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Abstract- It is well known that the operation speed of the phasor-

based distance relay is limited by the phasor calculation window 

plus necessary prefiltering (for removing decaying DC in current 

signals and CVT transients in voltage signals) plus security delay 

to prevent overreaching. On the other hand, distance protection 

remains the primary protection on transmission lines and is 

required to increasingly improve its operation speed, especially for 

EHV or UHV applications. It typically requires sub-cycle 

operating time for the distance underreach zones and pilot scheme 

zones, to meet power system stability requirements. 

This paper presents a new algorithm, in which a distance relay 

accelerator is implemented to speed up distance elements 

operation. The accelerator runs in parallel with the regular full 

cycle Fourier based distance algorithm, but only runs for 3 cycles 

after it is armed upon fault occurrence, and then exits itself, to 

achieve optimal operation speed, security, and dependability 

requirements of the overall protection scheme. 

This paper will present technical challenges and solutions for 

implementation and application of such distance accelerator 

algorithm. RTDS test results will be demonstrated and discussed 

in the paper.  
 
Index Terms—Distance Relay, Sub-cycle Operation Time, 

Transmission Line Protection. 

 

I.  INTRODUCTION 

istance relays are widely used in transmission line 

protection due to its  simplicity, economy and 

effectiveness, which use local voltage and current signals to 

provide selective and high-speed clearance of transmission line 

faults. Most distance protection algorithms in digital relays are 

based on fundamental phasors that are calculated via full cycle 

discrete Fourier transform (DFT), plus necessary prefiltering to 

remove decaying DC in current signals and CVT transients in 

voltage signals to improve the measurement accuracy, as such, 

the underreach zones of distance relays typically operate in 1 to 

1.5 cycles because of the delay caused by the sample window 

size of the Fourier and the prefiltering algorithm. 

 

On the other hand, distance relays are required to increasingly 

improve its operation speed, especially for EHV and UHV 

applications, to maintain power system stability. Faults must be 

cleared faster than the critical fault clearing time to maintain the 

transient stability of the system and avoid blackout.  The critical 

fault clearing time is referred as the maximum fault duration for 

which the system retains stability of operation. 

 

Faster fault clearing can increase the amount of power that can 

be transferred through the line, also can reduce the stress of the 

power transformers, improve personnel safety, and avoid 

equipment damages. As power systems continue to be stretched 

to capacity, distance relays will be called upon to operate more 

quickly [1]. 

 

With fast developments in the renewable energy, power system 

source landscape and dynamics are changing as well.  

Renewable generation appears as a weak source, meaning 

distance has to deal with a much higher SIRs, which presents a 

challenge to the existing distance algorithms.  

 

Since full cycle DFT is somewhat slow, which requires a full 

cycle of samples to estimate the fundamental phasor, naturally 

phaselet-based algorithms with shorter window size (only use 

partial sums of the products of the waveform samples and the 

Fourier coefficients) have been used to improve the phasor 

estimation speed, such as half-cycle DFT or quarter-cycle DFT. 

Though the phaselet-based algorithms are faster than the full 

cycle DFT based algorithms, phasor accuracy is much worse 

because as the window size is shortened it becomes more 

difficult to discriminate between the fundamental frequency 

component and other components.  For instance, if the window 

size is shortened to half cycle, the Fourier algorithm cannot 

reject even harmonics and DC. As a result, higher transient 

errors in distance elements can be expected, additional 

measures must be taken to accommodate such transient errors, 

such as reduce underreach zone reach, apply more security 

delays, etc. However, these additional measures may partially 

or even entirely cancel the initial gain of speed by sample 

window size reduction on phasor estimation. 

