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Development of an Impedance Locus Model for a Protective Relay  
Dynamic Test with a Digital Simulator 
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Abstract - This paper presents a method for the development of the impedance locus to test the dy-
namic characteristics of protective relays. Specifically, using the proposed method, the impedance lo-
cus can comprise three impedance points, and the speed of impedance trajectory can be adjusted by 
frequency deviation. This paper is divided into two main sections. The first section deals with the con-
figuration of impedance locus with voltage magnitude, total impedance magnitude, and impedance an-
gle. The second section discusses the control of the locus speed with the means of the deviation be-
tween two frequencies. The proposed method is applied to two machine equivalent systems with off-
line simulation (i.e., PSCAD) and real-time simulation (i.e., real-time simulation environment) to 
demonstrate its effectiveness. 
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1. Introduction 
 
Protective relays are playing an increasingly important 

role in the performance of complex and highly intercon-
nected power systems. Proper testing and evaluation of the 
correct operation before the deployment of relays is there-
fore becoming increasingly imperative. However, the tradi-
tional method of relay testing has limited efficacy because 
the protective relay performance is not entirely determined 
by the changes in current and voltage occurring during a 
fault. The effect of transient phenomena should be consid-
ered. Because of these reasons, relay manufacturers and 
utility engineers require test methods that are more rigor-
ous than the static test presently used. A recent advance in 
meeting this requirement is the application of real-time 
digital simulators, such as real-time simulation environ-
ment (RTDS) [1]-[4]. This new application enables many 
protective relay engineers to build interesting and dynamic 
test models [5]. 

This paper presents an apparent impedance locus model 
for dynamically testing protective relays. The model is 
based on the slow oscillation of the voltage angles between 
two sources that can affect the out-of-step relay, which in 
turn uses the change of apparent impedance [6] and [7]. 
The method of configuration for impedance locus with 
real-time digital simulation environment is also presented 
to test the blocking and tripping schemes in the distance 

relay [8]. The conventional dynamic test method can make 
only the impedance magnitude; however, the proposed test 
method can dictate the direction and speed of impedance 
trajectory. 

 
2. Dynamic Test of Power Swing Blocking and 

Out-of-step Tripping 
 

2.1 Protective Relay Dynamic Test with RTDS 
 
The dynamic test of protective relay is normally tested 

by RTDS. RTDS can enable the virtual fault trajectory to 
be controlled by voltage magnitude and frequency devia-
tion.  

Fig. 1 shows the connection between simulation envi-
ronment and protective relay for testing. 
 
2.2 Power Swing Detection and Blocking 

 
During the power swing, the block of mal-trip in the dis-

tance relay is normally carried by the power swing detector 
(PSD). The conventional PSD measures the time required 
for the apparent impedance to travel through a predefined 
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Fig. 1. Configuration for dynamic testing of protective 

relay. 
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impedance area in the R-X diagram located outside the area 
of the zones of operation. Fig. 2 illustrates how power 
swing blocking is accomplished. During the swing, the 
impedance locus moves slowly toward a relay characteris-
tic through the power swing zone. 

 
2.3 Out-of-Step Tripping 

 
Fig. 3 shows typical out-of-step relay characteristics. Fig. 

3a presents the use of two concentric impedance circles in 
the case of mho-type zones. Fig. 3b shows a different zone, 
known as “blinders,” implemented by a couple of straight 
lines in the R-X diagram. The inner blinder and zone are 
used to detect an unstable swing. The outer blinder and 
zone are used to start a timer; if the impedance locus 
crosses the inner zone before the timer runs out, a fault is 
declared, and normal protection functions take over. If the 
impedance locus enters the inner zone after the timer runs 
out, the locus concludes as a power swing. In contrast, if 
the locus remains within the inner zone longer than a cer-
tain amount of time or passes the opposite blinder, it be-
comes distinguished as an unstable swing; otherwise, it 
becomes known as stable swing. No tripping is permitted 
in the case of a stable swing, whereas tripping or blocking 
is initiated after an unstable swing is detected. 

3. Modeling of Apparent Impedance during the 
Power Swing 

 
3.1 Configuration of Impedance Locus 

 
A simple example of the power swing condition is 

shown in Fig. 4, where a transmission line is represented 
by its impedance and the power system is represented by 
the Thevenin equivalent impedances to the right and left of 
the line, respectively. The phase of the source voltage Vs2 
varies depending on the phase of the voltage Vs1. The locus 
of the voltage creates a circle in the complex plane. The 
voltage at the midpoint of the transmission line is also de-
scribed by a circle and is nearly zero in magnitude when 
the two source voltages are 180° apart and their magni-
tudes are identical. The apparent impedance of the distance 
relay at the midpoint is moving toward the origin, espe-
cially when the line current is at maximum and the voltage 
is at minimum. This is viewed by the distance relay as a 
three-phase fault at this particular point. Therefore, the 
distance relay needs to distinguish power swing condition 
and the three-phase fault.  

