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Abstract: In this paper, a novel approach based on the Thévenin tracing is presented to 

modified conventional impedance-based out-of-step (OOS) protection. In conventional 

approach, the OOS detection is done by measuring positive sequence impedance. However, 

the measured impedance may be change due to different factors such as capacitor bank 

switching and reactive power compensators that it can cause the relay to malfunction. In 

this paper, first, an on-line Thévenin equivalent (TE) approach based on the recursive least 

square (RLS) is presented. Then, a protection function is developed based on online 

network Thévenin equivalent parameters to correct the measured impedance path. The main 

feature of this method is the use of local voltage and current measurements for Thévenin 

equivalent estimation and OOS protection. The performance of the proposed method is 

investigated by simulation of synchronous generator OOS protection function in the 

presence of a static synchronous compensator (STATCOM). The simulation results show 

that, STATCOM changes the impedance path and can cause the incorrect diagnosis of OOS 

relay. Furthermore, the proposed method corrects the impedance path and improves the 

accuracy of OOS impedance-based function when the STATCOM is installed in system. 
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1 Introduction1 

NDER normal power system conditions, the 

generators synchronously work together. When a 

sever disturbance (such as faults and switching near the 

generators) occurs in the network, the electrical power 

fluctuates and causes to oscillation of the rotor angles. 

Under unstable power swing condition, the rotor angle 

crosses from critical angle and the synchronism is 

lost [1]. Out of step (OOS) is another name that refers to 

this condition. The OOS of a generator not only is a 

threat for its mechanical components, but also may 

affect the stability of the other generators in the 

network. In this condition, the unstable generator should 
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be quickly disconnected from system to prevent damage 

to unstable generator and helps to save the rest of the 

system from total instability [2-4]. 

   Conventional method for OOS detection is 

impedance-based approach that detects OOS by 

comparing positive sequence impedance trajectory with 

predetermined characteristic at the R-X plane [2-6]. The 

settings of characteristic are obtained based on 

numerous contingency simulation studies. However, 

these settings are not compatible and should be 

modified by change of the power system parameters. 

Many new techniques have been proposed to detect the 

OOS condition in the literatures. Equal area criterion, 

extended equal area criterion, swing center voltage, and 

distributed dynamic state estimator are some of these 

approaches that are compatibility and strength against 

changes in power system configuration [7-12]. 

However, these approaches are complicated, difficult to 

implement and need at least the instance of fault 

clearing time to be fed as an input to the relay [2]. 

Therefore, the impedance-based techniques are still 

incorporated for OOS condition detection. 

   In addition to power system changes, the presence of 
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FACTS devices can also affect impedance-based 

protections. The effect of FACTS devices on 

distance [13-23] and loss-of-excitation (LOE) 

protection [24-27] have investigated in the literatures. 

Results show that the presence of various series and 

shunt controllers usually makes distance relays under-

reach, thereby changing trip characteristic of the 

distance relay [15]. Also, results revealed that the 

presence of FACTS causes a substantial delay in the 

performance of LOE relay. 

   The performance of distance relays for power swing 

detection have evaluated in [28-32]. These studies have 

been done in the presence of various reactive power 

compensators such as fix capacitor [28, 29], SSSC [30] 

and UPFC [31, 32]. 

   The impacts of UPFC and STATCOM on the 

performance of OOS protection were investigated by 

authors in [33-34] and a novel modification function has 

been presented. The results of [34] indicate the OOS 

may be not detected in the presence of STATCOM. To 

solve this problem, an analytical adaptive approach was 

proposed to eliminate the effect of STATCOM. The 

proposed approach resolved the problem, but it required 

sending remote bus voltage and current phasors to the 

relay location. Following on from previous work, the 

authors have attempted to eliminate this requirement by 

presenting a new approach. 

   In this study, a protection function is developed based 

on online network Thévenin equivalent (TE) parameters 

to correct the measured impedance path. The main 

feature of this method is the use of local voltage and 

current measurements for TE estimation and OOS 

protection. In the proposed approach, the TE estimation 

is done by recursive least square (RLS) technique 

applies to the time variant system identification. 