 

In this paper, a new algorithm is presented, in which voltage 

and current phasors are estimated through 2 short window 

orthogonal filters with decaying DC accounted so that the 

adverse impact to phasor accuracy due to DC offset can be 

minimized. With the application of additional filtering, 

averaging, switching, and tripping count strategy, both sub-

cycle operation time and accuracy (transient overreach less than 

5%) for the underreach zones of distance elements can be 

achieved under various testing conditions, including the 

variations of CVT types (magnetic VT, passive CVT and active 

CVT), SIRs, fault types, fault location and fault point on wave. 
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The rest of the paper is as follows. The short window phasor 

estimation method and associated testing results are discussed 

in Section II. CVT transients in conjunction with high SIRs, and 

its impact to distance element are discussed in Section III. 

Voltage and current phasors that are used in the sub-cycle 

distance algorithm, and the calculation methods to obtain these 

phasors are discussed in section IV. The arming and the overall 

protection logic of the sub-cycle distance algorithm are 

discussed in Section V. Section VI evaluates the performance 

of the sub-cycle distance algorithm. The paper concludes in 

Section VII.  

 

II.  SHORT WINDOW PHASOR ESTIMATION ALGORITHM 

A.  Short Window Phasor Estimation with Decaying DC 

Accounted 

It is known that fault currents may contain a decaying DC 

component due to the point-on-wave at which the fault occurs 

and the inductive time constant of the system. The short 

window phasor estimation method used for the sub-cycle 

distance algorithm begins with setting the decaying DC time 

constant, which is referred as Ta in this paper. Then poles of 

fundamental frequency and the decaying DC component are 

determined using Equations 1, 2, and 3 below [2], where Ts is 

the sampling period and N is the number of samples per-cycle.  
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Based on the Eular’s equation, also with inclusion of the 

decaying DC component, current signal can be expressed in 

equation (4) below: 
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Where n is the sample index. With 3 or more known current 

signal samples, the unknown variables (��, ��� and ��� � can be 

worked out from equation (5) below: 
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Where W is the short window size, which determines the 

number of samples to be used for the phasor estimation. Use M 

to denote the W&3 dimensions matrix, I to denote current 

samples, and X to denote the phasors to be estimated. 

' �
⎣⎢
⎢⎢
⎢⎢
⎡����� ���#�

 ��#�
���� ���#

 ��#
… … …��� ��� ��� � � ⎦⎥

⎥⎥
⎥⎥
⎤
     (6) 

� �
⎣⎢
⎢⎢
⎡��� � ����� � �……�������� ⎦⎥

⎥⎥
⎤
         (7) 

( � $��������
%           (8) 

 

Then phasor matric X can be solved by the equation below, 

 

( � �'�'���'��       (9) 

where )*is the transposed matrix of M. 

 

It may look like that the computation in the above process is 

complex, but it is actually simple. The calculation of �)*)��+)*  can be carried out off-line because all the 

elements in M are predetermined.  The fundamental phasor ,�- 

can be obtained from the convolution operation of the current 

signal samples with the second row of the predetermined matrix �)*)��+)* . The calculation is as simple as the normal 

convolution.  

 

Let’s use H to denote matrix �)*)��+)*  as shown in 

equation (10), 

. � �'�'���'�        (10) 

The second row of matrix H can be extracted as a vector of 

coefficients, h, where the real part and the imaginary part of 

these coefficients form 2 orthogonal filters, which is shown in 

Equation (11) below. The vector of coefficients, h, has the same 

length as the short window length, W.  

/��:�� � .�, �:��      (11) 

Once the vector matrix, h, is determined, the fundamental 

phasor, ���(n), can be calculated using Equation (12) presented 

below, which involves a discrete convolution operation, where 

i(n) are current signal samples. 

������ � ∑ /�3���� � 3 � �� �34�   (12) 
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B.  Short Window Algorithm Performance at Different Time 

Constant 

In the algorithm described above, a time constant, Ta, was 

preselected to account for the decaying DC component shown 

in equation (1).  However, in a real power system, the time 

constant for the decaying DC component that is contained in the 

fault current might be quite different from the value that we 

preselected, which will depend on the actual X/R ratio of the 

network at when the fault occurs. As well, the X/R ratio of a 

network may vary due to network switching or operation mode 

changes. Below shows the testing results that the short window 

algorithm with preselected Ta=0.0265s responds to the fault at 

different time constants (X/R ratios) in comparison with 

phasors extracted via full cycle DFT and half-cycle DFT 

respectively.  

