaining the stability. So in 
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order to maintain system stability, power swing blocking function (PSB) in distance relays is considered that 

will block the distance units when detects a power swing [3]. 

If a fault occurs in a power swing condition, the distance relay must detect the fault and generate trip 

as soon as possible. Detection of faults during a power swing in a series compensated line is more 

complicated than in an uncompensated line, due to generation of various frequency components in the fault 

signals which are depend on the fault type, fault location, level of compensation and performance of Varistor 

Metal Oxide (MOV) [4]. Also, in a series compensated line by TCSC, it is more complicated than SC 

compensated line due to nonlinear variation of compensation level and un-unique application mode of TCSC 

for different faults that is related to fault current [5]. This imposes difficulty to distinguish faults from power 

swing. There are several available techniques to detect faults during power swing in uncompensated 

transmission lines [6-12], that they have limitations in presence of series compensation due to the nonlinear 

functioning of the series compensator combination [13-14]. 

A technique in the basis of the magnitude of swing-center voltage (SCV) and its rate is presented to 

detection faults during power swing [6]. A method based on voltage phase‟s angle monitoring at the relay 

location is available to detecting high-resistance ground faults during power swing [7]. A fault detection 

method based on superimposed components of current is presented in [8]. A method depended on estimated 

rate of change of resistance at the relay location is used to detection faults during the power swing [9]. In 

[10], a cross-blocking method based on derivative of the three-phase active and reactive power is presented 

to distinguish symmetrical faults from power swing.  

A symmetrical fault detector scheme is presented on the basis of decaying dc presence in current 

waveforms during the power swing [11]. A method using adaptive Neuro-Fuzzy Inference System (NFIS) is 

proposed in [12]. This method has limited performance to detection faults during fast power swing and it 

needs a large number of training patterns. In [13], the evaluation and performances comparison of different 

power swing detection methods for a series-compensated line has been studied. The Results show that the 

decreasing impedance algorithm works better for the series capacitor compensated transmission line. In [14], 

a method based on negative sequence current for detecting fault during power swing in compensated lines by 

Series Capacitors is presented. The method is compared with the available techniques and it is found that it is 

accurate and fast in detecting the faults during the power swing.  

In this paper, the aforesaid technique is extended to be applicable in TCSC-compensated systems. 

The proposed method is tested on Single Machine Infinite Bus (SMIB) system and also on a 9-bus 3-machine 

power system. Different types of faults occurring during the power swing: symmetrical, asymmetrical, and 

high resistance faults are simulated by MATLAB/SIMULINK to validate the algorithm. 

 

 

2. RESEARCH METHOD 

The basic operation of TCSC can be explained from the circuit analysis easily. It consists of a series 

compensating capacitor shunted by a Thyristor Controlled Reactor (TCR). TCR is a variable inductive 

reactor       controlled by firing angle α. (Figure 1). 
 

 

 
 

Figure 1. Equivalent circuit of TCSC 

 

 

Variation of       with respect to α is given by: 

 

          
           

         
         (1) 

 
Where:  
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For the range of 0 to 90 of α,        start vary from actual reactance    to infinity. This controlled 

reactor is connected across the series capacitor, so that the variable capacitive reactance is possible across the 

TCSC to modify the transmission line impedance [15]. 

 

2.1. Impedance characteristics 

Figure 2 shows the impedance characteristics curve of a TCSC device. As can be deduced from this 

figure, the impedance characteristics of a TCSC can be in both capacitive and inductive region through 

varying firing angle (α) [16]. 

 

2.2. Different possible TCSC modes of operation during a fault 

Different possible TCSC modes of operation during a fault can be summarize as follows: 

Capacitive-boost mode without MOV conduction: For a low current of far end or high resistance faults, the 

protection function of the TCSC device does not work; therefore the TCSC remains constantly in its vernier 

mode of normal operation. 

Capacitive-boost mode with MOV conduction: For a high fault current, where the fault current 

exceeds MOV operation threshold and it is not enough for TCSC change mode operation, MOV operates for 

decreasing the voltage across the capacitor. The MOV is fast enough to conduct and reset within a half cycle. 

The MOV would not short circuit out the capacitor as the circuit breaker would. This condition is usually 

very short but may be repeated several times during the fault period.  

