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Abstract— Distance elements are widely used on transmission,
subtransmission, and even distribution systems. Distance-based
schemes are also a very economical and simple approach to pro-
tecting these lines. The ease of use of distance elements, especially
in modern digital relays, has expanded the application to shorter
and shorter lines. In the past it was unlikely that a distance-based
scheme would be subject to CT saturation for remote fault or
faults near the Zone 1 reach point. For the most part, CT satura-
tion would occur for faults very near the relay terminal and the
CT saturation would have very little impact on distance relay
operation.

This paper studies the impact of CT saturation on distance-
based schemes. Saturation of the CT is evaluated for faults near
to the relay location and at the reach setting. The impact to reach
(underreach or overreach) and operating time are both evalu-
ated. In addition, the behavior of directional elements is also
studied. Recommendations are provided for CT sizing require-
ments.

I. REVIEW OF CT SATURATION

Numerous papers discuss the CT theory and saturation [1,
2]. Tt is not the intent of this paper to review all of these con-
cepts. However, (1) provides a criteria to avoid CT saturation:
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where:

Iy is the maximum fault current in per unit of CT rating

Zy,  is the CT burden in per unit of the standard burden

X/R is the X/R ratio of the fault current contribution.
Equation (1) can also be written in terms of the voltage

seen by the CT secondary circuit. The left side of (1) defines a

voltage rating per the ANSI standard. The same equation can

be applied to a CT that uses the IEC standard to determine the

voltage rating [3]. In this paper, (1) is arranged so we can de-

termine the maximum CT secondary burden allowed such that

the CT just begins to saturate. (2) is the result of arranging (1)

in terms of the voltage rating, secondary current, and system

X/R ratio to determine the maximum secondary burden.
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where:

I is the maximum secondary fault current

Zg,  is the CT burden in ohms secondary

X/R is the X/R ratio of the fault current contribution
Vi is the CT voltage rating.

We will use (2) as a starting point for establishing the CT
sizing criteria for use with distance relays.

II. DIGITAL FILTER RESPONSE TO CT SATURATION

Digital, or microprocessor-based, relays use various filters
to extract the fundamental frequency component of power
system waveforms. Analog low-pass filters remove high-
frequency components and prevent aliasing of high-frequency
signals. Digital filters extract the fundamental frequency com-
ponent of the voltage and current waveforms. The relays then
use these digitally filtered values as phasors in such elements
as distance, overcurrent, and over/undervoltage. Many papers
and publications provide details on digital filter response and
design [4, 5].

CT saturation causes severe waveform distortion of the
secondary current supplied to the protective relays. The CT
can saturate so severely that the secondary current is effec-
tively zero [6].

Fig. 1 shows a typical current waveform associated with
CT saturation. The CT used throughout this paper is a 2000/5,
C800, with winding resistance of 0.76 ohms.
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Fig. 1. Typical CT Saturation Waveform

The digital filter output resembles an ac waveform with a
decrease in the peak magnitude as the CT goes into saturation.
When the CT recovers from saturation, the peak magnitudes
of the current waveform return to normal. Saturation of the CT
also causes a phase shift between the unsaturated waveform
and the saturated waveform. The phase shift may result in
distance element underreach or overreach.

Fig. 2 shows saturated and unsaturated waveforms. Fig. 3
shows the saturated and unsaturated waveforms after digital
filtering. Fig. 4 shows the magnitude of the filtered waveforms
from Fig. 3. Finally, Fig. 5 shows the phase angle relationship
between the saturated and unsaturated waveforms using the
unsaturated waveform as a reference.
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Fig. 5. Phase Relationship of Current Waveforms

III. DISTANCE ELEMENT REVIEW

Distance relays operate by measuring the phase relation-
ship between an operating quantity and a polarizing quantity
[7]. The operating quantity, typically known as the line-drop-
compensated voltage, consists of the measured voltage, the
measured current, and the reach setting. One would typically
select a polarizing quantity that would be unaffected by a
fault; typical polarizing quantities for mho elements are posi-
tive-sequence voltage or unfaulted phase voltage. Equation (3)
shows the typical distance element operating equation. Fig. 6
shows the vector relationship.