 

  
 

Figure 1. Test signal with X/R=10 (left), fundamental phasor 

magnitude estimated by short-window, full and half cycle Fourier 

respectively (right) 

 

The test signal showed in Figure 1 is at X/R=10, which is 

equivalent to a time constant of 0.0265s in a 60Hz system, 

exactly the same time constant that we preselected for the sub-

cycle distance algorithm. Since the time constant of the test 

signal and our preselected Ta in the short window algorithm 

match perfectly, it can be seen that the phasor magnitude 

estimated by the short window method does not contain any 

transient errors (oscillations), while the phasor magnitudes 

estimated by full cycle and half cycle Fourier contain 

significant transient errors. Besides accuracy, it can also be 

observed from Figure 1 that the short window method has the 

fastest response time, which reaches to the final value of the 

fault current at 6.25ms earlier than the full cycle DFT method 

and 1.56ms earlier than the half cycle DFT method. 

 

 
 

Figure 2. Test signal with X/R=15 (left), fundamental phasor 

magnitude estimated by short-window, full and half cycle Fourier 

respectively (right) 

 

  
Figure 3. Test signal with X/R=5 (left), fundamental phasor 

magnitude estimated by short-window, full and half cycle Fourier 

respectively (right) 

The test signals in Figure 2 and Figure 3 are at X/R=15 and 

X/R=5 respectively, which are quite far from the Ta value 

(0.0265s) that we preselected for the short window algorithm. 

However, it can be seen that the phasor magnitude estimated by 

the short window method still has the best accuracy and fastest 

response time compared to the full and the half cycle Fourier 

algorithms. 

III.  CVT TRANSIENTS AND MITIGATION METHODS 

Besides decaying DC in current signals, which has been 

accounted in the short window phasor estimation method 

described in section II.  CVT transients in voltage signals in 

conjunction with high SIRs (System Impedance Ratio) are 

another factor that can affect distance element performance 

significantly. 

A.  CVT Transients vs. CVT Type 

Capacitive Voltage Transformers (CVTs) are commonly used 

as the voltage signal sources for protective relays in HV and 

EHV systems. Compared to the conventional magnetic VTs, 

CVTs provide a cost-efficient way for relays to obtain the 

secondary voltages.  However, CVTs also create problems to 

protective relays. On occurrence of a fault on the line, when the 

primary voltage collapses, the CVT secondary voltage may not 

be able to follow its input primary voltage due to the dissipation 

of the energy that was stored in the stack capacitors and the 

tuning reactor, which could generate severe transients and can 

affect the performance of protective relays significantly. 

Based on the design of the ferro-resonance suppression circuit, 

CVTs can be divided into 2 categories, active type and passive 

type, the former consists of a resistor in series with a parallel 

LC branch which is tuned to nominal frequency and behaves as 

an open circuit at nominal frequency; the latter consists of a 

resistor and a nonlinear inductor which saturates if the voltage 

exceeds 150% of the nominal secondary voltage [3]. The 

transients generated from an active CVT are typically severer 

than that from a passive CVT and is generally more difficult to 

filter out since it is so close to the fundamental frequency, while 

the transients from a passive CVT is easier to filter out [5]. 

Figure 4 and Figure 5 below are 2 examples of transients 

generated from a passive CVT and an active CVT respectively 

via simulation. The protected line in the simulation was a short 

line of 13.36 km, with line impedance of Z1=0.75∠860 Ω 

secondary. AG fault at the same location was applied in both 
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situations (Figure 4 and Figure 5), which was at 80% of the line 

with SIR=30 when Va is at zero crossing. It can be seen that the 

CVT transients on the fault voltage is much severer in an active 

CVT than that in a passive CVT, especially in the first 2 cycles 

after the fault inception.  

