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DIFFERENTIAL RELAYS

INTRODUCTION

Within the past year or so a number of papers have been written regarding the general subject
of power transformer protection by means of harmonic restraint differential relays, These papers
have raised questions in the minds of many Protection Engineers regarding the adequacy of the har-
maonic restraint characteristics of existing relays for the protection of modern power transformers.
It is the purpose of this paper to first provide a brief history of the development of this type of pro-
tection within General Electric; second to define the basic problems of transformer magnetizing
inrush and overexcitation, and last to cutline the harmonic restraint characteristics of the BDD and
STD relays so that users will be better informed with respect to the expected performance of these
relays.

SUMMARY

Because the harmonic content of transformer exciting eurrents (during conditions of over-
voltage) and inrush currents cannot generally be predicted accurately, and because every high speed
harmonic restraint transformer differential relay responds not enly to the harmonic content of the
applied current but also to its wave shape, it is not possible to predict by calculation the perfor-
mance of such relays during these abnormal conditions. Thus, field experience offers the best means
for selecting a proper relay. The over 35,000 BDD and STD relays shipped by General Electric dur-
ing the past 10 years have provided excellent field service. This is very likely the result of a design
that provides for harmonic restraint from all harmaonics, and produces a transient behavior that adds
to the security against false tripping on inrush, In general, reducing the percentage of second har-
manic required to restrain a relay or adding harmonics from all three phases to restrain each phase
will make a relay more secure against false tripping on inrush. However, this will also tend to delay
tripping significantly in the event of a transformer fault at the time it is being energized. Thus,
these approaches should be used only where all else fails.



HISTORY

In 1838 the General Electric Co. announced, in the October issue of Relaying the News, a har-
maonic restraint relay for transformer differential protection. This was the type HDD relay which
was indicated to be suitable for protection of two and three winding power transformers. These
HDD relays wera single-phase devices that operated on fundamental frequency and restrained an all
harmonics. They were provided with a slope selection of 15, 25 and 40 percent and a direct trip in-
stantaneous unit. The relays were intended to restrain on 35 percent second harmonic, Because at
that time second harmaonics were difficult to obtain in test, and third harmonics fairly easy via iron
core reactors, the relays were actually adjusted in the factory to restrain an 25 percent third har-
menic. The harmenic restraint characteristics of these relays were such that with this third har-
manic adjustment they would restrain on 35 percent second harmonic. In 1953 the HODD relays
were replaced by the type BDD15A and 1684 relays. This was done to reduce the relay size and the
burden by substituting a small sensitive Sigma sensing relay for the cumbersome double coil, double
throw hinged armature sensing unit of the HDD. Mo characteristic changes were intended or made.

In 1956 the BDD15A and 16A relays were replaced by the BDD 158 and 168 relays. These
new devices operated on exactly the same principles as the relays they superceded except that the
harmaonic restraint was now adjusted with second harmanic {rather than third) to restrain at 20 per-
cent (rather than 35 percent]. These changes were motivated by two events that occurred at that
time. First, reliable high current germanium dicdes became available which made it easy to obtain
contralled amounts of second harmanic currents for testing the BDD relay. Second, cold-ralled
grain-oriented electrical steels were then beginning to be universally employed in power transfor-
mers and it was believed that inrush currents would contain lower harmaonic content 5o that the 20
percent second harmonic restraint figure would be mare suitable,

Since 1956 until the present, the BDD15B and 168 have been included in the General Electric
Co. offering of electromechanical relays for differential protection of power transformers, During
this period, BDD relays with additional restraint circuits have been made available until today relays
with as many as 7 restraint circuits are in service.




In 1968 the STD15B and 168 relays were added to the product line. These are static devices
that operate on the same principle 25 the BOD but employ solid statie circuitry to replace the Sigma
relay. That is, they restrain on all harmonics and operate on fundamental frequency. As is the case
of the BOD, the STD relays are factory adjusted to restrain on 20 percent second harmonic content,
STD relays with as many as 10 restraint circuits have been developed, While the BDD relays are
still available, it is expected that the STD will eventually make them obsolete. This would eliminate
the need for the Sigma relay (The sensing unit in the BDD) which is somewhat difficult to adjust,

In late 1975 the original STD158 and 168 relays were superceded by a new line of STD15C
and 16C relays. This was done to reduce the dropout delay, and to improve the overall reliability by
printed circuit card component part rearranaement and increased surge filtering. Alse, the immunity
to radio frequency interference (RFI1) was increased. Mo changes were made to the basic operating
principles such as percent harmonic restraint, slope, pickup, ete.

Within the last 10 years, General Electric has shipped over 35,000 BDD and STD relays for
differential protection of power transformers of all ratings and connections.

GENERAL OPERATING PRINCIPLES

The BDD and STD transformer differential relays are single-phase devices so that three relays
are required 10 protect three-phase transformer banks, Like most other multiple restraint differen-
tial relays, the STD & BOD devices utilize a number {depending on the application) of separate re-
straint circuits plus one operating circuit. The circuits of these relays are arranged in such a way (see
figure 1) that during load and external fault conditions, the phasor sum of all the currents entering
the restraint circuits is equal to the phasor sum of all the currents leaving so that no (or essentially
nao} current flows in the operating circuit of the relays. In the case of the STD & BOD relays, the
currents flowing in these restraint circuits add together to restrain the relay from operating.