Contributions of this paper are as follows: 

1. On-line TE estimation of network is done by RLS 

technique based on time variant system 

identification theories. 

2. An adaptive method based on online estimation of 

network Thévenin parameters are presented to 

resolved remote bus data requirement for proposed 

approach in [34]. 

 

2 Synchronous Generator OOS Condition 

   For a generator connected to power network as shown 

in Fig. 1, the relationship between rotor angle and 

transitional Power is defined through known equations 

(1) and (2) as follow: 
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where, δ, Pm, Pe, and ωs are  rotor angle, mechanical 

power, electrical power and base synchronous speed, 

respectively. EA is magnitude of generator internal 

voltage and EB is the magnitude of external system 

voltage. The phase difference between these two 

phasors is equal to the rotor angle. 

   Following disturbances in power system, the electrical 

power oscillates and according to (1) the rotor angle 

also swings. As shown in Fig. 2, by increasing δ, 

electrical centre voltage (VEC) decreases. In the power 

system shown in Fig. 1, the electrical center is a point 

that the impedance between each voltage source and this 

point is equal. When the rotor angle reaches 180 

degrees, VEC is exactly zero in all three phases. In this 

condition, if the electrical center is within the 

transmission line, this point would be viewed by the 

transmission line relays as a three-phase fault and the 

relays would pick up to clearing the line. 

   With addition of transmission lines, the power system 

becomes stronger and the impedance of system 

decreases. In this condition, the electrical center tends to 

occur within the generator or its corresponding step-up 

transformer. In this situation a special relay must be 

provided at the generator. Such a situation occurs when 

a generator pulls out of synchronism in a system with 

strong transmission. A low excitation level on the 

generator (EA < EB) also tends to contribute to such 

condition. Therefore, the OOS protection is necessary to 

detect and initiate appropriate control action to avoid 

adverse effects on the affected generator and the rest of 

the system [2]. 

   One of the most commonly used to power swing 

protection, is based on impedance measurement at the 

generator terminal. The measured impedance is related 

to the rotor angle according to (3) [2]. In this  
 

 

Fig. 1 Single-machine infinite bus system. 
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Fig. 2 The voltage of electrical centre with increasing the rotor 

angle. 
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equation, ZR, Zg, and Ztot are measured impedance, 

generator impedance and total impedance between EA 

and EB, respectively. 
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   There are several methods, such as single-blinder, 

double blinder, concentric schemes, swing centre 

voltage, equal area criteria based and etc. to OOS 

protection [2-12]. This study is the continuation of 

previous authors' study about the effect of STATCOM 

on the impedance-based OOS protection [34]. The 

single blinder scheme is used in the current study that 

the principle of this scheme with detail of characteristic 

was discussed in [35]. The characteristic of this scheme 

is shown in Fig. 3. 

 

3 The Measured Impedance in the Presence of 

STATCOM 

   In [34] the performance of STATCOM on the 

impedance-based OOS protection was investigated by 

authors and a novel modification function has been 

presented. The results of [34] indicate the OOS may be 

not detected in the presence of STATCOM. To solve 

this problem, an analytical adaptive approach was 

proposed to eliminate the effect of STATCOM. The 

proposed approach resolved the problem, but it required 

sending remote bus voltage and current phasors to the 

relay location. In this study, authors have attempted to 

eliminate this requirement by presenting a new 

approach. 

   Fig. 4(a) illustrates the simplified single-line diagram 

of the power system introduced in Fig. 1 which a shunt 

STATCOM is connected to the system at the beginning 

of the transmission line. This system consists of a  

 

 

Fig. 3 The characteristic of 7um62 OOS function presented in 

[35]. 

synchronous generator connected to an infinite bus by 

the transmission line. Z1 is equal to Zg, Ztr is step up 

transformer impedance and Z2 is equal to the  

transmission line impedance. The equivalent circuit of 

the right side of B2 busbar can be considered as 

Thévenin equivalent circuit (see Fig. 4(b)). 

