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SUMMARY

Current transformers when driven by high fault currents beyond
their "knee-point" flux can go into saturation even under symmetrical
fault conditions, resulting in greatly reduced and distorted secondary
output current. The relay performance is dependent upon the accurate
response from the current transformer and any distortion in the
secondary current following CT saturation can result in degraded
performance.,

The  paper reports the  experimental performance  of
instantaneous and inverse-time overcurrent relays at different levels of
CT saturation. The results for inverse overcurrent relays are used to
compare the tested inverse-time characteristics with the manufacturer's
standard inverse-time curves. The performance of differential relays
has also been checked both for stability for external faults and for
operation on in-zone faults. These results also indicate the degree of
mismatch between the output from a saturated CT and a non-saturated CT
that can be handled without malfunction.

Test equipment required to investigate the performance of
specific CT and relay combinations over a full range of conditions
requires a very high power test source. However, the paper demonstrates
the use of relatively small test sets to predict the practical
performance of most types of relays at the levels of saturation normally
expected.

The paper also discusses the use of BPA's EMTIP program to
predict CT performance and the output waveshape of saturated current
transformers. The paper presents performance data which will enable
relay engineers, not in the possession of suitable test gear, to allow
for CT saturation when choosing current transformer ratios and wnen
applying relay settings at high ratios of fault-to-load current.
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THE PERFORMANCE OF OVERCURRENT AND DIFFERENTIAL RELAYS
ON SATURATED CURRENT TRANSFORMERS

1.0 INTRODUCTION AND SCOPE

The study reported in this paper is an extension of previous
investigations in Canada by Englehardt and Avent [1] [2]. Those studies
had identified significant areas of risk of current transformer
saturation in small distribution and industrial substations fed by high
fault Tlevel systems. The relays nomally used in such Tlocations are
instantaneous and inverse time overcurrent relays and bus and
transformer differential relays. This 1investigation was therefore
limited to the above relay types. Tests were made on samples of those
types of relays, in the categories listed in Table 1, which are most
commonly applied by Canadian Utilities.

This paper discusses the results of the tests made on the
chosen sample relays using a medium power test system. This test system
was configured to demonstrate the practicability of using conventional
test equipment to drive current transformers into saturation.
Alternative methods of testing were also developed using small scale
test sets and using synthetically generated CT output waveforms. 1In the
latter case methods of generating the waveforms from theoretical CT
models and the use of amplified waveforms to test relays were studied.

2.0 RELAY PERFORMANCE

2.1 Test Results

The results of the investigation discussed below were obtained
from a number of tests made using a medium current test system. The
test methods used and the alternative test methods available are
discussed in Section 3.

2.2 Instantaneous Overcurrent Relays

Instantaneous overcurrent relays of the electro-mechanical
type respond to either the net mms or the average values of the CT
current dependent on type. Most static relays integrate and therefore
have similar characteristics. If the primary current of a resistively
loaded CT is increased above the current required to saturate the CT,
the secondary current waveform exhibits a loss of the trailing part of
these half cycles of current. This is due to the primary current being
expended in exciting the 1low reluctance of the <core following
saturation. However, theoretical and test results have confimed that
the net rms value of the secondary CT current per cycle will continue to
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rise and the average value will not fall. These results confim that,
for most practical levels of overcurrent, as long as saturation does not
occur until at or above the relay setting, the relay will operate
without significant change in operating time. The performance of two
typical relays is shown in figure 1.

Other tests of reasonably high speed relays have shown that,
where the primary current has a full dc offset, the relay also
operates. This is because, in the initial time to saturate, the energy
presented to the relay exceeds the unsaturated energy level. However,
if there is standing CT remanence which might prevent sufficient energy
being provided, the relay could fail to operate until the CT comes out
of saturation and the net input to the relay was again above the relay
setting. This would occur following the decay of the dc component.
However, in practice, it would be unusual for the level of overcurrent
to be such that the time-to-saturate is too short as to operate most
fast relays, even on full dc ofset.