When a fault occurs in the transfarmer bank being protected, this balance of restraint currents
is upset and some current (depending on the severity of the fault) will flow in the operating circuit
of at least one of the three phase relays. The relay will operate to trip if the ratio of operating cur-
rent to restraint currents exceeds the slope setting (15, 25 or 40 percent) and if the magnitude of
the operating current is greater than the basic sensitivity of the re!av' {approximately 30 oercent of



The description so far generally applies to all, or most all, multi-restraint percentage differen-

tial relays. The harmonic restraint feature of the STD and EDD relays, as in the case of most other
harmenic restraint relays, is obtained in the operating circuit by filters that separate the fundamen-
tal and harmonic components of the differential operating current, In all harmonic restraint trans-
former differential relays marketed in the United States today, the fundsmental component of cur-
rent is always used to produce operation and the second harmonic is always used to produce (har-
monic) restraint, However, the remaining harmonics are used in different ways in different relays. In
the case of the 5TD and BOD relays all the remaining harmonics are used to restrain the relay from
operating. Thus, in these General Electric relays, operation is produced by the fundamental quan-
tity of the differential [operating) current while restraint is produced by all the harmanies in the
differential current, This harmonic restraint is added to the restraint developed in the through re-
straint circuits. The sum total of these restraints is then balanced against the operating quantity de-
veloped by the fundamental component of current flowing in the operating circuit.

{It should be noted that General Electric has produced a very small number of STD and BDD
relays that operate on fundamental frequency only and restrain only on second harmonic. These
relays are applied on a limited basis to protect transformers thet supply silicon controlled rectifier
loads where high odd harmonic content may exist, These relays are not intended to be a part of
this discussion].

In addit'rl.::n to the percentage differential and harmonic restraint characteristics of the STD and
BOD relays, a simple instantaneous overcurrent unit is included in the operating circuit of each
relay, This unit is set with a rather high pickup {about B times tap value) and operates on the RMS
magnitude of the total current (harmaonics and all) flowing in the differential operating circuit. It
provides for extra high speed -pm':m:l,inn in the event of severe faults in the protected zone.

OVEREXCITATION AND MAGNETIZING INRUSH
~
In general, except for the distorting effects of current transformer saturation, which over the
years apparently have not introduced any problems with harmanic restraint relays, internal fault
currents, external fault currents and load currents supplied to relays are comprised of essentially
fundamental frequency compenents. Thus, the harmenie restraint circuits have had little affect on
the fault protection afforded by thess devices. The user concern that has developed recently relates



to the ability of harmenic restraint transformer differential relays 1o restrain successfully under two
different circumstances. First, when the protected transformer is suddenly energized by a switch or

circuit breaker in the process of restoring it to service, magnetizing inrush currents to the transfor-
fmer hank result. These inrush currents appear to the protective relays as differential currents of high
magnitude and distorted wave shape. Also, when a transformer bank already in service {loaded or
unloaded) is subjected to overvoltage, the magnitude of the exciting current taken by the bank can
increase several fold, Here again, these currents contain harmonics and appear to the ralays as diffe-
rential or operating currents. The quastions being raised relate to the ability of the existing harmo-
nic restraint relays to successfully cope with these situations in modern power transfarmers.

Magnetizing Inrush

Figure 2 illustrates a two winding grounded wye-delta transformer, the current transformers
associated with the differential protection, and the circuit breakers on both sides of tha bank. It
will be noted that the current transfarmers on the delta side of the bank are connected in wye while
those on the wye side are connected in delta. In any case, regardless of which side of the bank is en-
ergized first, current will flow only in the leads to the windings (primary or secondary) that are en-
ergized.

For example, in Figure 2, if circuit breaker 1 is suddenly closed {while circuit breaker 2 is left
open) there ﬁill be current flow in the leads supplying the wye winding but no current in the leads
1o the delta winding. 1f on the other hand, circuit breaker 2 were to be closed {with circuit breaker
1 left open) the converse would be true. In this latter case, current would flow only in the wye con-
nected current transformers through restraint circuit 2 and the operating circuit of the relay. In the
former case, current would flow only in the delta con nected current transformers, through restraint
cireuit 1 and the operating circuit of the relay. In both cases, the magnetizing inrush currents to the
power transfarmer, and hence the currents flowing in the operating circuits of the relays, will be re-
latively high in magnitude and will contain harmonics as well as fundamental frequencies. The mag-
nitudes of thg;e‘ inrush currents will generally be sufficient to operate sensitive differential relays if
the harmonic content does not produce sufficient restraint to overcome this operating tendency. It
is obvious that whether or not a harmenically restrained transformer differential relay will trip un-
desirably as a result of inrush currents when the associated power transformer is suddenly energized,



depends on the wave shapes of these currents, the current transformers connections and the charac-

teristics of the relay.

From the above discussion it appears that in order to successfully predict the performance of a
harmonic restraint transformer differential protection scheme under these conditions, one must first
establizh the harmonic content of the inrush current in all three phases of the transformer, Next
these power transformer currents must be converted to relay currents taking the associated current
transfarmer connections, and any possible saturation effects into consideration. Finally, the steady
state and transient characteristics of the transformer differential relay must be taken into considera-
tion and the overall performance determined analy tically.