For a more general case,  
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where θ  is the deviation between the two source angles. 
The voltage ratio is as follows: 
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If the total impedance includes a source impedance and 

the relay is located in Point A in Fig. 4, the apparent 
impedance locus is as shown in Fig. 5, and the center of the 
impedance circle is expressed as follows:  
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where φ  is the total impedance angle. To make the swing 
impedance locus, the ratio of the two source voltage 
magnitude ( n ), total impedance magnitude ( TZ ), and 
angle (φ ) are needed.  

 
3.2 Configuration of Power Swing Locus Model 

 
To test the various relay algorithms, the three points on 

the impedance plane should be determined. The test trajec-
tory follows these predetermined three points during the 

 

R
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Z3 
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Fig. 2. General power swing detection. 
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Fig. 3. General out-of-step algorithms. 
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test. Derivation of a circle equation becomes possible be-

cause the distinctive three points can define a circle from 

4.6 in Ref. [9]. These three points are assumed as ( )11 , XR , 

( )22 , XR , and ( )33 , XR . Thus, the circle equation is  
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If the equation of the circle is   
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the center is ( )00 , XR −− , and the radius is FXR −+ 2

0
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Using this equation, the ( )XR CC , , (γ ), and F can be 

induced as follows: 
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After obtaining the center and radius by Eq. (6), the 

values of n  and T
Z  that satisfy Eq. (3) can be expressed 

as follows: 
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3.3 Calculation of Apparent Impedance between Two 

Voltages 

 

The power swing detection and out-of-step algorithms in 

protective relays normally use the way of sensing the 

apparent impedance movement speed through the two 

blinders. This movement speed can be determined by 

proper system conditioning; thus, controlling the necessary 

locus speed usually requires a high level of attention. The 

relay located in Point P is assiumed to be a ratio (m) 

between two lengths in two machines equivalent circuit 

(Fig. 6). 

Because the angular frequencies of the two voltages are 

respectively 1ω  and 2ω , the voltages can be expressed as 

follows: 
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If Eq. (8) is converted into phasor, then 1( )sV t  can be 

converted to Eq. (9), and 2 ( )sV t can be converted to Eq. (10) 

I
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Fig. 4. Two equivalent systems during the swing. 
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Fig. 5. Center and radius of the swing impedance locus. 
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as reference 1( )sV t
: 

 
1 1| |sV θ= ∠s1V                    (9) 

2 2 1 2 1 2( ) | | sin( ( ) )s sV t V t tω ω ω θ= + − +       (10) 

2| | ( )sV tδ= ∠s2V                 (11) 
 

where 
2)( θωδ +Δ= tt  and 2 1ω ω ωΔ = −          . 

 
Here, ωΔ  is the difference in angular frequency 

between the two voltages. If the relay is located in Point P, 
then the apparent impedance as shown by relay can be 
expressed as follows: 

 
r

r
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                   (12) 

 
Eq. (12) can be expressed as magnitude and angle.  
 

rZ r r| Z | φ= ∠                  (13) 
 

Here, ||Zr  and rφ  changeperiodically. The current injected 
to relay is  
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The indivual terms in Eq. (16) can be expanded as 

follows:  
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In the position P, the voltage is 
 

(1- )r s1 s2V V Vm m= +             (20) 

Using Eqs. (9) and (11), rV  is 

1 1 2 2(1 ) ( )rV s sm V m V tθ ω θ= − ∠ + ∠ Δ +     (21) 
 
The voltage magnitude and angle can be simplified to  
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With Eqs. (16) and (22), the calculated apparent impedance 
is 
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The magnitude and angle of impedance are  
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Apparently, the magnitude and angle of impedance 

change periodically. 
 
 

4. Calculation of the System Parameter for  
Impedance Locus 

 
The foregoing method was applied to the three cases as 

shown in Fig. 7. The test subject, an impedance relay, had 
rectangular characteristics. Case 1 is the typical unstable 
swing. Case 2 passes the PS zone and Zone 3. In Case 3, 
Locus 3 goes through the PS zone and goes back without 
passing Zone 3. All the three loci affect the out-of-step 
relay or phase impedance relay. This test can be applied to 
an out-of-step relay dynamic test if the PS zone is applied 
to the outer blinder of out-of-step relay and Zone 3 is ap-
plied to the inner blinder.  

To make the swing of three cases in the impedance plane, 
the three points of each case must be determined to conFig. 
the corresponding impedance circle. The arbitrary three 
points are shown in Fig. 8.   

The results of calculating the center and radius at each 
case using Eq. (6) are shown in Table 1.  

To obtain the impedance magnitude, angle, and voltage 
ratio, the calculated center and radius for Eq. (7) can be 
substituted. The result is shown in Table 2. 