   Before the installation of STATCOM, the measured 

impedance by OOS relay obtain by (4) as follow [34]: 
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In this equation, 
1E  and 

2E  represent the generator 

internal voltage and remote bus voltage phasors, 

respectively. The phasors 
RV  and 

RI  are the voltage 

and current measured at the generator terminal bus. 

   According to the equivalent circuit shown in Fig. 4(b), 

after installing a shunt STATCOM the measured 

impedance by OOS relay, is obtained by (5) to (7). The 

extraction process of these equations is discussed 

in [34]. 
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In these equations, Ysh, 2BV , 
shI  are the equivalent 

admittance, voltage and current of the STATCOM, 

respectively. 

 

4 Modified Adaptive OOS Protection Based on 

Thévenin Voltage 

   Thévenin's theorem is one of the network theorem that  
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Ztr

STATCOM

Z2

Ysh

ZthZtr Ztr

(b)

(a)

𝐼 𝐵1 𝐼 𝐵2 

𝐼 𝑠ℎ  

 

Fig. 4 a) The STATCOM embedded single machine connected 

infinite bus test system and b) Equivalent network after  
 

installing STATCOM. 
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is valid in linear networks. The concept of TE circuit is 

simply shown in Fig. 5. According to this theorem, the 

network in Fig. 5(a) can be replaced by a voltage source 

in series with impedance as Fig. 5(b). 

   By comparing the measured impedance with and 

without STATCOM in equations (4) and (5), it can be 

concluded that Z2 + Ztr and 
2E  in (4) have been 

replaced with Zth and 
thE  in (5), respectively. 

   A simple way to eliminate the effect of STATCOM on 

the impedance path is to ignore Ysh in Fig. 4(b). For this 

purpose, it is sufficient to use 2

newZ instead of Zth in (5). 

The modified impedance by this method is obtained 

by (8) as follows: 
 

modified 1 2 1
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where, e

thE  and modified

RZ  are the estimated Thévenin 

voltage and the modified impedance, respectively. 

2

newZ  is the network side Thévenin impedance without 

considering the STATCOM. In addition to ignoring 

STATCOM, the new value of system side impedance 

must be calculated taking into account the disconnected 

lines after clearing the fault. It should be noted; that the 

Thévenin voltage 
thE  must be maintained at its own 

value. This ensures proper operation of the relay in the 

stable power swing condition. Finally, the internal 

voltage 
1E  in (8) can be calculated using KVL at 

generator terminal [34]. 

   The system Thévenin voltage changes as the network 

changes. Network changes such as disconnecting or 

connecting lines, capacitors, reactors, etc. may be 

occurring at any time. Therefore, the Thévenin voltage 

should be estimated on-line. The on-line Thévenin 

equivalent estimation is discussed in next section. 
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Fig. 5 a) The synchronous generator connected to the network 
 

and b) The Thévenin equivalent network 

5 On-Line Thévenin Estimation by Recursive Least 

Square 

   On-Line identification of systems is done by recursive 

identification methods. The RLS identification approach 

is usually used to identify time-variant systems and in 

this study it is used to determine TE parameters. For this 

purpose, the network side of the Fig. 5(a) with input tI  

and output tV  considered as identified system. tV  and 

tI  are voltage and current phasor samples at any time t, 

respectively. In all least square based identification 

approaches a liner equation is defined as linear 

regression equation. The linear regression equation for 

TE estimation is defined as (9): 
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where 
thE  and Zth are the unknown parameters of the 

system. 

   In RLS estimation, it is assumed that the system have 

already been identified with N samples of inputs and 

outputs. By entering a new input-output sample, the 

identification is done by N+1 samples and the previous 

estimation is updated based on the new data. The steps 

of time variable systems identification are as 

follows [36]: 

Step 0: initialize 
0  and P0. 

0 : The initial value of parameters vector  

P0: The initial value of parameters covariance matrix  

A good initial value of 
0  can be found by means of 

least square approach with a limited number of 

samples. Moreover, the covariance matrix P0 

initialized as a diagonal matrix according to 

discussed in [36]. An example of P0 is given in (10). 
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Step 1: receive the new input-output at the time step t. 

Step 2: create the ut vector by new input-output. 