It is obvious that to do this is impractical at best and probably impossible, A General Electric
paper A Dissertation on Power Transformer Excitation and Inrush Characteristics™ by Berdy,
Kaufman and Winick was presented to the Georgia Institute of Technology Protective Relay Confer-
ence in May 1976. Among other things, that paper provides the necessary background discussion to
conclude that it is not possible to accurately predict by caloulation the harmonic content in the in-,
rush current to three-phase power banks,

It is apparent that the lower the percent harmonics required to restrain a relay, the more se-
cure it will be against-false operations during inrush conditions, Unfortunately, reducing the percent
harmonics required to restrain a relay makes it less likely to operate, particularly if a fault were to
be present during energization of the transformer. Well then, how does one select a relay that has
the optimum characteristics for transformer protection? In the opinion of the authors, one must usa
a combination of engineering judgement plus experience to assure a good selection. Subsequent sec-
tions of this paper provide steady state and transient test data relating to the harmonic restraint
characteristics of the General Electric 5TD and BOD relays which it is hoped will provide some
assistance to the Relay Application Engineer in this regard.

'

Overexcitation

In addition to preventing misoperation of a transformer differential relay on transfermer in-
rush currents, harmonic restraint can help to prevent undesired tripping during short time overval-
taoe conditions that produce large exciting currents in a transformer bank. Such overvoltages



{at rated frequency) can occur when an unloaded transformer is “hanging” on the end of a long rad-

ial line, or in the case of unit type generator installations, the associated main and auxiliary power
banks may be subjected to significant overveltages for short periods of time in the event of load re-
jection. When such conditions exist, exciting currents with magnitudes greater than relay pick-up
values can sometime result, These exciting currents will flow in the differential lor operating) cir-
cuits of the differential relays. |f the harmenic content of these currents is not sufficient to restrain
the relays, a false trip will result. The Berdy, Kaufman, Winick paper mentioned earlier also discuss-
s transformer overexcitation and concludes that the pereent harmonics in the exciting current, in
addition to the magnitude of the applied voltage, depends on
a) The design of the transformer
bl The type of steel used in the core
¢} The phase of the transfarmer under consideration
(The exciting currents in all three phases of a three-phasa
transformer bank are not the same.)
It is nat possible to predict with any accuracy the harmonic content of this current as a fune-
tion of the magnitude of the applied voltage. i

In any case, exciting current harmenics are overwhelmingly odd (as against even) and the mag:
nitudes decrease as the order of harmonic increases. Because of the power transformer connections
and/or the assaciated current transformer connections, zero sequence harmonics (3rd, 9th, etc.) are
for the most part excluded from the differential relays. Thus, with standard transformer differential
connections, if a relay is to accommedate significant overexcitation it must do so by restraining on
the 5th, 7th, 11th, etc. harmonic components of the exciting current. Because there is no way to
generalize regarding the harmonic content in exciting current, this author knows of no way to estab-
lish the percent harmonie restraint required to prevent false tripping when a given transformer is sig-
nificantly overexcited except by full scale testing at the applied voltages under consideration. How-
gver, it is obvious that the differential relay should restrain on at least one of these odd non zero-
sequence harmonics if it is to have any security during significant transformer overexcitation.



BDD AND STD HARMONIC RESTRAINT CHARACTERISTICS

The following information relates to the performance of General Electric BDD and STD relays
during inrush and overexcitation cenditions, This infarmation, along with past experience, should
aid the user 1o determine whether or not these relays will meet his needs, The key to the perfor-
mance of these relays is in the harmenic restraint characteristics of the operating or differential cir-
cuits, Figures 3 and 4 illustrate these portions of the STD and BDD relays respectively. A perusal of
these two figures will indicate that they are the same except for tha circuits where the operating and
restraining quantities are compared to each other. In the case of the STD relay, a three input solid
state summing amplifier with level detector is used. In the summing amplifier the weighted instan-
taneous magnitudes of the through and harmonic restraint inputs are summed against the instantan-
eous magnitude of the operating circuit input. During the instants in each cycle that the operate
quantity is greater than the sum of the two restraint quantities by an amount that exceeds the level
detectar setting, an output from the selid state circuitry is directed to the coil of the trip output
relay. This relay integrates these pulses and closes its contacts to produce a trip output if the pulses

are of sufficient duration,

In the BDD relay the arrangement is similar except that in this relay the instantaneous magni-
tudes of the through and harmonic restraint quantities are added and fed to the restraining coil of
the Sigma relay. The operate guantity is fed to the operating coil. The Sigma relay has a very quick
response and it will operate to close its contact when the operate quantity exceeds the restraint
quantity even momentarily. The cutputs from the Sigma relay are integrated by the trip relay which
provides a trip cutput when the input pulses to it are of sufficient duration.

While the diagrams of Figures 3 and 4 illustrate only one through restraint circuit, there are at
least two and as many as ten such circuits in the STD and BDD relays.

The pick-up calibration of these relays is attained by passing the desired pick-up level of funda-
mental component of current through one restraint circuit and the differential (or operating) circuit
s illustrated in Figures 3 and 4, Resistor R1 is then adjusted to that point where the relay just op-
erates to produce a trip output.



The tlope characteristic is adjusted by a passing fundamental frequency currents into one re-
straint circuit and out one other (nat shown in Figures 3 and 4] with sufficient difference in the
magnitudes such that the differential current represents the desired percentage (slope] of the lower
of the two through restraint circuit currents. Resistor R3 is adjusted to cause the relay to just re-
strain for this condition. Mote that this adjustment of R3 will have some slight affect on the pick-up

setting so that R1 may have to be readjusted to chtain the desired pick-up level.