 
Figure 4. Secondary voltage obtained from a passive CVT with 

SIR=30 

 

 
Figure 5. Secondary voltage obtained from an active CVT with 

SIR=30 

 

 

B.  CVT Transients vs. SIRs 

Besides CVT type, fault voltage magnitude level affects the 

severity of CVT transients as well, the smaller the fault voltage 

level, the severer the CVT transients. As the SIR increases, the 

fault voltage level decreases for a fault at a given location. At 

high SIR, the fault voltage at the reach point can drop to a very 

small value, which directly affects the distance element 

measurement accuracy. The CVT transients at SIR=10 is 

showed in Figure 6 and Figure 7 for the same fault showed 

earlier in Figure 4 and Figure 5 at SIR=30. It can be seen that the 

CVT transients at SIR 10 are much less severe than that at 

SIR_30.  

 

 
Figure 6. CVT transients at SIR=10 with passive CVT type 

 

 
Figure 7. CVT transients at SIR=10 with active CVT type 

 

In addition, voltage point on wave at when the fault occurs also 

makes a difference on the severity of the CVT transients. The 

most severe transients are generated when a fault occurs at the 

zero crossing of the primary voltage, and least severe when the 

primary voltage at the maximum wave point (+/- 90 degrees). 

To ensure the security of the sub-cycle distance algorithm, all 

possible point on wave conditions have been included during 

our testing. 

 

C.  Impact of CVT Transients to Distance Elements 

CVT transients can cause problems in distance element and 

severely affect its performance, in which transient overreach in 

underreach zones is one of the major issues. For faults located 

at the reach point, the impedance must be measured accurately 

in order to ensure the security of the distance element. With 

CVT transients, however, voltage phasor magnitudes cannot be 

estimated accurately, which can be over or under-estimated. As 

shown Figure 8, the phase A voltage magnitude for the same 

test case listed in Figure 5 is plotted here, it can be seen that 

after fault inception, phase A voltage magnitude is 

underestimated initially and then overestimated and then 

gradually approach to the actual value with both full cycle DFT 

and half cycle DFT methods. Underestimation of the voltage 

magnitude translates directly (assuming the current being 

measured accurately) into the negative error in the measured 

impedance — a fault would appear to be closer, and result in 

transient overreach in the underreach zone, where the relay 

would mis-operate for an external fault. 

 
Figure 8. Voltage magnitude estimated via full cycle and half cycle 

DFT for the same test case of Figure 5  

Note that CVT transients may affect the initial pickup of 

distance overreach zones (zone 2 and above), but since the CVT 

transient duration is short and the time delays associated with 

the distance overreach zones are much longer, the mis-
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operation on these overreach zones due to CVT transients won’t 

happen. 

D.  Mitigation Methods 

To overcome the transient overreach problem in underreach 

zones due to CVT transients, several methods have been used 

[4], including, 

• Reach reduction  

• Additional delay 

• Application of filtering to remove CVT transients 

• Combination of above methods based on certain logic, 

such as SIR detection, CVT transient detection, etc. 

Though above methods are all effective to avoid distance 

transient overreach, however, either protection dependability or 

operation speed, or both, are compromised with the application 

of these methods. Among them, filtering techniques to remove 

or reduce CVT transients have been commonly used by 

microprocessor relays. 

 
Figure 9. Voltage magnitude estimated via half-cycle DFT with and 

without prefiltering for active CVT at SIR=20 

Paper [3] introduced a method with application of prefiltering, 

in which CVT transients are effectively removed, however 

distance element operation speed is affected quite significantly. 

As shown in Figure 9 above, for a test case with active CVT at 

SIR=20,  the voltage magnitude via half cycle DFT with 

prefiltering is much more accurate than that without 

prefiltering, however, with the application of the filtering, it 

also introduced significant delays (10ms slower for this test 

case) for the voltage magnitude to approach to the actual value, 

and it’s impossible to achieve sub-cycle distance operation 

speed with such filtering. 