Fast Fourier transform can be used to calculate the ap-
parent impedance. The reference voltage is 1sV  as 1.0 p.u. 
For the purpose of variation of voltage angle, 1sV can be set 
as 60.5 Hz from the reference 2sV  with 60 Hz. Line im-
pedance can be converted into inductance and resistance to 
set up the simulation case. 

Three impedance trajectories from the cases are pre-
sented in Fig. 9. Each individual plot in Figs. 9a-9c depicts 
the trajectories after transient state during 0.1 s. The loci 
traversing through the given points are also apparent. The 
loci move from right to left toward origin. This movement 
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comes from 60.5 Hz as 1sV . Otherwise, the loci fall into 
the opposition direction. 

 
 

5. Calculation of the Frequency for the Speed of 
the Impedance Locus 

 
If the deviation of the angular frequency between two 

voltage sources is constant, the impedance angle changes 
periodically. 

The accuracy of Eqs. (8)-(26) is confirmed by compar-
ing the impedance locus calculated with offline EMTP-
type simulation software (i.e., PSCAD). The testing of re-
lays can incorporate power swing blocking or out-of-step 
tripping by predetermining the time required for the im-
pedance locus to pass the specific range. The necessary 
predetermination can be made by changing the frequency 
deviation between the two voltage sources. The calculation 
process of apparent impedance between the two voltages 
was proven by a comparison with output data from PSCAD 
simulation. Fig. 10 shows the R and X variation, respec-
tively. 

The figures demonstrate that values agree with one an-
other, except for the very early transients in PSCAD. This 
resemblance in periodic changes allows the output values 

in transient state values to be ignored during testing after a 
steady state is reached in dynamic testing by real-time 
simulation. 

If the relay is set by sending trip signal when the locus 
moves faster than 50 ms from 6 to 4 Ω in R value, and is 
set by sending a blocking signal when the locus moves 
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Fig. 7. Impedance swing loci for test. 
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Fig. 9. Swing loci with RTDS: (a) Case 1, (b) Case 2,
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slower than 50 ms, then the relay testing configuration 
needs to make the locus speed faster or slower than 50 ms 
when the locus of R passes from 6 to 4 Ω. In the case study, 
the proposed method makes the locus of R pass from 10 to 
-3 Ω, as in Case 1, as shown in Fig. 11.  

In addition, the result of the calculation suggests that the 
frequency difference value is 1.6 Hz for 50 ms. In contrast, 
the correct and incorrect action can be tested by using the 
predetermined voltage source frequencies around 1.6 Hz 
from the proposed calculation method. Fig. 12 shows the 
speed calculated by different frequency values when the 
locus passes the two setting values. The result shows that, 
as the frequency difference increases, the speed of imped-
ance change is increased as well. Thus, if the relay the time 
setting to be tested is 50 ms, such as in Case 1, the fre-
quency of V2 voltage can be set as 61.6 Hz when the V1 
voltage is set to 60 Hz during the RTDS dynamic testing. 

 
 

6. Conclusion 
 
This paper presents a method to perform a dynamic test 

for power swing blocking and out-of-step tripping of a pro-

tective relay. The calculation method of impedance locus 
using system parameters was proposed to test the protec-
tive relay algorithms of distance relays. Moreover, the 
speed of impedance locus change at the specific frequency 
deviation between the two voltage sources was calculated. 
With the advantage of the proposed method, the various 
speed and shape of impedance trajectories were created to 
test the protective relay algorithms (quadrilateral- or mho-
type) and setting values of relays. To validate the effective-
ness of the proposed method, the output data from offline 
simulation software (PSCAD) and RTDS were used. 
Analysis of the simulation results demonstrates that the 
proposed method enables dynamic testing of various relay 
elements with non-real-time and real-time simulations. The 
determination of the impedance trajectory direction should 
be investigated as a refinement of the proposed method. 
The proposed modeling method of impedance locus and 
dynamic test with RTDS can be applied to various relay 
based on impedance including distance relay. 
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Table 1. Center and radius of impedance swing loci to test

 Point (a) 
( )11 , XR  

Point (b) 
( )22 , XR  

Point (c) 
( )33 , XR  

Center 
( )XR CC ,  Radius (γ )

Case 1 (10, 7) (3, 3) (-3, 7) (3.5, 10.25) 7.26 
Case 2 (10, 10) (5, 9) (1, 12) (6.39, 15) 6.19 

Case 3 (11.5, 10.5) (10, 11) (9, 12) (11.75, 
13.75) 3.26 

 
Table 2. Impedance swing model parameter 

Parameter Case 1 Case 2 Case 3 

Voltage ratio( n ) 1.49 2.64 5.55 
Impedance magnitude 

( TZ ) 
5.95 13.99 17.45 

Impedance angle(φ ) 71.14° 66.95° 49.48° 

jR X+  1.924+j5.635 5.48+j12.87 11.37+j13.3 
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Fig. 10. Change of R and X components of impedance 
(Ω) as time. 
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