Finally the percent second harmenic current that will restrain the relay is adjusted by means of
resistor B2, Both the BOD and STD type relays are adjustad in the factory to restrain when the
second harmonic current into the relay is 20 percent of the fundamental component. This is ac-
complished by feeding into the § ampere tap of the relay an ac component of current with a magni-
tude of 5 amperes RMS plus a half wave DC component with a magnitude of 4 amperes average.
The test wave shapes are illustrated in Figure 5. Mote that the harmonic content of the combined
currents is 20 percent second harmanic, 4 percent fourth harmonic plus additional even F armonics
none of which exceeds two percent. No odd harmonics are present. This total test current is applied
to the STD and BDD relays so that it flows into the terminal indicated in Figures 3 and 4 as ljp. 1t
leaves the relay via the terminal designated as lgjgs. The total current flows in one through-restraint
circuit and in the differential circuit of the relay.

There are two filter arrangements in the differential circuit and they are both tuned to power
frequen-m,- {60 hertz in the United States). However, one of these is connected in parallel resonance
so that it presents a high impedance to the fundamental components and low impedance to the har-
monics. The n:,her is connected in series resonance so that it presents a low impedance to the funda-
mental and high ampedanca ta the harmenics. Thus, the fundamental component of the differential
or operating current will flow in the series resonant (operate) circuit where it will be rectified and
forced through resistor R1. All the harmonic components of the differential current will flow
through the parallel resonant {restraint) circuit where they are rectified and forced through resistor
R2.

The total current entering the relay (fundamental plus harmonics) flows in the through re-
straint circuit where it is rectified and forced through resistor R3. It should be noted that in an act-
ual relay there will be at least two through restraint circuits and possibly as many as ten. All of
these restraint currents supply rectified current to R3 in such a way as to add to the |R drop in that
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resistor. However, in the calibration of the harmenic restraint characteristics of the STD and BDD
relays only one through restraint circuit is used as illustrated in Figures 3 and 4,

As noted above, the relays are calibrated to restrain on 20 percent second harmonic by means
of the combination of the two inputs illustrated in Figure 5. It will be recognized by referring to
Figures 3 and 4 that the harmonic restraint and the operating filter eireuits of the STD & BDD
relays receive currents from the secondary side of the differential current transformer. Under cer-
tain conditions this secondary current will be different from the actual input current 1o the relay.
Thus, the relay itself can alter the input wave shape to some degree and it is the harmonic content
in this altered wave shape that provides the restraint. This will be true to varying degrees in all har-
maonic restraint relays so that the harmonic content in the calibration wave shape is just a bench-
mark which in itself does not define the harmonic restraint characteristics of the relay for all input
wave shapes.

Inrush currents to large power transformers have wave shapes that are generally significantly
different fram the wave shape used to calibrate the relay. Also, the input currents to the differential
relays can be altered by saturation in the main current transformairs. For these reasons attempts to
relate calculated harmonic content in transformer inrush currents to relay performance will general-
Iy prove fruitless.

An examp:le of this is illustrated in Figure & which shows one single pulse of a wave shape that
is characteristic of transformer inrush currents, Note that a repetitive chain (one per cycle) of such
pulses was fed into the STD & BDD relays in the manner illustrated in Figures 3 and 4 after the
relays had been calibrated, as described previously, to restrain on 20 percent second harmonic. The
second harmonic content of a repetitive wave of this wave shape increases as the base of the current
duration diminishes relative to the total cycle. The wave illustrated in Figure G had a base just nar-
row enough to cause the STD relay to restrain, A harmonic analysis of this wave yielded the follow-
img results:




TABLE | — STD RELAYS

FREQUEMNCY MAGNITUDE IN %
OF FUNDAMENTAL

Fundamental 100
2nd 13.0
3rd 7.8
4th 3.3
Eth 03

A wave with a slightly narrower base {not illustrated) was required to just restrain the BDD

relay. The harmonic content of this wave is given in the following table:

TABLE Il — BDD RELAYS

FREQUEMNCY MAGMNITUDE IN %
OF FUNDAMENTAL

Fundamental 100
2nd 17.1
3rd B.6
4th 1.7
Bth 1.7

Thus, though calibrated with the test wave shape to restrain on 20 percent second harmonic,
the STD and BOD relays will restrain on 13 and 17 percent secand hammonic respectively when sub-
jected to wave shapes similar to those obtained during inrush conditions. On the other hand, the
relays do not alter the shape of the ac component of the offset sine waves that are fed into them
during fault conditions, This is illustrated in Figure 7 where Figure 7{al is a completely and contin-

wously offset wave that was fed into the relay as in Figures 3 and 4. Figure 7(b) is a picture of the
e sk eneandary side of the differential current transformer. It will be noted that
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this current is symmetrical and completely sinusoidal & near as can be established from appearances.
Thus, these relays would not be expected to generate any harmonics during faults in the transfor-
mer bank that produce offset currents.

From the above described test results it is apparant that, when calibrated in the normal manner
to restrain on 20 percent second harmonic, the STD relays will be somewhat more secure against
false tripping on transformer inrush currents than the BDD relays, Also the BDD relays will be some-
what mare secure than would be expected fram the second harmonic content in the calibration
wave shape,

Other tests performed on both the STD and BOD relays after they were calibrated to restrain
at 20 percent second harmonic restraint with a test current as in Figure 5, was to apply a mixture
{imstantaneous sum) of two sine waves, The first a “pure” 60 hertz sine wave with an AMS magni-
tude of about tap value. The other signal was a sine wave harmanic of the fundamental but not
phase locked so that the phese angle between the two could be changed. The object of this test was
to establish the RMS magnitude of the sine wave harmenic, in percent of the sine wave fundamental
that would be required to restrain the relays from tripping and to ascertain whether phase angle
difference was a factor. Tables 111 and IV below illustrate the results of these tests for the STD and
BDD relays respectively.

