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Transformer differential relays make the comparison, in
phase and magnitude, of the current entering one winding
of the power transformer, with the current leaving the
transformer via the other winding(s). Any difference in
current resulting from this comparison passes through the
operating winding of the differential relay. When the current
difference reaches a predetermined level, relay operation
occurs, initiating the tripping of the associated circuit-
breakers. The basic principle is shown in figure 1.

l 3t

Restraint Windings

()

()
-/

O

/

Operate Winding

Figure 1 — Percentage restrained differential transformer protection

This comparison is complicated by six factors:

*

the ratios of the current transformers which connect
the protection to the primary system may not match
each other

there may be a phase shift between the power
transformer primary and secondary windings

the power transformer may have a tap changer on one
of its windings

the current transformers can saturate under through
fault conditions, giving an effective ratio error

when a power transformer is energized, inrush current
flows for a short time into the energized winding with
no corresponding flow in the other windings

overfluxing of the transformer can give rise to exciting
current flowing in only one winding

These problems are addressed by:
* providing the protection with percentage restraint

*

correct interconnection of the ct’s on the power
transformer inputs and outputs

*

incorporating auxiliary current fransformers into
schemes

* providing some means of detecting the transformer
inrush and overfluxed conditions

It is the means of detecting the inrush condition that is the
weakest aspect of the design of most transformer
differential relays. Traditionally relays have been stabilized
against inrush by using the second (and other) harmonic
content of the inrush waveform to apply extra restraint
during transformer inrush. This has the disadvantage,
however, of causing the relay to become very slow on some
internal faults.

When a wye connected power transformer with a low level
pre-existing fauit on one phase is energized, inrush currents
from the unfaulted phases will flow into the relay on the
faulted phase because of the delta connected ct's. The
second harmonic content of this inrush can restrain the
relay. Very long operating times also result when a dc offset
in the fault waveform causes the line ct’s to saturate. The
saturation induces high levels of second harmonics into the
ct secondary current.



TRANSFORMER INRUSH CURRENTS

Under steady state, unloaded, conditions the power
transformer draws exciting current sufficient to produce the
flux level in the core that will produce a back-emf which
exactly opposes the applied voltage. The magnitude of the
exciting current depends on the permeability of the iron
core. The working flux density is about 1.6 teslas (1 tesla =
10,000 gauss) and is produced by an exciting current of
less than 1% of the full load rated current. If the flux level is
increased, however, the iron will saturate and this demands
a much greater exciting current to produce the flux.
Saturation occurs at about 2 teslas in modern transformers.
An example of a core magnetization characteristic is shown
in figure 2.

inrush current flows into a transformer winding as a result of
transient saturation of the core when the winding is
energized. This occurs because the iron core can be left in
a magnetized condition when the transformer is de-
energized.

The exciting current lags the applied voltage by almost 90°
but when load current is also present, the total current
flowing is the vector sum of the exciting current and the
load. The load current can have a phase relationship to the
output voltage over a very wide range, so that when the
transformer is de-energised, although the load current will
be broken at or near a current zero, the exciting current
component of this could be at a current maximum. This
would leave a remnant flux in the power transformer core
near the peak working flux, perhaps as high as 1.3 teslas.

Re-energization of the transformer at a voltage zero will
cause substantial saturation if the remnant flux is in the
right direction. The inductance of the transformer core
during saturation will be the air-cored value, about 0.15
henry, with a time constant of about 100ms.

Figure 3a shows the steady state relationship between the
applied voltage and the exciting current and figure 3b
shows the associated flux in the core. In figure 3c the
remanent flux is at a maximum and the flux level present if
the transformer is energized at a positive-going voltage zero
is shown. The flux will rise so as to generate the required
back-emf, but when the core enters the saturated region,
the current needed to generate this flux rapidly increases as
the permeability of the magnetic circuit approaches that of
air. This continues until the flux level falls, later on in the
cycle, to a value below the saturation level and the exciting
current then falls to the lower vaiue. By using the
magnetizing characteristic shown in figure 3d, the amount
of exciting current required to produce the flux can be
found.