IV.  VOLTAGE AND CURRENT PHASORS THAT ARE USED IN THE 

SUB-CYCLE DISTANCE ALGORITHM 

Voltage and current phasors that are used in the sub-cycle 

distance algorithm are obtained through comprehensive signal 

processing, including application of different size of filtering, 

different size of short window phasors via the method described 

in section II, and the phasors that are calculated via standard 

Fourier method. More importantly, the final voltage and current 

phasors are obtained through the combinations of the above-

mentioned methods at different stages after fault inception. 

Note that the decaying DC component contained in the current 

signal has been effectively removed with the short window 

phasor estimation method because DC component was 

accounted in this method, and its impact to distance elements 

has been minimized. In this section, we will focus more on the 

voltage signals and how its impact to distance element due to 

CVT transients is mitigated. 

The signal processing in the sub-cycle distance algorithm for 

obtaining the final voltage and current phasors are shown in 

Figure 10 and Figure 11 below. 
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Figure 10. Phasor estimation in sub-cycle distance algorithm (1/2) 

 

V16

If n<=N+1

    V=V16; I=I16;
Else

    V=VS2; I =I64;

If n <= N+1

    V=VF6; I=IF6;
Else

    V=VS2; I=I64;

If n <= N/2

   V=VF6; I=IF6;
Elseif n>N/2 & n<=N+1

   V=VS1; I=IF6;
Elseif n>N+1 & n<=2*N+1

   V=VS1; I=I64 ;

Else 

    V=VS2; I=I64 ;
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Dis tance 
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Switch per 

CVT Type 

(setting)

V, I Phasors

I16

IF6

VF6
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Figure 11. Phasor estimation in sub-cycle distance algorithm (2/2) 

 

Where n is the protection pass count after arming, N is the total 

number of protection-passes in one cycle (8 in our 

implementation). V16, I16, V64 and I64 are voltage and current 

phasors estimated from the short window method (with window 

size W=16, and W=64 respectively) without prefiltering, VF6 

and IF6 are voltage and current phasors estimated via short 

window method (with window size W=6) after prefiltering by 

a16-tap FIR filter, and VUR is the voltage phasor that is 

calculated via half-cycle DFT after a 95-tap mimic filter 

filtering (same filtering as introduced in [3]), and α is the weight 

factor for averaging, and the arming logic will be discussed in 

next section.  

CVT Type showed in Figure 11 is a user setting to indicate what 

type of CVT (magnetic VT, active CVT or passive CVT) is used 

to obtain the secondary voltage to the relay for the line 

protection, which is the only setting required to run the sub-

cycle distance algorithm. 

The final voltage phasor magnitudes that are obtained per the 

signal process flow charts (Figure 10 and Figure 11) that are 

used for sub-cycle algorithm (herein after referred as sub-cycle 

phasor) are shown below with comparison to the phasor 

magnitude obtained through long window size mimic filter plus 

half-cycle DFT per [3], for the same test cases that were listed 

in Figure 4 and Figure 5 earlier. 
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Figure 12. Sub-cycle phasor magnitude and phasor magnitude via 

prefiltering per [3] for the same test case of Figure 4 

with passive CVT at SIR=30 

 

 
Figure 13. Sub-cycle phasor magnitude and phasor magnitude via 

prefiltering per [3] for the same test case of Figure 5 with active CVT 

at SIR=30 

From Figure 12 and Figure 13, it can be seen that the phasor 

magnitudes that are obtained for sub-cycle algorithm and the 

phasor magnitudes that are obtained via long window size 

prefiltering have the same or similar accuracy in terms of the 

underestimation of voltage magnitudes. However, sub-cycle 

phasor magnitudes approach to the voltage actual value much 

faster. For the 2 test cases we showed above, it’s 18.7ms earlier 

for passive CVT at SIR=30, and 8.25ms earlier for active CVT 

at SIR=30. Note that, as discussed earlier, CVT transients 

caused by an active CVT are difficult to be filtered out. In the 

sub-cycle distance algorithm, we also use weighted average 

with the phasors obtained from the long window size 

prefiltering to further mitigate the CVT transients for active 

CVT type applications, as a result, the response time for active 

CVT is significantly slower than that for passive CVT, 

especially at higher SIR. 