It is an interesting phenomenan {while not illustrated hera) that the response of the ralays was
found to be somewhat dependent on the phase angle between the harmonic and the fundamental
current inputs. The data shown in Tables |11 and I'V indicate the maximum percentage of harmonic
current required to just restrain the relays. At different phase angles, somewhat lower harmonic
content would produce the same restraint. Here again is another indication that the wave shape of
the input current (particularly in the case of the BDD relay) has an affect on the relay performance
regardless of harmonic content.
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TABLE 11l — STD RELAY

HARMONIC PERCENT

21
21
20
20
‘20
20
20
19
19
18

-
- 0 O m o~ @ B WA

TAELE IV — BDD RELAY

HARMONIC PERCENT

24
23
22
22
2
21
21
21
21
20

oMb Wk

-
- O 0 m~

Other tests were performed where sine wave fundamental plus two different sine wave harmo-
nibc currents were added together on an instantaneous basis and fed into the relays. The results of
these tests indicate that the relays tend to restrain on the larger of the two harmonics rather than
their sum although there was some summing effect.
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As discussed earlier in this paper, exciting currents in power transformers contain significant
harmonics, Because of power bank and current transfarmer connections, the prevalent harmonics
seen by the differential relays during power transformer overexcitation (overveltage at fundamental
frequency) are the Gth, 7th and 11th. Tables |1l and IV indicate that the STD and BDD relays pro-
vide substantial restraint at these frequencies when tested with sine wave inputs. While it is not poss-
ible to predict the exact harmonic content in exciting current waveshapes that is required to pro-
duce restraint, it Is also not possible to prediet the harmonic content in the power transformer ex-
citing current that will be supplied to the relay. Thus, the only way to be certain of the perfor-
mance of any harmonic restraint relay under conditions of pewar transformer overvoltage is by full
scale testing of the specific transformer and relay type under consideration, In any case, the STD

and BDD relays which restrain on all harmonics will permit significant power transformer overaxci-

tation without tripping.
TRANSIENT BEHAVIOR

The transient behavior of any high speed relay is of great importance and transformer differen-
tial relays are no exception. Such relays are generally required to perform properly immeadiataly
follawing a system disturbance such as a fault, or as in the case of harmonic restraint transformer

differential relays, immediately following the energization of the protected transformer bank.,

By virtue of their design, the STD and BOD relays wend to restrain on any initial transient re-
gardless of the frequency. The reason Tor this may be observed from Figure 3 or 4. It will be noted
that the differential current transformer secondary winding supplies the harmonic restraint and op-
erate circuits in parallel. Thus, on a steady state basis, the secondary current divides such that the
fundamental component will flow in the (60 hertz) series resonant operate circuit while the harmo-
nics will flow in the {60 hertz) parallel resonant harmonic restraint circuit. However, when a current
is suddenly applied to the input terminals of these relays, the initial distribution between the wo
circuits is significantly different from the steady state condition. The reasons for this are inherent in
the transient characteristics of the two filter circuits.

The operate circuit filter, being series resonant, utilizes and inductor in series with a capacitar.
When a voltage is suddenly applied across this series gircuit, current tends 1o be slow to build up be-
cause of the electrical incriia in the saries inductance. This is true regardless of the wave shape of
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the current and so it leads to a somewhat delayed operate signal to the Sigma relay in the BDD or to
the summing amplifier in the STD. On the other hand, in the parallel resonant harmonic restraint
circult, the inductor and capacitor are connected in parallel. Any signal instantly applied across this
combination will result in a rush of current through the low inertia capacitor and so produce an im-
mediate harmonic restraint signal to the sensing units of the relays.

To illustrate this phenomenon, the perfarmance of an STD relay was tested under fault and
fault plus inrush conditions, While the BDD was not checked in this way, similar performance is ex-
pected because similar filter circuits are employed. The first test was intended to represent a three-
phase internal fault near the terminals of a transformer. Three resistors were connected in wye as in-
dicated in Figure 8. The resistors were sized so that when the circuit breaker was suddenly closed
the B0 hertz “fault” current to the STD relay was about 1.6 times tap value. Note that this current
was flowing in the differential circuit and only one through restraint circuit of the relay. Figure 9 is
an oscillogram of the three inputs to the summing amplifier (See Figure 3), the input to the trip
relay coil circuit, and the trip contact position taken in the STD as the breaker was closed.

The bottom trace on Figure 9 is the operate signal. This is nothing more than the voltage drop
across A1 produced by the rectified current through the series resonant operate cireuit. It is the
upper input to the summing amplifier card in Figure 3. The next trace up is the through restraint
signal as developed across A3 and applied to the lower input to the summing amplifier card. The
third trace up is the harmonic restraint voltage produced across R2 and applied to the center input
an the same eard. 1t should be noted that the two restraint signals enter the card with negative pola-
rity while the operate signal does so with positive pelarity. An output from the card results when
the weighted instantaneous sum of the input quantities is positive and above the calibration of the
level detector.