This figure is, of course, a simplified case. Saturation does
not occur suddenly but takes place gradually. The
simplification used can be considered to be a worst-case.
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Figure 2 — Magnetizing characteristic for a typical power transformer core
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Figure 3 — Relationship between the applied voltage, exciting current and magnetic core flux
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Figure 4 — Maximum period of each cycle for which inrush current can flow.

Figure 4 shows how the maximum proportion of each cycle
for which inrush current flows, can be determined. If the
remnant flux is Br, the peak working flux is Bm and the
saturation flux for a particular steel is Bs, then when the
circuit is closed at a voltage zero, the equation of the flux
will initially be: '

flux = —Bm coswt +Bm + Br

The core will go into saturation when the flux = Bs and this
point will be determined by:

Bs = —Bm coswt + Bm + Br

thus coswt = Bm + Br— Bs = cos 6
Bm

Angle 8 is the initial saturation angle

From this, the maximum proportion of each cycle for which
inrush current flows, can be found as follows.

In half a cycle, the core is unsaturated for 6 degrees
therefore in half a cycle, the core is saturated for
180 — 6 = @ degrees.

g = 180-9
cos @ = cos(180 —0)
cos (180 — 6) = cos180 x cos6 + sin180 x sind
= ~C0s0 + 0

cos @ = —cosf
and @ = arc cos {—cos 6)
@ = arccos {Bs—-Bm~—Br)
Bm

Therefore,

The total angle of inrush per cycle = 2 x @

This assumes that the inrush starts suddenly at saturation
and thus is pessimistic.

Substituting the figures for the fluxes given on page two,

2xQ@=2xarccos (2—1.6-1.4)=257° or 0.72 cycle.
1.6

The decrement in the waveform will reduce this, a
decrement having an initial time constant of 100ms,
decreasing the period to 255 degrees or 0.71 cycle.

Thus the inrush current will flow for a maximum of 0.71 of a
cycle: during 0.29 of a cycle, the current flow will be the
normal value of exciting current.

The foregoing has assumed that the power transformer
core has maximum remanence. How can this occur?

It must be remembered that if the power transformer is de-
energized when the magnetic flux and hence the exciting
current are at a maximum value, the remanence will be a
maximum. The load is usually disconnected before the
transformer primary winding is de-energized. If however, a
transformer is feeding a load with a power factor near unity
and the feeder supplying the transformer is faulted, the fault
current will be interrupted near a zero crossing. As the
exciting current is almost in quadrature with the load
current, it will be interrupted at a peak value, giving |
maximum remnant flux in that limb of the transformer core.

Figure 5 shows a computer simulation of the inrush
waveform with a superimposed decrement.

In practice the waveforms are more complex than this,
because of the mutual interaction effect between phases.
The flux,in the core of a three phase transformer is a
product of the effects of all three phases and in a wye delta
transfoymer or a transformer with a delta tertiary winding,
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Figure 5 — Computer simulation of the inrush current with a decrement
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Figure 6 — Three limb wye-delta power transformer with remnant flux in Phases A and C

the current circulating in the delta contributes to the current
in all phases. The waveform is not necessarily the
unidirectional type previously discussed, but frequently has
both positive and negative loops. A detailed discussion on
this is outside the scope of this paper, so only an
elementary treatment is given.

Figure 6 shows a three limb wye-delta transformer with
remnant flux in opposite directions in phases A and C.

In order to understand the inrush waveform in phase B, we
must use basic electromagnetic theory. The excitation
current in phase B will depend upon the magnetic
reluctance of the magnetic circuit of which it is a part. When
the outer limbs of the core are not saturated, the exciting

current in phase B will be small, because magnetic flux will
be easily produced in the highly permeable material. When
either of the outer limbs approaches saturation because of
the combination of the remnant flux and the direction of the
exciting current in that phase, the effective reluctance of the
magnetic circuit seen by phase B will increase as the
permeability starts to fall.

When both outer limbs are in saturation, the reluctance of
the circuit seen by the center limb will rise to a maximum
and thus the exciting current in phase B will also rise. In
figure 7, the three flux traces are shown 120° apart and the
periods of inrush for phases A and C are shown. It is during
these periods that core saturation is occurring and hence
inrush current will flow in phase B as shown in the diagram.
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The presence of the circulating current in the delta winding
complicates the phenomenon but the basic principle
remains. The relay current is further modified by the delta
connection of the ct’s on the wye side of the power
transformer.