Step 4: update Pt and kt by (11) and (12), respectively. 
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where, 

Pt: The covariance matrix of parameter as a p×p 

matrix, 

kt : p×1 vector, 

p: the number of unknown parameters, 
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λ : is a scalar in range 0 and 1 to reduce the effect of 

older data in estimation [36]. 

Step5: Calculate the new estimation by (13) 
 

 1     1

1
       ˆT

t t t t t tk y u  


     (13) 

 

Step 7: go to the next time step (Step 1) 

   For online calculation of TE, at first the initial values 

0 0 0 
T

th thE Z     can be adjusted according to the 

network steady state values. Then, by entering any new 

samples of tI  and tV  the thE  and Zth values are 

updated based on the above steps. 

 

6 The Performance of Modified OOS Function in 

the Presence of STATCOM  

The effect of STATCOM on the OOS relay function 

was investigated in [34]. The SMIB test system as 

shown in Fig. 6 was simulated with ±200 MVA 

STATCOM to evaluate the OOS performance. Detailed 

information of the system is given in [34]. The results of 

mentioned study revealed that the measured impedance 

trajectory was impacted by STATCOM during out of 

step condition. The impedance path after a fault at point 

F with and without STATCOM connected to bus HT is 

shown in Fig. 7. In the current paper, the same study is 

done to demonstrate the effectiveness of purposed TE-

based approach. 
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Fig. 6 Single-machine infinite bus system [34]. 
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Fig. 7 Impedance trajectory after installing the STATCOM 

[34]. 

   The fault scenario discussed in [34] has implemented 

here to compare the results of this study with [34]. A 

three-phase short circuit fault occurred at the beginning 

of the second line (Point F) at time t = 1 s, and the 

second line is disconnected from the network at 

t = 1.1 s. 

 

6.1 The Thévenin Equivalent Estimation 

   The Thévenin voltage of network at the generator 

terminal bus ( e

thE ) in (8) estimated as on-line. The 

performance of TE estimation algorithm presented in 

section 5 is shown in Figs. 8-14. Three following cases 

are studied to evaluate the performance of TE 

estimation. The sampling frequency in the all following 

studies is equal 25 kHz. Due to the presence of 250 Hz 

in the frequency components, fsampling = 2.5 kHz is 

sufficient. But, in the simulation in MATLAB/Simulink 

environment, due to Ode23 Solver errors, the sampling 

frequency is considered 25 kHz. 

Case 1: Line 2 is disconnected at t = 1.1 s 

In this case, the system is in steady state and at the 

moment t = 1.1s the second line is disconnected. The 

voltage and current ate the generator terminal bus has 

been sampled by time step Δt = 10–4 ms. The initial 

values of covariance matrix and estimated vector are set 

as follow: 

 0 0

1000 0
, 0.9008  0.47

0 1000

T
P 

 
  
 

. 

   The initial value of estimated vector is selected based 

on steady state value of Thévenin parameters. The 

forgetting factor λ is set based on adaptive approach 

discussed in [36]. Fig. 8 shows the Thévenin voltage of 

network side of generator terminal bus. It is clear that 

before opening the line 2, 0.9008 puthE   and it does 

not change after the second line is opened. The variation 

of the Thévenin impedance is shown in Fig. 9. Before 

opening the line 2, the Thévenin impedance is equal to 

0.47 pu (0.15+0.5||0.93) and after the line is opened, the 

impedance is changed to 0.65 pu (0.15+0.5). 

 

Fig. 8 The Thévenin voltage at the generator terminal bus. 
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Fig. 9 The Thévenin impedance of network at the generator 

terminal bus. 
 

 

Fig. 10 The Thévenin voltage of network at the generator 

terminal bus. 
 

 

Fig. 11 The Thévenin impedance of network at the generator 

terminal bus. 

 

Case 2: Line 2 is disconnected at t = 1.1 s after a three-

phase fault at t = 1 s in point F 

   The three-phase fault scenario discussed in this 

section is occurred in the absence of STATCOM and 

the voltage and current phasor was sampled to the TE 

estimation. The sampling time step and initialization 

was set as case 1. The variation of the Thévenin voltage 
 

 

Fig. 12 The Thévenin voltage of network at the generator 

terminal bus in the presence of STATCOM. 
 