Blocking mode: When the thyristors are not triggered and are kept in non-conducting state, the 

TCSC is operating in blocking mode. In this mode, the TCSC performs like a fixed series capacitor. When 

the TCSC detects an overvoltage by the MOV current, the TCR branch stops its firing sequence by a 

protection function. The process is effective for avoiding the over current of the thyristors or capacitor caused 

by fluctuation of the firing angle under the condition that the voltage phase of the capacitors  

changes suddenly. 

Bypass mode: In this mode, the thyristors are triggered continuously and the TCR branch conducts 

in the whole in order to limits the current of solid and near source faults, where the fault‟s current exceeds the 

TCSC change mode threshold. In this mode the TCSC voltage decrease extremely and MOV operation is not 

needful [5]. 

 

 

 
 

Figure 2. Impedance characteristics curve of a TCSC: 0< < clim=inductive region; αLlim < α < 

αClim=resonance region and αclim<α< 90=capacitive region. 

 

 

2.3. Proposed fault detection technique 

Power swing is a balanced phenomenon, but a small percentage of negative-sequence components of 

current (  ) is found due to signal modulation and the related phasor computation technique. For unbalanced 

faults during the power swing, a significant amount of negative-sequence current is observed. In case of a 

three-phase fault during the power swing, negative-sequence current is observed at the initial period of the 

fault due to transients in the current signals and in the subsequent period due to the presence of modulated 
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frequency components by the power swing [14].  

It is evident from the previous discussion that negative-sequence current is available in the 

computation process during the swing. But with a small amount of remaining during the swing condition, a 

change in the magnitude of the negative-sequence current (∆   -based technique suits the purpose. With a 

suitable threshold, the cumulative sum of the     –based technique is selected in this paper for the fault 

detection during swing. A cumulative sum (CUSUM) is a versatile technique used for abrupt change 

detection in various fields [17]. It is to be noted that the CUSUM-based approach is applied for transmission-

line fault detection using sampled values of the current signal [18] and has limitations due to uneven 

variation in sample-to-sample magnitude difference of current during power swing. In this paper, CUSUM is 

applied to obtain a good index for fault detection during the power swing where a change in negative- 

sequence current is being used as the input signal. The computation steps for the method are provided: 

 

  ̅  
  ̅      ̅    ̅  

 
         (2) 

 

Where    is the negative-sequence current; α=      ;     and     nd    are the phase currents. A 

derived signal is obtained as: 

 

  =Δ|  ̅ |  |  ̅ |  |  ̅   |       (3) 

 

For     , the proposed CUSUM test is expressed as: 

 

                            (4) 

 

where the index    represents the test statistics and is the drift parameter in it. A fault is registered if: 

 

   > h          (5) 

 

Where h is a constant and should be ideally zero. In (4), ε provides the low-pass filtering effect and 

influences the performance of the detector. When      , the    value increases by a factor of the difference 

between    and ε. With further current samples available, the CUSUM process provides an easy way to 

decide on the fault situation by applying (5). 

After each fault detection index,    is reset to zero. For only the swing situation,    will be zero as 

∆     . The selection of  and h is important for determining the performance of the algorithm. It is 

already demonstrated that though the power swing is a balanced phenomenon, a small amount of negative-

sequence component of current is observed in the phasor extraction process which increases slowly with an 

increase of swing cycle slip frequency [14]. In the proposed CUSUM-based fault detection technique, the 

value of ε is set to make    0 during swing (both stable and unstable) which finally helps to maintain the 

fault detector index    0. 

In this paper, the setting of ε=0.2. The value of h is set such that the algorithm can maintain the 

balance between dependability versus security and speed versus accuracy requirements of the relaying 

scheme. In this paper, the value of h is set at 0.35, considering all force fault situations during the power 

swing, for example, high resistance faults occurring at the far end of the line when δ is close to 180 (the 

change in magnitude of fault current is low; dependability issue) as well as non fault situations such as load 

change and capacitor switching (security issue) such that the proposed technique can distinguish faults from 

other events correctly. The proposed method is based on the CUSUM approach and, therefore, a distinctly 

much higher index value    is obtained during the fault. 