Figure 9 indicates that the relay tripped for this simulated three-phase fault condition in about
& half cycles, or 2.5 cyeles, after the fault inception. The interesting aspect of this test is not the op-
erating time but rather the traces of the harmonic restraint and operate inputs to the summing amp-
lifier. Daspite the fact that the input current to the relay contained pure sine wave power frequency,
the harmonic restraint circuit produced an initial large magnitude input to restrain while the operate
circuit input to the card built up with some slight delay. It actually took about 1.5 cycles for the



16

initial transient effects to decay to the point where the summing amplifier card produced an output
to the trip owtput relay which in turn produced a trip output about 1 cycle later. While this trans-
ient restraining action tends to delay the operation of the relay slightly (depending on fault magni-
tude) during fault conditions, it adds significantly to the security of the relay during transfaormer in-
rush conditions,

It is interesting to note that had the STD and BDD relays been designed to restrain on second
harmonic enly and operate on all other frequency currents including the fundamental, the operate
circuit would have had to be arranged for parallel resonance and lh_r._- harmeonic restraint circuit for
series resonance. This arrangement would have produced initial transient aperate outputs du ring
fault as well as inrush conditions. Such an arrangement by itself may ha-;e_res'Tted im a slightly
faster relay but surely a less secure one,

A second test was arranged a5 per Figure 10. Three single-phase (5 KV A) dry type transformers
were connectad grounded wye-delta in the laboratary, A circuit breaker was installed in series with
the wye connected windings so that the bank could be energized from that side. One single-phase
STD relay was connected in the standard way to receive delta currents from current transformers on
the wye side of the bank. Because the delta side on the bank was not loaded, no current transfor-
mers were employed on that side and no connections were made to the relay. To simulate an inter-
nal fault in one phase of the transformer at the instant the bank was energized, the primary winding
of the phase A transformer was disconnected and a resistor R was substituted in its place. The resis-
tor was sized to produce fault currents in the order of about 1.6 times pick-up of the relay.

This arrangement was used to measure the response of the relay when the circuit breaker was
closed to suddenly energize the bank with a fault in the wye winding of one phase of the bank as
simulated by resistor A connected across phase A. Note that for these conditions there would not
be any current flow in the leads to the delta winding so that the connections to the relay represent
actual conditions for this type of test, With these connections, wye side currents [l - 1) would
flow in the relay through the differential eircuit and out via one through restraint circuit, Figure 11
is an oscillogram of the operate and restraint quantities as well as the trip cutput circuits.



17

It will be noted that tripping occurred about 9 half cyeles, or 4.5 cyeles, after tha inception of
the fault. Here again the harmonic restraint circuit output built up to a large value immediately
while the operating circuit output built up in about one half cycle, The card output first appeared
temporarily after about 2.5 cycles and the trip contacts closed in about 4.5 eycles (as noted earlier).

What is of great interest here, is the fact that although a significant fault was present, harmonic
restraint persisted for a prolonged period of time and apparently delayed the relay from tripping.
This delay is not aresult of the transient behavier of the relay. It occurs because the phase B inrush
current containg the normal significant second harmonic and the relay, because of current transfor-
mers connections, responds to (1 - 1) which contains fault components as well as inrush exciting
components of current. The relay tripped when the harmonic content of the inrush current in phase
B decayed to a value where its harmonic content was too low compared to the total fundamental

component in (I - Iyl to further restrain the relay.

There are two important points to be made here

1. A relay adjusted to restrain on a lower harmonic content would have delayed tripping for a
longer period of time. Also, restraining each phase of the relay from a summation of the
harmonics present in all three phases would also have delayed tripping for a still longer per-
iod of time,

2. The transformer bank used in this test was small and the supply system was not very stiff.
For these reasons the inrush to the good phases of the bank diminished rapidly. In the case
of a full sized power transformer bank connected to a stiff system, the inrush current and
the accompanying harmonics can persist for significantly longer times, Under these condi-
tions, tripping could be delayed for extensive periods. Reducing the percentage of harmo-
nics required to restrain the relay, or adding harmonics from all three phases to restrain
each phase, can only further delay tripping under these conditions,
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APPEMDIX 1
Unfortunately hysteresis loops and magnetization (§ - H) curves are not always plotted to the same
units, While this peper uses webers per square meter for flux density () and ampere turns per meter for
magnetizing force (H) this is not universally used. For this reason the following conversions are

provided,
Flux Density ()
1.0 Webers/m2 - 64.5 Kilolines/in2
1.0 Webers/m2 = 10.0 Kilogauss
1.0 Webers/in? = 15,500 Kilogauss
1.0 Webers/in? . 109 Kilolines/in2

1.0 Webers/em< B64.5 x 104 Kilolines/in2
1.0 Webers/cm?2 - 10% Kilogauss

Magnetizing Force {H)
1 Ampere turn/meter - 0.0254 Ampere tum/inch
1 Ampere turn/meter = 1.257 gilberts/meter
1 Ampere turn/meter = 0.01257 Oersteds

1 Ampere turn/cm - 2.54 Ampere turnfinch
1 Ampere turn/cm = 125.7 gilberts/meter
1 Ampere turn/cm = 1.257 Qersteds

1 Ampere turn/inch - 39.4 Ampere turn/meter



APPENDIX II
The following calculations illustrate a method for estimating the second harmonic content in the
magnetizing inrush current to a grounded wye-grounded wye bank comprised of three single-phase
transformers. These calculations are based on the assumptions outlined below. Different assumptions
would result in different answers.

Assumptions

1. The current transformers associated with the bank are connected in dalta.

2, On energization, all three poles of the circuit breaker or switch will close and conduct simul-
taneously.