 

Fig. 13 The Thévenin impedance of network at the generator 

terminal bus in the presence of STATCOM. 

 

and impedance are shown in Figs. 10 and 11, 

respectively. Similar to Case 1, the Thévenin voltage is 

identical before the fault and after the line is opened. 

That is equal to zero during fault. Moreover, the 

impedance is equal to 0.47 before the fault and it is 

equal 0.65 after the line is opened. During fault, the 

impedance is equal 0.15 pu that it is equal the 

impedance of step up transformer. 

Case 3: Line 2 is disconnected at t = 1.1 s after a three-

phase fault at the point F with a STATCOM connected 

to bus HT 

   In the third case the effect of STATCOM on the TE 

estimation has been examined. This case is similar to 

case 2 with a STATCOM connected to the bus HT. the 

simulation condition and TE estimator parameters are 

set similar to case 1. The results of this simulation are 

shown in Figs. 12 and 13. It is clear that dynamical 

behaviour of STATCOM cause the Thévenin voltage 

and impedance to be changed compared with case 2. In 

the steady state after disconnecting the line 2, the TE in 

the presence of STATCOM is equal to (14): 

0.956 0.126

0.6853 89.78

th

SS

th

E

Z


    
    

  
 (14) 
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6.2 The Effect of Measurements Errors on the 

Accuracy of Estimation 

   Case 2 in the previous sub section is used to evaluate 

the effect of measurement errors. The accuracy of 

measuring instruments affects the algorithm's output, 

slightly. To investigate this issue, random numbers with 

normal distribution are generated and summed with the 

measured voltage and current. The generation of 

random error numbers is done based on (15)-(17).  
 

  randRN a b a     (15) 

 , 
100 100

p pmeasur measur

v v

E E
a V b V    (16) 

 , 
100 100

p pmeasur measur

i i

E E
a I b I    (17) 

 

In (15) ‘rand’ is a function that produces a random  
 

 

Fig. 14 The Thévenin impedance estimation by considering 

measurement errors. 
 

 

Fig. 15 The Thévenin voltage estimation by considering 

measurement errors. 
 

number in the interval 0 and 1 and RN is a random 

number in the specified range [a , b]. In (16) and (17), 

Ep is the error percentage and av, ai, bv, and bi are the 

upper and lower limit of voltage and current errors, 

respectively. Moreover, Vmeasur and Imeasur are the 

measured values of voltage and current. Thevenin 

equivalent with respect to the sampling error percentage 

of 0, 1, 5, and 10 percent are shown in Figs.14 and 15, 

respectively. It is clear that for Ep = 1 and Ep = 5, 

estimation is done properly and the estimation error is 

less than 5 percent in the all above error percentage. 

 

6.3 The Modified Impedance Trajectory Based on 

TE 

   In this section, the impedance trajectory correction is 

performed based on (8) described in Section 4. The fault 

scenario similar to case 3 in the previous subsection is 

implemented here to compare the result with [34].  

In (8) Z1 is sub transient direct axis impedance of 

generator and is set 0.3 pu and 2

newZ is the network side 

Thévenin impedance in the absence of STATCOM after 

clearing fault that is equal to 0.65 pu. The Thévenin 

voltage shown in Fig. 12 is used instead of e

thE  in (8) 

and finally, the internal voltage 
1E  is calculated based 

on direct approach, discussed in [34]. The modified 

impedance trajectory with TE approach and the 

analytical approach discussed in [34] are compared 

together in Fig. 16. Moreover, the measured impedance 

trajectory is compared with two modification 

approaches in this figure. It is clear, that the proposed 

approach based on TE, corrects the path as in the 

previous method in [34]. The characteristic entry times 

(ten), crossing times with imaginary axis (tδ = 180 and the 

times out of characteristic (tout) are listed in Table 1. It 

can be seen that the detection and operation times 

(tδ = 180 and tout, respectively) of two modification 

approach are almost identical. The ‘ND’ stands for Not 

Detected in this table. 
 