This fault detection algorithm is tested for different faults, during the power swing in compensated 

systems by TCSC. Using MATLAB/SIMULINK with distributed parameter line model, data was generated.  

The current inputs to the distance relay are fed from the secondary of a current transformer with 1000:5 turn 

ratios. The nonlinear CT model is considered in the simulations. Also in order to estimate the fundamental 

component a least-square technique with decaying dc component is used. A window of one-cycle data 

samples is considered for each phasor computation and data-sampling rate is modified at 1 kHz for the 50-Hz 

power system. Sequence components were estimated considering phase-a as reference. The convention used 

in this paper is such that the output of the algorithm should be „1‟ for fault and „0‟ for the no-fault situation. 
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Figure 3. Proposed technique flowchart 

 

 

3. RESULTS AND ANALYSIS 

In order to demonstrate the fault detection issues during power swing in a series-compensated line 

by TCSC, a test system [14] shown in Figure 4 is considered. Both Line-1 and Line-2 are 75% compensated 

by TCSC (when Thyristor switch is open or α=90 degree) and the Compensators are placed at the mid-point 

of lines. The protection scheme of each series capacitor including an MOV is shown in Figure 4. The system 

details are provided in Appendix A. The system with the distributed line model is simulated using 

MATLAB/SIMULINK. The power angle δ here refers to the angle between the voltages at buses M and N. 

The distance relay R for breaker B1 is considered for the study. A three-phase fault with 0.001Ω resistance is 

created at the near end of Line-2 at 5s and cleared at 5.150 s by opening breakers B3 and B4. This causes a 

significant power swing condition in Line-1 and it is observed by the relay R. During this condition, line 1 

transfer power, three phase current and α varies waveforms are shown in Figure 5(a), (b) and (c), 

respectively. It is worth noting that the bypass breakers of TCSCs are open at 1s and TCSCs operate in their 

capacitor mode in the normal condition. 

 

 

 
 

Figure 4. SMIB compensated by TCSC 
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(a) (b) 

 

 

 
(c) 

Figure 5. Operation of TCSC: (a) Power transfer by line 1, (b) Three phase current of line 1, 

(c) α varies of TCSC1 

 

3.1. Line-to ground fault in the TCSC-compensated line 

The algorithm is tested for a line-to-ground fault of ag-type with a fault resistance of 0.001  

initiated at 5.6 s at a distance of 260 km from the relay location. The results are shown in Figure 6. As an 

unbalanced fault, the    observed during the fault is significant. The index is zero before the inception of the 

fault and after that its value grows. The output “1” clearly shows that the fault is detected after 12 ms of  

fault initiation. 

 

 

  
(a) (b) 

  

 
 

(c) (d) 

Figure 6. Results of an ag-fault: (a) Negative sequence current (    of Line 1, (b)    Index, (c) output,  

(d) Fault detection time 

 

 

3.2. Three-phase fault in the TCSC-compensated line 

The power swing and three-phase faults are balanced in nature. It is difficult to distinguish  

three-phase faults during the power swing. A three-phase fault created at 5.6s during the power swing at a 

distance of 260 km from the relay location in line-1 is used to test the algorithm. The results are shown  

0 2 4 6 8 10 12
-3000

-2000

-1000

0

1000

2000

3000

Time (s)

Ia
b
c 

(A
)

0 2 4 6 8 10 12
-500

0

500

1000

1500

Time (s)

P
o
w

e
r 

[M
W

]

0 2 4 6 8 10 12
65

70

75

80

85

90

Time (s)

A
lp

h
a
 [
d
e
g
]

0 1 2 3 4 5 6 7
0

0.5

1

1.5

2

2.5

3

3.5

Time (s)

N
e

g
a

tiv
e

 S
e

q
. 

C
u

rr
e

n
t 

(A
)

0 1 2 3 4 5 6 7
0

20

40

60

80

100

120

Time (s)

g
k 

In
d
e
x

0 1 2 3 4 5 6 7
0

0.2

0.4

0.6

0.8

1

Time (s)

O
ut

pu
t

5.6 5.602 5.604 5.606 5.608 5.61 5.612 5.614 5.616 5.618 5.62
0

0.2

0.4

0.6

0.8

1

Time(s)

O
u
tp

u
t



         ISSN: 2252-8792 

IJAPE  Vol. 7, No. 1, April 2018:  40-51 

46 

in Figure 7. 