2.3 Inverse -~ Time Overcurrent Relays

Eight different types of inverse-time overcurrent relays were
tested and typical results are shown in figures 2-4 where the various
relay inverse-time characteristics are plotted in comparison with the
individual relay standard curves. The results showed that electro-
mechanical overcurrent induction disk relays (figures 2 and 3) exhibited
a slowing of the operating characteristic with the relay leaving the
standard curve at about the primary current at which saturation
occurs (saturation point). The operating time of these relays generally
followed an rms value characteristic independently of the actual current
waveshape. The flattening of the relays normmal inverse-time curve is
mainly due to the fact that the rms value of a saturated CT output
waveform 1is lower than the unsaturated output, for the same input
current,

The performance of static analogue and of digital overcurrent
relays depends on the method used within the relay to measure the
operating current. Those relays that measure the energy in the current
were found to respond in a similar way to the induction disk elements
(figure 4). Those that use "peak measurement were more waveform
dependent and if the CT load is mainly resistive the relay is immune to
CT saturation up to the point where saturation occurs before the peak of
the current waveform. After this point, the relay performance is
proportional to the resultant peak value and its time/current curve
flattens out. If the CT load 1is reactive then earlier performance
degredation is found.
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2.4 - Differential and Differentially Connected Relays

The simplest form of differential connection, sometimes known
as a "rough balance" scheme, consists of a conventional short time
overcurrent relay connected at the summation of two or more sets of
CT's. For through fault stability, the two differential CT's must be
reasonably matched in class, ratio and burden, and any transient
saturation effects must not be above the relay setting for the operating
time of the relay. In tests a non-symmetrical CT burden in the ratio of
3:1 has resulted in incorrect relay operation. In this case the most
highly burdened CT saturates first and then the output of the second CT
is fed to the operate winding until the second CT saturates. When this
difference current has enough energy to operate the relay, a trip will
oCCuUre.

The performance of these differential relays on in-zone faults
is the same as conventionally connected 1inverse-time overcurrent
relays. The rms value of the current must be higher than the relay
setting, and saturation should not occur below the point where accurate
response is required. However, if the setting is below steady state
saturation, but the system has a long dc time constant, then a "worst
case" fault could prevent the relay operating until after the CT has
come out of saturation. This is because it is unlikely that a time
setting of less than the time-to-saturation can be applied while
maintaining through fault stability.

In the case of the biassed differential protection without
harmonic restraint, a small mismatch in CT performance 1is compensated
for, on external faults, by a through fault bias. Hence, although the
requirement for good CT balance still exists, it is relative to the
through fault current. The relays were found to malfunction on through
fault if unsymmetrical CT saturation occurs at low levels of through
fault. In-zone faults were found to be not a significant problem as
long as the rms value of the input current is above the relay setting,
this being similar to the instantaneous relay results.

The performance of harmmonic restraint biased differential
relays under CT saturation conditions is found to be very dependent on
the actual design of the harmonic restraint circuits (figures 5, 6 and
7). Tests have indicated a tendency for non-relay operation of relays
with simple "all harmonics” restraint circuits if the CT saturates at
Tow fault current for in-zone faults. Because a saturated CT output
waveshape exhibits high third hamonic, then, unless precautions have
been taken the harmonic restraint circuits will bias the relay on third
harmonic current. In contrast, if the restraint circuits are designed
not to bias on CT saturation, then the results indicated relay
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tendancy to operation on low level through fault if a CT saturates at
this level. To overcome these problems for simple relays, the CT rating
and burdens should be chosen so that saturation does not occur for
through faults and an instantaneous overcurrent relay, independent of
the harmonic filter circuit, can be used to cover high level in-zone
faults. In that case reliable operation will occur if saturation does
not occur until above the setting of the instantaneous relays. However
it was found that the more complex static relays are being designed to
overcome moderate levels of CT saturation both using complex hamonic
restraint characteristics and time to saturate logic.

3 TEST EQUIPMENT

The theoretically accurate test equipments required to
investigate, in detail, the limits of performance of specific CT and
relay combinations require very high power and are very expensive both
in capital and running costs. Part of this study was therefore to
identify simple test rigs which would be within the practical limits set
by the equipment available to most power utilities.

3.1 Medium Power Generator

The medium range current source developed for testing a
full-scale CT is the circuit breaker test set shown in Figures 8 and 9
supplying 3000 A at 2.5V to drive the CT to saturation from the primary
side. This test set is quite able to saturate practical, small ratio,
current transformers but has a tendancy for the primary output current
to drop as the CT load increases at saturation.

The rest of the circuitry consists of a measuring CT to step
down the primary current to within measurable values (0-100A), an
adjustable load resistor, and suitable measuring instruments. With this
equipment care must be taken to measure the prospective primary current
as the interaction of the saturating CT and the internal impedance of
the test set can severely distort the primary current. The results will
therefore tend to be pessimistic in secondary current peak magnitude.
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3.2 Low Power Generator

The test circuit shown in Figure 10 is designed to wuse
conventional relay test equipment and small size current transformers to
produce saturated CT waveshapes. One such unit comprised a 0-200 A
overcurrent relay test unit as the source, providing a test current of
about three times the rating of the relay. However high relay
impedances, particularly for electro-mechanical relays, require
increasingly high currents particularly during saturation. To employ
this test set-up more profitably, a low ratio (5:1 or less) CT is
recommended. In this way, the effects of the actual current
transformers are simulated and the power requirement of the source is
much reduced.