 The impedance trajectories for test case of Figure 5 based on the 

voltage phasors obtained by full cycle Fourie without 

prefiltering, and based on the voltage phasors obtained by half-

cycle DFT plus long window size prefiltering, and based on 

phasors obtained per sub-cycle signal processing (sub-cycle 

phasor) are shown in Figure 14, Figure 15 and Figure 16 

respectively, where decaying DC components in current signals 

have been filtered out either by the mimic filter or by the short 

window method with decaying DC accounted. 

It can be seen from Figure 14 that severe (67%) transient 

overreach would happen if the voltage phasors were obtained 

by full cycle Fourie without prefiltering.   

 

Figure 14. Impedance trajectory based on voltage phasors that are 

obtained by full cycle Fourie without prefiltering 

 
Figure 15. Impedance trajectory based on the voltage phasors 

obtained by half-cycle DFT plus long window size prefiltering 

 

 
Figure 16. Impedance trajectory based on the sub-cycle phasors 

 
In comparison， the severity of transient overreach has been 

greatly reduced in both voltage phasors obtained by half-cycle 

DFT plus long window size prefiltering and phasors obtained 

per sub-cycle signal processing charts (sub-cycle phasors). The 

transient overreach has been reduced from 67% (Figure 14) to 

16% (Figure 15 and Figure 16). However, this reduction is still 

not enough to make the transient overreach be less than 5%. 

Additional measures need to be taken to further reduce transient 

overreach as well as ensure security and selectivity of the 

distance protection algorithm. 
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A.  Tripping Count Strategy 

In [3], a double zone (inner and outer) solution has been 

implemented to reduce the underreach zone transient overreach 

further, in which the inner zone has its reach dynamically 

adjusted based on the voltage magnitude from 80% of the set 

reach for the SIR of 30, up to 95% for the SIR of 0.1, and outer 

zone has its reach fixed at 100% of the set reach. No extra delay 

is applied for inner zone, but some extra delay is applied for 

outer zone to prevent maloperation. 

In the sub-cycle distance algorithm, further improvements have 

been made, where the distance underreach zone is divided into 

several areas as shown in Figure 17 below, referred as tripping 

count strategy, the tripping decision will be made based on an 

accumulated count depending on where (in which divided 

areas) the impedance trajectory falls into. Depending on the 

impedance trajectory, different count increment is applied. If 

falling into the green area (lemon shape area or the small circle 

near origin), fast increment is applied; if falling into the yellow 

area (90% of the original Mho), medium increment is applied; 

if falling into the pink area-1 (at 10% inside of original Mho), 

slow increment is applied;  if in the pink area-2 (at 10% outside 

of the original Mho), negative slow count is applied; if outside 

the pink area and outside the circle near the origin, or directional 

element fails to pick up,  negative fast count is applied.  Also, 

the trip decision is supervised by other comparators, including 

directional, phase selection, OC, etc. 

Dir

 
Figure 17. Tripping count strategy 

 

Similar tripping count strategy is applied to quadrilateral 

characteristic. 

 

B.  Incremental Quantities-based Phase Selection 

 

To ensure selectivity and security of the sub-cycle distance 

algorithm, phase selection supervision is applied. Since the sub-

cycle distance algorithm only runs for very short time (3 

cycles), incremental quantities-based phase selection algorithm 

is a perfect solution, which can identify fault type correctly and 

quickly.  Also, if the fault is evolved into a different type during 

this 3-cycle window, new fault type shall be automatically 

recognized. In our design, incremental phase to phase current 

quantities (present phasor minus the phasor at 3 cycles before) 

have been used for this purpose. Based on the relations among 

three incremental phase to phase current quantities (∆IAB, ∆IBC, 

and ∆ICA), fault type can be identified as shown in the table 

below [6],  in which the magnitudes of the three phase-to-phase 

superimposed currents are compared against a threshold to 

determine the fault loop.  