In the initial period of a three-phase fault due to the transient in the current signals,    computed will 

not be zero. The index as the cumulative sum of ∆  , remains high following the transient also. As observed 

from the plot, the index   computed is high after the inception of the fault and is zero before it. The output 

“1” in the plot clearly shows that the fault can be detected after 6 ms of fault inception. 

 

 

  
(a) (b) 

  

  

(c) (d) 

Figure 7: Three-phase fault. (a) Negative sequence current (    of Line 1, (b)    Index, (c) Output of method, 

(d) Fault detection time 

 

 

3.3. Three phase fault with high fault resistance and δmax  
When δ is in its maximum value (close to 180 degree), the currents and voltages reach their 

maximum and minimum values respectively. If a fault occurs at that instant, the change in current and 

voltage signals will be insignificant. As a result, the detection of faults during δ close to 180 is a very 

difficult issue [14]. δ at 6.250s is at its maximum value so it is the most difficult situation to detect fault, 

when a high resistance symmetrical three-phase fault occurs at 6.250s. 

 

 

  
(a) (b) 

  

(c) (d) 

Figure 8. Three-phase fault with high fault resistance. (a) 3phase current Waveform of Line 1, (b) negative 

sequence current (    of Line 1 ,(c)    Index, (d) Fault detection time 
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The results of the simulation of symmetrical three phase fault with a resistance of 50 ohms at a 

distance of 260 km from the relay location at 6.250s are shown in Figure 8. In such situation, the output “1” 

shows correct fault detection after 15 ms of fault initiation. 

 

3.4. Application to the multi-machine 9-bus system 
To test the ability of the proposed method for a multi machine power system compensated by 

TCSC, a 3-machine, 9-bus system [14], shown in Figure 9, is considered. Line 7-8 is 75% compensated by 

TCSC at the mid-point of line. The protection scheme of the series capacitor simulated in this case consists of 

an MOV. The system details are given in Appendix B. The distance relay R1 for breaker B1 is considered for 

the study. A transient three-phase fault with 0.001Ω fault resistance is created on line 4–5 at 5s. The fault is 

cleared at 5.1 s by opening breakers B3 and B4. Afterwards B3 and B4 Breakers are closed at 5.25s by 

operation of recloser system.  This causes a significant power swing condition for relay R1. The Transfer 

power by line 7-8, three phase current and the variation of α at relay R1 during the power swing are shown in 

Figure 10(a), (b) and (c), respectively. Different faults are simulated on line 7–8 to test the algorithm. 
 

 

 
 

Figure 9. 9 bus-3 machine system compensated by TCSC in line 7-8 
 
 

 
 

(a) (b) 
  

 
(c) 

Figure 10. A transient three-phase fault with 0.001  fault resistance on line 4–5 at 5s. (a) Power Transfer by 

Line 1, (b) three phase current of Line 1, (c) variation of α 
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3.5. Three-phase fault in the TCSC-compensated line 
A three-phase fault with 0.001 Ω fault resistance is created at 5.6s at a distance of 260 km from the 

relay location on line 7-8. The results are shown in Figure 11. The output “1” in the plot clearly shows that 

the fault can be detected after 6ms of fault inception. 

 

 

  
(a) (b) 

  

  

(c) (d) 

Figure 11. A transient three-phase fault with 0.001  fault resistance on line 7-8 at 5.6s. (a) negative sequence 

current (    of Line 7-8 ,(b)    Index, (c) output of the method, (d) fault detection time. 

 

 

3.6. Three phase fault with high fault resistance 

To test the technique, a three phase fault with fault resistance 100Ω is initiated at 5.6s during the 

power swing at a distance of 260 km from the relay location. The results are shown in Figure 12. The output 

“1” shows correct fault detection after 14 ms of fault initiation. 