P=Rer-z-1-V)-v;] 3)
where
P = Operating torque; positive is operate, negative is restrain
r = setreach
Z = replica line impedance
I = measured current
V = measured voltage

Vp = polarizing voltage
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Fig. 6. Mbho Element Derivation

Schweitzer and Roberts [7] proposed a novel approach in
which manipulation of (3) provides a scalar output represent-
ing the term “r.” This approach is computationally efficient, in
that only a single calculation is necessary per fault loop. The
distance element plots in the remainder of this paper use this
approach. Note that when measured impedance is less than the
threshold, the distance element operates. Fig. 7 shows an ex-
ample plot of a fault near the Zone 1 reach.
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Fig. 7. Example Impedance Plot

IV. DISTANCE ELEMENT EVALUATION

This section shows the impact of CT saturation on the dis-
tance element response. A two-source system is modeled us-
ing a Real-Time Digital Simulator (RTDS"). A CT model
provides secondary currents to the relay. The level of satura-
tion varies by changing the connected burden. The system
fault current level and X/R ratio remain constant.



Currents and voltages are applied from the RTDS to a
popular distance relay. The output of the relay is monitored at
various levels of saturation and at differing fault locations.
The distance relay uses a combination of high-speed and con-
ventional distance element algorithms [8].

Operation of the Zone 1 and Zone 2 elements are evalu-
ated. In the case of Zone 1, the element must operate high-
speed for close-in faults where CT saturation is likely to be the
most severe. In addition, the Zone 1 element must meet the
operating time specification provided by the manufacturer.
The Zone 2 element must also operate high-speed to ensure
high-speed pilot tripping. The Zone 2 element must also oper-
ate long enough to receive a permissive trip signal or time-out
a blocking scheme carrier coordination delay. Backup, or
time-delayed, tripping is not evaluated.

A. Reach

The Zone 1 element is set to 80 percent of the line imped-
ance. The Zone 2 element is set to 125 percent of the line im-
pedance. Faults are applied close-in to the relay location, at
70 percent of the Zone 1 reach setting and at the end of the
line (100 percent of the line impedance).

The output of the relay is monitored for each fault condi-
tion and location. The Zone 1 element must operate for the
close-in fault and the fault at 70 percent of the set Zone 1
reach. The operating time of the Zone 1 element at 70 percent
of the set reach must be 0.8-cycles or less as specified by the
manufacturer.

The Zone 2 element must also operate for the close-in fault.
The Zone 2 element must remain picked-up for a minimum of
2.0-cycles. The 2.0-cycles requirement is determined by as-
suming a 1.5-cycle channel delay, 0.25-cycle input processing,
and a 0.25-cycle margin for a typical permissive tripping
scheme. The minimum pick-up time for a blocking scheme
would typically be less.

The distance element response is plotted using a Mathcad®
model of the relay that simulates digital filtering and the algo-
rithm equations.

The maximum burden is calculated using a close-in fault.
The maximum fault current is 88 amps secondary with
X/R =10. The maximum burden from (2) is then 0.82 ohms.

Fig. 8 shows output for a fault at 100 percent of the line
impedance. The current transformer output is on the upper
trace and the lower trace is the output of the Zone 2 distance
element. The Zone 2 element operates within one-cycle and
stays picked-up for at least 2.0-cycles. The secondary burden
of the CT is set to 6 times the maximum burden as determined

by (2).
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Fig. 8. Secondary Current and Zone 2 Output

Fig. 9 shows the impedance plot of the mho distance ele-
ment for a fault at 100 percent of the line impedance. The
dash-dot line is the Zone 2 reach setting. You can see that the
measured impedance is initially less than the Zone 2 setting
and is equal to the line impedance. However, as the CT begins
to saturate, the measured impedance increases until it is
greater than the Zone 2 setting, which results in dropout of the
Zone 2 element.
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Fig. 9. Mho Element Plot