 
 

V.  ARMING AND OVERALL PROTECTION LOGIC 

A.  Arming 

For implementation simplicity and efficiency, as well as for 

protection dependability, the sub-cycle distance algorithm only 

acts as an accelerator and a complement to the regular phasor-

based distance element. In our design, the sub-cycle distance 

algorithm runs only for 3 cycles after it is armed, and then exits 

itself. During this 3-cycle window, the sub-cycle algorithm runs 

in parallel with the existing regular phasor-based distance 

element as shown in Figure 18, each can independently activate 

the distance pickup operand.  

 

The regular phasor-based distance element always runs 

regardless of the status of the sub-cycle distance algorithm. 

With this manner, only speed and security are critical factors to 

the sub-cycle distance algorithm, but not the dependability 

because the regular phasor-based distance element can be relied 

on to clear the fault in case the sub-cycle distance algorithm 

fails to pick up. Even though there is no stringent requirement 

on dependability, however per our testing, the sub-cycle 

distance algorithm is also dependable.  For faults at 90% of 

reach or below with all the severe transient conditions, it 

operated 100%. 

 

Regular distance 
element

Disturbance 

detector 

(50DD)
Arming 

logic

Subcycle 

algorithm

OR

Current

Voltage

Pickup

 
Figure 18. Sub-cycle distance integration with regular distance 

element 

 
The arming logic of the sub-cycle distance algorithm is shown 
in Figure 19, which is armed through a fault detector 50DD as 
shown in Figure 20, where I_1, I_2, I_0 are positive, negative 
and zero sequency currents, and I_1’, I_2’, I_0’  are the positive, 
negative and zero sequency currents at 2 cycle before. 
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Figure 19. Sub-cycle distance algorithm arming logic 

 

 

 
Figure 20. Fault detector 50DD 

 
Once it is armed, the timer with 3 cycle dropout delay opens a 
3-cycle window to allow the sub-cycle algorithm to run. When 
this window expires, it can be armed again only after the system 
returns to “normal” and stays “normal” for 5 consecutive 
cycles.  
 
Such normal conditions are defined as: 

• Zero-sequence current is less than 0.2 pu 

• Negative-sequence current is less than 0.2 pu 

• Zero-sequence voltage is less than 0.2 pu 

• Negative-sequence voltage is less than 0.2 pu 

• Positive-sequence voltage is between 0.8 and 1.2 pu 

• Source frequency differs from tracking frequency by 

less than 0.5 Hz 

• Source frequency differs from nominal frequency by 

less than 5.5 Hz 

• No open pole condition exists 

• SIG_OK is validated for signal quality 

 

VI.  PERFORMANCE EVALUATIONS 

The sub-cycle distance algorithm was thoroughly tested, 

including playback testing of more than 5000 Comtrade cases, 

and 3rd party acceptance testing via RTDS dynamic simulation. 

A.  Playback Testing of Comtrade Cases 

More than 5000 Comtrade cases were generated through EMTP 

and Matlab simulations and saved as Comtrade format with the 

following variations: 

 

• VT Type (0,1,2,3,4)  

• SIR Values (0.1, 1.0, 10, 20, 30, 60) 

• Fault Type (AG, AB, ABC) 

• Fault Location (0%, 20%, 40%,60%, 70%, 80% 

90%,105% of reach) 

• POW (00, 300, 600, 900, 1200, 1500, 1800) 

 

Total number of test cases 5x6x3x8x7=5040 cases. 