3. The residual flux density () in phase A is -0.50 per unit of the peak operating flux density (f)
taken as 1.0 per unit.

4.  The residual flux density in phases B and C are 0.40 and 0.10 per unit respectively of the peak op-
erating flux density.

5. The saturation flux density (85) is 1.15 per unit of the peak operating flux density (B ) taken as
1.0 per unit.

6. The phase B pole of the breaker closes at that instant in time when the phase B voltage is zero and
is increasing in the direction to add to the residwal flux in that phase.

Determination of Inrush Currents
Equation {14} in the main body of this paper

i= %[ﬂr - s * B [Cmﬂ-Cas{mH-H]]]

describes the time barying flux resulting from a suddenly applied sine wave voltage to a single phase un-
loaded transformer having a residual flux density equal to 8.

If a bank of three single-phase transformers is considered to be suddenly energized by a balanced
three phase voltage supply, the above equation must be rewritten for each phase,

Phase B

- % 'ﬁ, -Ps+ B (Cos B - Cos [ wi + 8y, | 1] {11
Phasc

i = % ,ﬁr - By * By (Cos g - Cos [wt +E¢II] (I1-2)
Phase A -

o= % _ﬂr.ﬂifﬁm (Cos aa-cm[muaajl] (11-3)
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For the condition of all three poles of the breaker closing simultaneously at the instant in time
when phase B voltage is zero and increasing in the positive direction

fp = 0 degrees
8 = -120degrees
ffy = 240 degrees

Mote that for another initiation angle other values would be used for 8, 8, and 8¢, For example, if the
breaker is closed when the phase A voltage is at its positive peak then

83 = 90 degrees
By = - 30degrees
e = 150 degrees

The relationship between the three angles is always 120 degrees just as long as all three poles are closed
simultaneously,

Substituting the values assumed for flux densities into equations 11-1, 2 and 3 and assuming that
the peak operating flux density §, is 1.0 per unit.

Phasa B

ip = X [0.40-1.15+ 1.0 (Cos 0 - Cos wt) | (11 -4)
M

ih-Elo,ZE-Casutl

K

Positive Peak of iy = (1.25) -

At the instant iy, = 0

Coset = 0.25
wt= 755 and 284.5 degrees, ate.

The base angle, or conduction angle during which the phase B magnetizing inrush current is
positive is
(284.5 - 75.5) = 209 degreeas
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Phase C
e = % { -0.10 - (-1.15) + 1.0 [ Cesi-120} - Cos (wt - 120} | } (11 -5}

Mote that the per unit residual flux plus 1.0 Cos (-120) is equal to -0.40, The per unit saturation
flux density (-1.15) is assigned a negative value because we are now dealing with the negative half of the
hysteresis loop. There will be no positive current flow in phase C becausa in the positive half cycle the
flux density never exceeds a value of 1.15 per unit,

- K
ic = < [0.75- Cos (wt - 120) ]
£ . K
Megative Peak of i; = -(0.25) T
At the instant iz = 0
Coslet - 120) = 0.75
{est - 120) = -41.5 and 41.5 degrees, etc.

wt = JB5 and 161.5 degrees, etc.

The base or conduction angle during which the phase C magnetizing inrush current is negative is
{161.5 - 78.5) = B3.0 degrees

Phase C

iy = % {-u.an-q-i_ta: + 1.0 [ Cos (-240) - Cos (wt - 240) ]} (11-8)

The comments regarding J, and 8 in the equation for phase C also apply for this equation relating
to phase A,

ig = '—f; [ 0.15 - Coslwt - 240) |
Megative Peak of iz =-(0.85) %
At the instant ig =0
Cos (wt-240) =0.15
feot - 240) = -81.4 and B1.4 degrees, etc.
wt = 1586 and 321.4 degrees, etc.

The basz or conduction angle during which the phase A magnetizing inrush current is negative is
(321.4 - 168.6) = 162.8 degrees
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Equation (11 - 4], {11 - 5) and (II - 6) are plotted for one cycle in Figure [I-A for ip, ig and ig re-
spectively. Also plotted in Figure [I-A are iy - ip, i - ig and ig - i for one complete cycle. It is now
possible to parform a harmonic analysis on the wave shapes of the three difference-currents. This can be
done by analytic mathods that involve measuring the ordinate values every few degrees. There are stan-
dard procedures to do this either manually ar by computer. Another methed involves using Table Il in
the main body of this paper to establish the magnitudes and relative phase angles of the fundamental
and harmonic components. While both approaches yield the same results, only the latter method will ba
discussed here. The former approach is well documented in the literature.

Harmonic Analysis
Table I1 in the main body of the paper provides the relative phass angles and the magnitudes of the

harmonics as a function of the base angle of the wave. Figure I1-A illustrates the three inrush phase
EUITEnts iy, ip. ig. It will be noted that the currents iy and ig are negative and their peaks are displaced
120 degrees from each other. These negative peaks are symmetrically displaced by 60 degrees each
about the positive peak of iy,

The basic approach is to use Table I1 to provide the relative magnitudes and relative phase angles
of the fundamental and harmanic components for each phase individually as if the other two phase cur-
rents did not exist. Then to establish the relative magnitudes and relative phase angles between similar
components in the three phases so that iy - ip), lip - ig) and [ig - i3} may be calculated for each fre-
quency separately.