Figure 8 shows the inrush waveforms taken from a typical
345/23.7 kV wye-delta power transformer with a 645 MVA
rating. The currents are-flowing in the relay circuit on the
345 kV side and come from delta connected ct's. The time
constant of this inrush is about 10 seconds, This shows how
bi-directional waveforms can be produced.

2
HARMONIC ANALYSISBF INRUSH WAVEFORMS

The inrush current in phase C shown in figure 8 is the
unidirectional waveform that was shown in computer
simulation in figure 5 and the width of the base varies with
the degree of saturation as was shown previously. A Fourier
analysis on these waveforms reveals the following
composition:

Harmonic content %

Waveform base (degrees)

From the table it can be seen that sufficient second
harmonic is probably present to restrain a harmenic
restrained relay for most conditions although with more
severe inrush the ratio of second harmonic to fundamental
does fall below the 15% setting used on some relays. This
indicates that relays that rely on harmonic restraint will mis-
operate sometimes, on inrush.

The presence of the bi-directional waveform does
substantially increase the proportion of second harmonic,
this proportion in phase B in figure 7, being over 60%. A
technique is sometimes used in which the total second
harmonic content in all phases is used as an overall
restraint. This has the severe limitation however, of
preventing clearance of incipient faults for several hundred
milliseconds.

HARMONIC ANALYSIS OF FAULT WAVEFORMS

During internal faults, the saturation of the line ct's will also
produce comparable values of second harmonics.

The harmonic analysis of a fully offset wave shows the
presence of almost no second harmonic. Thus if there is no
line ct saturation, the second harmonic content is negligible.

260° | 250° | 240° | 230° | 220° | 210° . . . : " :
However, if a typical transformer installation is considered,
Fundamental 48 | 48 | 47 | 47 46 | 45 the effect of the dc offset on the line ct for an internal fault is
Second harmonic 5 65| 8 10 11 13 substantial.
Third harmomc. 3.5 4 4 4 4 3.4 The example here is the computer simulation of an
Fourth harmonic 1.5 1 1 02| 06 1.6 instaliation with a power transformer of 100MVA,
Fifth harmonic 0.1] 0.4] 1 13] 1.5, 17 345/13.8KV and with a 400/5A ¢t having a 240V knee point.
DC 38 |37 |3 |34 |33 |3 The ct secondary resistance is 0.28 ohm and the lead and
Ratio: second harmonic  10% [13.5%| 17% | 21% | 24% | 29% relay burden is 0.35 ohm. The primary X/R is 27.
fundamental
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Figure 9 — Computer simulation of line ct saturation on an internal transformer fault.
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Figure 9 shows a computer simulation of the secondary
current waveform for a fault at maximum offset and value of
8.25 times rated current (3300 A) with ct remanence of
50%.

Harmonic analysis of this on a cycle by cycle basis shows:

Cycle 1 |Cycle 2 {Cycle 3 |Cycle 4
Fundamental 60.8 32.5 40 46
Second harmonic 12.7 12.8 12 11
Third harmonic 8.8 5.25 6 5.6
Fourth harmonic 5.6 2.9 2.3 2.4
Fifth harmonic 1.75 1.5 2 1.5
DC 221 1.2 1 1.23
Ratio: second harmonic 21% 39% 30% 24%

fundamental

A typical harmonically restrained relay has a harmonic
setting of about 15%, that is, the relay is restrained as long
as the proportion of second harmonic to fundamental is
higher than 0.15. After 4 cycles, the proportion of second
harmonic, relative to the fundamental present, still exceeds
the proportion which can be present in inrush; the saturation
of the line ct has produced a signal which will restrain the
relay.

The conditions chosen in this example are not extreme. The
ct application is taken from a practical case and although a
condition of maximum offset has been assumed, a remnant
flux level of only 50% has been considered. A fault could
occur under better or worse circumstances than have been
described.

The use of an instantaneous element would not necessarily
be of value either, because its setting must be above the
level of peak inrush and the magnitude of the fault current
seen by the relay, especially when the ct saturates, can be
less than this. The relay will have an operating time of well
over 300ms under some conditions.
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Figure 10 — Block diagram of the relay.
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DESIGN OF A NEW RELAY

Modern electronics provides a practical solution to these
problems.