 

Note that the fault location at 105% of reach is purposely used 

to check the transient overreach of the distance element, where 

the underreach zone must not operate at this location to ensure 

transient overreach won’t exceed the 5% limit. 5 different VTs 

were simulated and tested, including 1 magnetic VT type, 1 

active CVT type, and 3 different passive CVTs. 

 

The sub-cycle distance algorithm passed all the test with the 

playback of these Comtrade cases and stayed secure for fault 

location at 105% of reach. The operation time with different 

POW at these locations were averaged and plotted for phase 

distance and ground distance respectively. 

 

 

 
Figure 21. Phase distance operating time curves – Magnetic VT 

 

 

 
Figure 22. Phase distance operating time curves – passive CVT 
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Figure 23. Phase distance operating time curves – active CVT 

 

 

 
Figure 24. Ground distance operating time curves – Magnetic VT 

 

 

 
Figure 25. Ground distance operating time curves – passive CVT 

 

 

 
Figure 26.Ground distance operating time curves – active CVT 

 

From the operating time curves in above plots, it can be seen 

that the sub-cycle distance algorithm works well for magnetic 

VT and passive CVT, which operates in less than a power cycle 

for SIR up to 60. However, for active CVTs, the operating time 

is sub-cycle only at lower SIR (SIR<5). 

 

B.  Third Party Acceptance Test 
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Figure 27. RTDS Power System Model 

 

Besides the playback testing of the over 5000 Comtrade cases, 

third party acceptance test via RTDS dynamic simulation was 

also carried out to confirm the performance of the sub-cycle 

distance algorithm.  The RTDS power system model used for 

this testing is shown in Figure 27 above, in which several 

hundreds of cases were simulated and tested. 
 

It’s required that the relay trip in less than a power cycle for all 

the internal faults and stay secure for all external faults. Test 

cases included 4 fault types (AG, AB, ABG, ABC) and 2 POW 

(00, 900), with single line and double line configuration 

variations, and also involved CT saturation, current reversal, 

evolving faults, switch on to fault, frequency variations, 

application of different pilot schemes (POTT, PUTT, DCB). 

 

The relay with the sub-cycle distance accelerator algorithm 

passed all the test, which operated in less than a power cycle for 

all the internal faults tested and stayed secure for all external 

faults tested at various testing conditions mentioned above. 
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VII.  CONCLUSIONS 

The following points summarize the sub-cycle distance 

algorithm we presented in the paper: 

• In this paper, a short window-based phasor estimation 

algorithm with decaying DC accounted has been developed 

to achieve distance sub-cycle operation time, in which 

CVT type is the only setting needed to run this algorithm. 

• The sub-cycle distance algorithm only acts as an 

accelerator and a complement to the regular full cycle 

Fourier phasor-based distance element. In our design, the 

sub-cycle distance algorithm only runs for 3 cycles upon it 

is armed, and then exits itself. 

• During the 3-cycle arming window, the sub-cycle distance 

algorithm is ORed with the regular phasor-based distance 

element, therefore the dependability of the overall distance 

protection won’t be affected at all.  

• The short window phasor estimation method removed 

decaying DC and CVT transients effectively, also with 

additional filtering, averaging, switching, and tripping 

count strategy that are implemented in the sub-cycle 

distance algorithm, the overall distance protection is 

secure.  Based on testing, the underreach zone transient 

overreach is less than 5% for SIR up to 60 with either 

magnetic VTs or CVTs. 

• With the sub-cycle distance algorithm enabled, the average 

operating time is less than 1 power cycle for faults at 80% 

of reach or below at all SIRs tested (0 to 60) for magnetic 

VT and passive CVTs, and at SIR<5 for active CVTs. 

• Though there’s no stringent requirement to the sub-cycle 

distance algorithm in terms of dependability because of the 

OR-Gate used with the regular distance algorithm, the sub-

cycle distance algorithm itself is dependable as well. Based 

on testing, it operated 100% for faults at 90% of reach 

under very severe testing conditions, including very weak 

sources (SIR=60) with severe CVT transients and decaying 

DC. 
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