 

 

  
(a) (b) 

  

  

(c) (d) 

Figure 12: A transient three-phase fault with 0.001Ω fault resistance on line 7-8 at 5.6s. (a) negative sequence 

current (    of Line 7-8 ,(b)  
 
 Index, (c) output of the method, (d) fault detection time 
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3.7. Evaluation of the performance of the algorithm for fault detection during power swing in the 

inductor mode of TCSC due to high fault current 

In order to evaluate the behavior of the proposed algorithm for detecting fault during power swing 

while the severity of the fault current causes a change in the application mode of TCSC (to inductor mode) a 

symmetrical three-phase fault with 0.001Ω resistance at a distance of 40 km from the relay location on line 8-

7 is created. The simulation results are shown in Figure 13. Output “1” shows correct fault detection after 3 

ms of the fault inception. 

 

 

  
(a) (b) 

  

  

(c) (d) 

  

  
(e) (f) 

  
Figure 13. A three-phase fault during power swing on line 7-8 (a) Power Transfer by Line 7-8, (b) variation of α, (c) 

negative sequence current (    of Line 7-8 ,(d)    Index, (e) output of the method, (f) fault detection time 
 

 

4. CONCLUSION 
A method based on CUSUM of negative sequence current already proposed for fault detection 

during power swing in Series Capacitor compensated lines is extended for compensated lines by TCSC. 

Performance of the proposed algorithm for different symmetrical and asymmetrical faults in the compensated 

system by TCSC is analyzed and its accuracy and speed is evaluated. The advantages of this method are  

as follows: 

a. High speed and high accuracy of this method for detecting different symmetrical and asymmetrical 

faults during power swing in compensated lines by TCSC. 

b. The lack of sensitivity of the method to non-linear operation of the compensator and nonlinear varies 

reactance of the TCSC, as well as non-linear behavior of MOV in the fault and a power swing 

conditions. 

c. The fast detection of high resistance faults during power swing even when the fault occurs at δ close to 

180 degrees. 

d. No dependency on configuration complexity or the need for widespread studies. 
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APPENDIX 

5.1  System data for SMIB:  
5.1.1 Generator: 

Pn=600MW, Vn=22KV, fn=50Hz 

Xd=1.305, Xd'=0.296, Xd''=0.252, Xq=0.474, Xl=0.18 (Pu) 

Td'=1.01, Td''=0.053, Tq0''=0.1 (s) 

Stator Resistance Rs=0.0028544 (Pu) 

Inertia Coefficient: H(s)=3.7, Friction Factor F(Pu)=0, Pole pairs P=32 

5.1.2 Transformer: 

Winding 1: 

Connection: Delta (D1), Vph-ph=22KV, R=0.000885(Pu), L=0.0815(Pu) 

Winding 2:  

Connection: Yg, Vph-ph=400 KV , R=0.000885(Pu) , L=0.0815(Pu) 

Pn=600MW, fn=50Hz 

Magnetization resistance Rm (pu)=100 

Magnetization inductance Lm (pu)=100 

5.1.3 Transmission lines: 

Length=320 Km 

Fn=50Hz 

Resistance per unit length (Ohms/km) : R1=0.12 , R0=0.039 

Inductance per unit length (H/km) : L1=0.0028 , L0=0.0041  

https://www.sciencedirect.com/science/journal/03787796
https://www.sciencedirect.com/science/journal/03787796
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5.2  System data for 3-machine 9-bus configuration 
5.2.1 Generators: 

Gen1: Pn=600 MW, Vn=22kV, fn=50Hz 

Gen2: Pn=565 MW, Vn=22kV, fn=50Hz 

Gen3: Pn=410 MW, Vn=22kV, fn=50Hz 

5.2.2 Transformers: 

T1: 600 MVA, 22/400 kV, 50 Hz 

T2: 565 MVA, 22/400 kV, 50 Hz 

T3: 410 MVA, 22/400 kV, 50 Hz 

5.2.3 Transmission lines: 

Length of line 7–8: 320Km 

Length of line 8–9: 400Km 

Length of line 7-5: 310Km 

Length of line 5-4: 350Km 

Length of line 6-4: 350Km 

Length of line 6–9: 300Km  

5.2.4 Loads: 

Load A: 500MW +50MVAR 

Load B: 300MW +30MVAR 

Load C: 400MW +30MVAR 

The other parameters considered for generators, transformers, and transmission lines are the same as that 

provided for SMIB. 
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