The inrush wave is always distinguished from a fault wave
by the period in each cycle during which normal exciting
current flows, when the core is not in saturation (figures 5
and 7).

It is this characteristic that can be used to prevent a
percentage restrained relay from operating during inrush
without affecting its performance during internal faults.

Figure 10 is a block diagram of a relay that will be
insensitive to inrush and yet have an operating time of
between 12 and 25 ms for most internal faults. Figures 11
and 12 illustrate the principle of operation.

The relay has three current inputs. Two are in series with
the instrument ct’s and develop the restraint signal which is
the mean scalar value of the currents from each instrument
ct. The third is in the differential circuit and detects the
vector sum of the instrument ¢t secondary currents. The
differential signal is fed to a level detector which also has
an input from the restraint signal. Here the relay setting is

Internal Fault
Differential Level Inhibit Tm‘\e.[" 1 Inhibit Tlmeg 2 Tnp
Restraint | Detector =745 o=y
Differential threshold
Input
Level Detector inhibit timer 1
Qutput
inhibit iMer 2 = e ecc e e ce e e e e =
Ti .
imer 1 running —-l ) A
reset
trip e
Timer 2 running /
reset
Figure 11 — Operation for an internal fault
Transformer Inrush
Differential =— Level Inhibit Time1r 1 linhibit Time1r 2 Trip
Restraint =  Detector =57 to=f
Differential
Input threshold «ofecccleamco o fea oo ae
Level detector inhibit timer 1 1
Output 0 | l I I
inhibit timer2 __ _________ e,
reset
L4 o PN
Timer 2 running __/L__/l___
reset

Figure 12 — Restraint under inrush conditions.
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determined and the percentage restraint characteristic is
generated. The output of this level detector is connected to
two timers, T1 and T2. It is these timers that identify the
difference between fault current and inrush.

Timer 1 has a delay of a quarter of a cycle and timer 2 has
a delay of one cycle. When there is no differential current,
the output of the differential level detector is low and this
allows timer 1 to time out and its output prevents timer 2
from operating. Timer 2 is thus held reset.

When the differential current is above the threshold level of
the differential level detector, its output resets timer 1
instantaneously and this allows timer 2 to start to time out. If
the comparator has operated on fault current, timer 1 will
not time out because there will be no gaps greater than a
quarter of a cycle in the current waveform.

Timer 2 will therefore time out and the relay output contacts
will close. This is shown in figure 11. However, during
inrush, the characteristic gap of more than a quarter of a
cycle will be present in each cycle of differential current and
although timer 2 will start to time out, every time a gap
appears in the current waveform, timer 1 will time out
preventing timer 2 from operating. This is shown in

figure 12.

However, the performance of the relay can be improved
beyond this. The problem with a traditional instantaneous
element is that it must be set higher than the value of the
unidirectional inrush current.

If a solid state instantaneous element is used however, as
shown in figure 10, it can be given two operating criteria.
One criterion is that the differential current must exceed a
threshold value and the second is that the current must

contain both positive and negative loops which are above
the threshold as shown in figure 13. The setting of this
element can then be made just higher than the maximum
value of the bi-directional inrush current, typically 3.5 times
rated current. This element will not operate on uni-
directional inrush, which can be as much as 10 times rated
current and will not operate on bi-directional inrush because
it is not big enough. Under through fault conditions the
restraint signal increases its setting to cope with ct
saturation and for internal faults, operation can take place in
less than three quarters of a cycle, including the operating
time of the output element. A composite time-current curve
is shown in figure 14.
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Figure 14 — Composite time — current characteristic.
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CONCLUSION

Harmonically restrained transformer protection has been
used effectively for many years. However, the use of
harmonic restraint will not always guarantee immunity o
mal-operation on inrush. Even techniques, such as using
the third harmonic as an operate quantity to overcome
excessively long operating times, when ct saturation occurs
on internal faults, are only a compromise.

Modern electronics, however, allows techniques to be used
to overcome all of these disadvantages, providing a relay
which is stable on the severest inrush and yet will give very
fast operation for internal faults. Since its introduction about
6,000 of these units have been successfully put into service
world-wide.
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