Another method of reducing the amount of energy required from
the test set is to shunt connect the CT as shown in the alternative
connection in Figure 10. This connection reduces the current required
to magnetize the CT while keeping the current output of the test set
more closely matched to the relay current. The connection of the
secondary of the transformer across the relay will, providing the test
set voltage is higher than the knee-point of the CT, saturate from the
secondary side at approximately the same voltage level as when fed from
the primary.

3.3 Synthetic Waveform Generator

As discussed in Section 4 the CT output waveforms can be
determined by modelling the system network on the digital computer and
the results stored. The computed output, which consists of a series of
digital segments of the fault current can, as shown in Figure 11, be fed
to the relay under test via D/A converters and amplifiers [7]. Analogue
models can also be used to generate the required CT test waveforms.

In the test set up used for this study two types of amplifiers
were used: the power amplifiers needed to boost the signals to
high-level currents which are then used to drive the relay, and the
difference amplifiers required to drive the feedback loop to stabilize
the relay current. In this particular case two power amplifiers were
connected in parallel to increase the power handling capability to a
maximum of 40A peak at 15 volts. This allowed static, instantaneous and
differential relays to be tested together with electromechanical inverse
time relays with specific current and burden limits. As test sets with
larger amplifiers are now becoming available a larger range of induction
disc relays will be able to be tested with this technique.
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4 CT PERFORMANCE MODELLING

The Bonneville Power Administration's (BPA) Electromagnetic
Transient Program (EMTP) offers one way of predicting the transient
performance of CT's on the digital computer.

The primary and secondary CT circuit model is shown in figure
12. A sinusoidal voltage source 1is assumed, and in the first few
iterations, the switch, s, is left opened to simulate the steady-state
current injected into the transmission network. The full dc offset
short-circuit current is described by the following equation [31[4]

~t
Im [Sin (wt +eC-Y ) - Sin (eC-p) e T ]

4]

i(t)

Em

where 1
" (wL)2 + R2

= L/R

= Ls v L1

tan =1 (x/p)

= Angle of voltage waveform at t = O

?‘K;tsf————i

and

The offset current is then obtained by closing the switch at the instant
of zero voltage.

The current transformer is fully modelled by its primary and
secondary winding resistances and reactances. The magnetizing branch
algorithm is represented as a piecewise linear Vyug - Ipems Character-

istic, which is the form in which the CT data is normally available. A
flux-mmf characteristic is, however, required for the calculation of
electromagnetic transients, and so the original CT curve is converted to
the desired form.

The CT secondary burden comprises the circuit loop resistance
and the relay burden. The Tatter can be purely resistive, or have some
inductance, and this can be varied to show its effect on CT saturation.

The secondary current waveform shown in figure 13b indicates
the effect of CT saturation with a resistive burden and depicts the loss
of the trailing part of the half cycles as obtained in measurements. An
inductive burden flattens the peaks of the secondary waveform (figure
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13c), whilst a low relay burden de-accentuates the CT saturation
effects, resulting in a less severe reduction of the output waveshape
(figure 13d). The X/R ratio determines the recovery period and a high
X/R ratio gives high primary time constant. The recovery time for
transient saturation therefore takes a relatively longer time (figure
13e). Finally, the design CT knee-point wvoltage 1is directly
proportional to the primary fault current, hence the higher the fault
current, the quicker the CT saturates as shown in figure 13f.

This model can thus be used to assess response of single CT's
and of CT's connected differentially or residually. This allows the
individual CT outputs be modelled and the unbalanced output between
CT's, assessed. The feeding of this output into a relay model, or via a
synthetic test system, as shown in Figure 10, allows relay response to
be predicted.

5 RELAY APPLICATION GUIDE

1. Test results indicate that a safe margin for fast
instantaneous overcurrent relays is to avoid steady state
saturation for up to 2 times the instantaneous relay
setting, up to the CT overcurrent factors nomally found
in service. The risk of failure on high current with or
without dc offset will be wminimal if this ratio of
saturation to setting is maintained. For systems with
long time constants, sealing in of the instantaneous
relay could ensure that trip output will occur if the
relay should reset when the current becomes fully
saturated.