 

Fig. 16 The compare of modified trajectory with two 

strategies. 
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   Fig. 17 shows the TE-based modified impedance 

trajectory during OOS condition. It is clear that the 

proposed approach corrects the impedance trajectory for 

all oscillation time of power swing. This is important 

when the relay is set to operate in the n’th oscillation of 

power swing. 

   The impact of fault location is investigated by 

changing the location of the fault into the middle and 

end of the second transmission line. The results of this 

study about fault location impact are summarized in 

Table 2. In this table, F1, F2 and F3 represent the fault 

location at the first, middle and end of transmission line, 

respectively. The ‘MI’ stands for ‘Measured 

Impedance’ in Table 2. 

   As the fault moves away from the generator, the 

critical clearing time (tc) increases and to create OOS 

conditions, the fault needs to last longer in the network. 

To create OOS conditions, the fault is occurred at any 

fault location and last 0.03 sec longer than 

corresponding critical clearing time. The column tClear 

represents the fault clearing time corresponding to any 

fault location. Based on the detection time in Table 2, 

 
Table 1 The entry and exit time of measured/ modified 
 

impedance trajectory. 

 ten [sec] tδ = 180 [sec] tout [sec] 

Measured impedance 1.49 1.635 ND 

Modified impedance in [34] 1.49 1.622 1.702 
TE Modified impedance 1.49 1.622 1.70 

 

 

Fig. 17 The TE modified impedance trajectory during OOS  
 

condition. 

 
Table 2 The impact of fault location on the performance of  
 

TE-based modified approach. 

Fault 

location 

Detection 

approach 

tc 

[sec] 

tClear 

[sec] 

tδ = 180 

[sec] 

tout 

[sec] 

Detection 

time [sec] 

F1 

MI 

1.082 1.112 

1.635 - ND 

[34] 1.622 1.702 0.702 

TE 1.622 1.7 0.7 

F2 

MI 

1.215 1.245 

1.675 1.78 0.78 

[34] 1.65 1.758 0.758 

TE 1.66 1.74 0.74 

F3 

MI 

1.325 1.355 

2.22 - ND 

[34] 2.18 2.29 1.29 

TE 2.185 2.28 1.28 

it is clear that the TE-based modified algorithm and the 

modification discussed in [34] have almost same results. 

The measured/modified impedance trajectories after 

fault at the middle and end of transmission line are 

shown in Figs. 18 and 19, respectively. 

   The performance of proposed method in the stable 

power swing has examined by decreasing fault clearing 

time to 1.08 s. Fig. 20 shows the modified impedance 

trajectory during stable condition of rotor angle. In the 

stable power swing both proposed approach and the 

analytical approach presented in [34] have almost 

identical results. In this condition, the impedance 

trajectory does not enter into the OOS characteristic and 

it converges to a point outside of the characteristic with 

damping the rotor angle oscillations. 

 

 

 

Fig. 18 Impedance trajectory after a the fault at the middle of  
 

transmission line (F2). 

 

 

 

Fig. 19 Impedance trajectory after the fault at the end of  
 

transmission line (F3). 
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Fig. 20 The modified impedance trajectory in the stable power 
 

swing. 

 

7 Conclusion 

   In this paper, a novel approach based on Thévenin 

tracing is presented to modify impedance trajectory of 

conventional impedance-based OOS protection. An 

approach based on recursive least square (RLS) is used 

to estimate the network Thévenin equivalent as on-line. 

Moreover, an OOS protection function is developed 

according to online network Thévenin equivalent 

parameters to correct the measured impedance 

trajectory. The main feature of this method is the use of 

local voltage and current measurements for Thévenin 

equivalent estimation and OOS protection. The 

performance of proposed method is investigated by 

simulation of synchronous generator OOS protection 

function in the presence of STATCOM. The simulation 

results of TE estimator show that the proposed approach 

estimates the network TE exactly. Also, another 

simulation indicates that the STATCOM changes the 

measured impedance path and it can cause misdiagnosis 

of OOS relay. Finally, the results show that the 

proposed approach corrects the impedance path and 

improves the accuracy of the OOS function when the 

STATCOM is used in system. 
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