One option is to increase the Zone 2 reach setting. For ex-
ample, Fig. 10 shows a Zone 2 reach setting of 200 percent of
the line impedance. Extending the reach improves the distance
element performance, but it may not prevent dropout of the
distance element at higher levels of saturation. Fig. 11 shows
the CT output for a burden equal to seven times the maximum
burden. Fig. 12 shows the impedances plot with the reach set
to 200 percent of the line impedance. Although the element
operates correctly, you can see that the measured impedance
came close to exceeding the reach setting when the CT satu-
rated.
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Fig. 11. Current Plot for Zb Equal to Seven Times Maximum Burden
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Fig. 12. Impedance Plot for Zb Equal to Seven Times Maximum Burden

Fig. 8 through Fig. 12 show that the distance element
measurement is significantly impacted by the CT saturating.
When the CT saturates, the measured impedance increases. As
the CT recovers from saturation, the measured impedance
matches that of the unsaturated plot. Therefore, the distance
element appears to have a tendency to underreach, not
overreach.

B. Operating Time

The operating time of a distance element can be critical to
ensure high-speed tripping. When a CT saturates, it can delay
operation of the distance element and result in slower than
expected tripping times.

As in the previous example, the system is modeled using an
RTDS and faults are applied close-in to the relay and at
70 percent of the Zone 1 element reach setting. The burden on
the CT is increased until the operating time exceeds a speci-
fied value.

The design of the distance element plays a key role in how
the operating time is impacted by CT saturation. One design

[8], uses a combination of high-speed algorithms with conven-
tional measurement techniques. This design operates fast un-
der conditions of extreme CT saturation as the high-speed
element can, and does, operate before the CT saturates.

The operating time tests are done with faults at 70 percent
of the set reach. The operating time specified for a fault at
70 percent of the set reach is 0.8-cycles. Faults are also
applied close-in to the terminal to ensure correct and secure
Zone 1 operation.

Fig. 13 shows the CT output for the same burden as in the
previous example — six times the calculated maximum. As
the fault is close-in to the line terminal, the current magnitude
is much higher and the CT saturates more severely. The lower
trace in Fig. 13 is the output of the Zone 1 element. Even with
CT saturation, the Zone 1 element operates in much less than a
cycle and remains picked up for the duration of the fault.
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Fig. 13. CT Output and Zone 1 Operation

Fig. 14 shows the measured impedances for the high-speed
algorithm and the conventional algorithm. The high-speed
algorithm operates very quickly while the conventional algo-
rithm requires more time to respond. The conventional ele-
ment operates more than half-cycle after the high-speed ele-
ment. The benefit of having the high-speed element is clearly
illustrated in this example.
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Fig. 14. Measured Impedances for High-Speed and Conventional Elements

Fig. 15 and Fig. 16 show the results for a fault at 70 percent
of the set reach and CT burden set to six times the maximum.
The upper trace in Fig. 15 is the output of the CT. The lower
two traces are the high-speed and conventional distance ele-
ment outputs. As before, the high-speed element operates very
quickly; within the specified operating time of 0.8-cycles. The



conventional element operates slower, but remains picked-up
for a longer period of time. However, when the CT saturates,
the conventional element drops out as seen in the previous
examples for the Zone 2 element. But after the CT recovers,
the Zone 1 element operates again. Given that the Zone 1 ele-
ment is a direct tripping function with no intentional delay, the
dropout of the element is not a concern.
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Fig. 15. CT and Distance Element Outputs for Fault at 70 Percent of Reach

Fig. 16 shows the measured impedances for the high-speed
and conventional elements. As before, the high-speed element
responds very rapidly, but as the CT saturates, the measured
impedance increase beyond the Zone 1 setting.
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Fig. 16. Measured Impedances for Fault at 70 Percent of Reach

The high-speed distance element performs very well under
conditions of CT saturation. However, there are limits to the
level of saturation that can be tolerated and still provide high-
speed operation. Fig. 17 shows an example of extreme CT
saturation. In this case, the CT saturates very early in the first
half-cycle. Because the CT is saturating so rapidly, the high-
speed algorithm operates slowly; nearly 1.5-cycles.
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Fig. 17. Distance Element Response for Extreme Saturation
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V. DIRECTIONAL ELEMENT RESPONSE

Directional elements are key in supervising distance and
overcurrent elements. The directional element could operate
incorrectly under conditions of heavy saturation. However, [9]
shows that an impedance-based directional element method
proposed in [7] can provide very secure operation.