2. The relay performance will start to be degraded, in con-
ventional relays, once saturation starts. For accurate
relay co-ordination, saturation should not be allowed up
to a level where good accuracy is required. Beyond the
saturation point, the operating time should be considered
not to drop with increasing current, and longer fault
clearance time should be allowed for in the co-ordination
plan. If, however, 1in an instantaneous/inverse-time
combination, saturation occurs above the instantaneous
setting, then relay performance, on short dc time
constant systems, will be as opredicted from the
co-ordination curves.



Page 8

3. For most differential schemes, saturation should not
occur for through faults. This is equally applicable to
transient saturation due to dc offset if the system time
constant approaches the operating time of the relay.
This can be alleviated for biased relays if saturation
does not occur at the low levels of through current bias.

High Tlevels of saturation can be allowed if the CT
circuits are balanced so that all CT's saturate
identically. This is difficult to achieve in practice,
even in generator protection, The effects of CT
saturation can also be reduced by using interposing
transformers in the CT connections.

The major problem with differential relays is to ensure
that any harmonic restraint circuits do not restrain
operation for in-zone faults. This has been found to be
a risk in relays with a simple harmonic restraint system
which may restrain on the 3rd hammonic generated by a
saturated CT. Such relays should not be used with CT's
that saturate before the operating time of the relay. In
such cases an unrestrained instantaneous overcurrent
relay can be applied for in-zone fault protection and the
recommendation for instantaneous relays would apply.
This would allow saturation at about twice the setting of
the high set element.

6 CONCLUSIONS

The main conclusions are that all relays are affected to a
greater or lesser extent by CT saturation, and that saturation should
not occur during the time period when the relay is required to respond
accurately. Beyond this point, there is a range of operation where
relay function is adequate providing the response characteristics are
known. The limit of operational acceptability is when a relay fails to
;espond to an in-zone fault or operates incorrectly on an external

ault.

Only the most commonly used relays have been investigated.
Special cases will require individual investigation, and it is likely
that acceptable performance can be achieved at higher levels of
saturation, particularly with the new generation of relays. This needs
further investigation, and it is hoped that this work will eventually
lead to the setting of both International and Domestic Standards to
define the performance interface between CT's and relays which should
produce the most efficient overall designs.
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Developments are proceeding in synthetic test sets where
waveform control can be used to simulate saturation. The general
availability of such devices, in combination with the waveshape
prediction capability of computer programs such as EMIP, will make
application relay testing in this area possible.
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TYPE

CONSTRUCTION

CHARACTERISTICS

1.

Instantaneous
overcurrent relay

1. Electro-Mechanical

1‘

rms integrating
elements

. Average-value

integrating
elements

2. Solid-state

Static medium
operating speed

. Static high

operating speed

2.

Inverse-time
overcurrent relay

1. Electro-Mechanical

. Induction-disk

2. Solid-state

Analogue (R-C
Network) time-
current

. Digital time-

current

3.

Differential
relay

1. Electro-Mechanical

.- Low-impedance

bus
differential

Harmonic
restraint
transformer
differential

2. Solid-state

Harmonic
restraint
transformer
differential

RELAY GENERIC TYPES

TABLE 1
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CT SATURATION

AND 160 TIMES SETTING

TRIPPING CONTACT TRACE

(b)

SATURATED RELAY CURRENT
WAVEFORM AT 16 TIMES

CT SATURATION

AND 20 TIMES SETTING

FIG. 1: OSCILLOGRAPH RECORDS OF INSTANTANEOUS OVERCURRENT RELAYS

a} ELECTROMECHANICAL TYPE
b} SOLID-STATE TYPE
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FIG. 5: OSCILLOGRAPH RECORDS OF A HARMONIC RESTRAINT
DIFFERENTIAL RELAY, IN-ZONKE TEST
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_F._‘__G.l__l?_:.. S!MULﬁT | ON RESULTS: d} CT SATURATION wiTH RELAY BURDEN

DECREASED FROM .5 ohm TO 0.5 obm

a) PRIMARY d.c. EXPONENTIAL

CURRENT TRAMSIERNT e) CT SATURATION WITH X/R RATIC
B} CT SATURATION WITH RESISTIVE BURDER INCREASED FROM 3 TO 10
¢} CT SATURATION WITH (HDUCTIVE BURDEN £] 6T SATURATION WITH PRIMARY FAULT

CURRENT IMCREASED FROM 20780A T0 311704