Table I provides the peak value of each harmonic as a function of the peak of the current wave
and the base or conduction angle. Thus,
Phase A

Peak of wave = 0.85 %

Conduction Angle = 162.8 degrees

From Table 11 by interpolation between 150 and 165 degrees

Fundemental = 0.476 {U.BE}%n m.:mah%

2nd Harmonic= -0,241 (0.85) E--tu.zusl %

3rd Harmonic = 0.036 10.35}5- (0.031) %

The negative sign associated with the second harmonic indicates that this component is 180 de-
grees out-of-phase with the fundamental. This means that this harmanic has a magnitude of zero when
the fundamental has a zero magnitude, and that it increases in a negative direction as the fundamental
increases in the positive direction with time. It should be recognized at this time that the second
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harmonic {and all other even harmonics | when rayut-of-phase” with the positive half cycle of the funda-
mental will be “'in phase” with the negative half eycle of the fundamental and visa-versa. On the other
hand, the third harmonic (and all other odd harmonics) will have the same phase relationship to both the
positive and negative half cycles of the fundamental. Thus, a third harmonic that is in phase with the
fundamental is in phase with both half cycles. This is true in phases B & C as well as in phase A.

Phase B

Peak of wave = (1.26) %
Conduction Angle = 2089 degrees

Erom Table I1 by interpolation between 195 and 210 degrees

Fundemental =  (0.521) (1.25) -’f; = {0.65) %
. K K
2nd Harmonic = -(0.154) (1.25) m = .[0.19) =
; K K
ard Harmonic = -(0.03E) (1.25) 3 = -{0.048] -
In this casa both the second and third harmenics are out-of-phase with the fundamental compo-
nent.
Phase C

Peak of wave = 0.25 %
Conduction Angle = 83 degrees

Erom Table 11 by interpolation between 75 and 90 degrees

Fundamental =  0.287 (0.25) “; = 0072 %
?nd Harmonic = 40.244 (0.25) % = 0,061 %

. K K
3rd Harmonic = 0.183 (0.25) E = 0.046 i

In this case the second harmenic is out-of-phase with the fundamental component while the third
harmonic is in-phase with the fundamental component.
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Difference of Phasa Currents

Because on the wye side of a transformer a differential relay will see the difference of two phase
currents, it is these difference currents for which the harmonic content is of prime interest. These may
be determined by obtaining separately the fundamental component of the difference currents, and each
harmonic component of the difference currents.

Fundamental Components

Because of the assumptions made in the derivation of the equations for the inrush currents, these
currents are (all three phases) portions of pure sine waves. Thus, they are symmetrical in shape
about their peak values. For this reason, the peak of the fundamental component in phase A will
be exactly in phase with the peak of the inrush current in phase A, Similarly, the peaks of the
fundamental components in phases B and C will line up with the peaks of those inrush currents, It
may therefore be stated that the positive half cycle of the fundamental component in phasa B will
lag the negative half cycle of the fundamental component in phase C by 60 degrees and lead the
negative half eycle of the fundamental in phase A by the same amount. This then can be extendsd
to say that the three fundamental components of phass currents are 120 degrees apart with B lag-
ging A, and C lagging B. Therefore, the magnitudes of the fundamental components of the thres
difference-currents are

g~y = [m.u lo__ - 065 |'12m]§ - oss %
ih-lg = [{U.Eﬁi-‘lm - C.O7 | -240) % = ﬂ.Bﬂ—E
o-lg = [m.nn-m - 041 L0 )% - o045 K

Second Harmonic Components

It was stated above that Table [1 indicates the second harmonic components in each of the three
phase-currents to be 180 degrees out-of-phase with the corresponding fundamental components.
However, because Table I takes no cognizance of the polarity of the wave it analyzes, these phase
ralatiuns!iip: rmust be interpreted. In the case of phase B, because the wave s positive, the second
harmonic is 180 degrees out-of-phasa with the pesitive half cycle of the associated fundamental
component. In the case of phases C and A, because the waves are of negative polarity, the second
harmonic components are 180 degrees out-of-phase with the negative half cycles of the respective
fundamental components. Or, in phases C and A the second harmonics are in-phase with their re-
spective fundamental components positive half cycles. A simple plot of the second harmonic com-
ponents in all three phases (left up to the reader) will indicate that the second harmonic in phase A
will lag that in phase C by 240 degrees (note that the fundamentals differ in phase by 120 degrees
and one fundamental-frequency degree is equal to two second-harmonic degrees). The second har-
maenic in phase B will lead that in phase C by 2 (120) - 180 = 60 degrees. Thus,
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ig- iy = [tum:n - 019 |60 )| % = 020
ip-ic = [m.w Lso_ - 006 [120)| £ = 07
bl [m.uai-m - 021 Lo EI% = 024

=|= =l& ==

Third Harmonic Companents

In a similar manner, it may be shown that the third harmaonic components in phases C and A are
in phase with each other and 180 degrees out-of-phase with that in phase B. Thus,

. K K
ig-ip = | 0.031 - 1-0.043!] u = (0.08) .
ip-ic = | 0048 - 0.046) ]% - toom £
. K K
o-ly = [-n.ma . 0,031 ]I - 002 &

Percentage Harmonics

The percentage harmonics for each of the phase currents are given in the following table

CURRENT % 2nd HARMONIC % 3rd HARMONIC
ia-ib 0.20(100)/0.93 = 21.5 0.08(100)/0.93= 86
i - e 0.17(100)/0.68 = 25.0 0.09(100)/0.68 = 13.2
levia 0.24(100)/0.45 = 53.0 0.02(100)/0.45 = 4.4