As many relays use conventional torque-based directional
elements, we are going to evaluate the operation of torque-
based directional elements and the impedance-based technique
shown in [7]. A torque-based element operates using the fol-
lowing formula:

T= ‘VP‘ ‘ |IO| : COS(L -V, - (<1, + MTA)) 4)

where:

V, is the polarizing voltage; typically V2 or VO

I, is the operate current; typically 12 or 10

MTA is the maximum torque angle of the directional element.

When T is positive, the fault is in the forward direction.
When T is negative, the fault is in the reverse direction.

Faults are applied directly in front of the relay location and
directly behind the relay location. In both cases, the burden
impedance is increased to a point where the directional ele-
ment does not make correct directional decision.

Fig. 18 shows the impedance-based directional element re-
sponse and Fig. 19 shows the torque-based element response.
The burden is increased to 12 times the maximum calculated
burden.

The directional element shown in Fig. 18 operates in the
forward direction when the measured negative-sequence im-
pedance is below the forward threshold (labeled Z2F) and
reversed when above the reverse threshold (labeled Z2R). The
directional element correctly indicated a forward fault. How-
ever, note that the calculated impedance comes very close to
the forward threshold shortly after the fault is initiated. If the
impedance moves above the Z2F line, the forward element
resets. The torques-based element operated reliably in that the
calculated torque is positive, indicating forward direction.
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Fig. 19. Torque-base Directional Element

One benefit of the impedance-based method is that it allows
compensation of the operating characteristic. Increasing the
directional element threshold allows us to improve the per-
formance of the directional element. The threshold can be
increased to a value equal to or slightly greater than the line
impedance as described in [7].

As with the distance element response, extreme CT satura-
tion can result in slower operating time of the directional ele-
ment. Fig. 20 shows the directional element response for a
fault with extreme saturation. The directional element makes
the correct directional decision, however, it is delayed.
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Fig. 20. Directional Element Response for Extreme CT Saturation
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VI. RECOMMENDATIONS

Ideally, the CT should be sized so that it would not saturate
for remote faults. However, in those cases where there are CT
sizing restrictions and it is likely the CT will saturate for line
faults, a distance element can still operate reliably. Considera-
tion should be given to the level at which CT saturation could
be experienced. Use the following criteria for specifying new
CTs or for determining the suitability of an existing CT:

(&)

where:

Ii¢ is the maximum secondary fault current

Zg, is the CT burden in ohms secondary

X/R is the X/R ratio of the fault current contribution
Vi s the CT voltage rating

The factor of six is selected to ensure high-speed Zone 2
operation at 100 percent of the line impedance with a Zone 2
setting of 125 percent of the line impedance. Correct opera-
tion of the Zone 2 element was the limiting factor in determin-
ing the CT sizing criteria.

Determine the maximum fault current contribution for
faults near or within the Zone 1 reach. These locations will
typically provide the highest level of fault current. If the con-
nected burden is less than the right-hand side of (5), then the
relay will operate correctly in terms of reach and operating
time.

The directional element can tolerate extreme levels of satu-
ration and remain secure. Using the same criteria as the dis-
tance element guarantees secure operation.

VII. CONCLUSIONS

1. CT saturation results in a reduction of the current magni-
tude and a phase shift in the current.

2. CT saturation results in distance element underreach and
slower operating time.

3. Use (5) to ensure that the CT is sized correctly for the
distance relay application. Check CT suitability at key lo-
cations, such as close-in faults or faults at the end of the
line.

4. Directional elements remain secure under conditions of
CT saturation. The same CT sizing criteria that applies to
the distance element also applies to the directional ele-
ment.
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