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Transformer-Secondary Faults:

Overlooked Aspect of

Distribution System Protection

Unrecognized transformer-secondary faults actually may be the cause
of many unexplained equipment failures and system outages. Here

is an in-depth probe into the cause of such problems and
suggestions for their elimination.

R. H. Harner,
Research Project Manager,
S&C Electric Co.

The importance of distribution-
system primary faults, and asso-
ciated transient recovery voltage
(TRV), in the design and applica-
tion of circuit-interrupting devices
is recognized, in varying degrees,
by both manufacturers and users.
In recent years, much effort has
been directed toward standardiza-
tion and testing, and as a result,
TRV has gained widespread rec-
ognition as being most important
in the successful application of an
interrupting device.

What progress has been made,
however, in defining the trans-
former-secondary fault problem
and in establishing even minimal
test standards? In essence, the
answer is little or none. The diffi-
culty of interrupting a transform-

COMPARISON-PRIMARY FAULTS vs. SECONDARY FAULTS

er-secondary fault with a primary
interrupting device should be rec-
ognized as a potential source of
trouble and perhaps may be the
cause of many unexplained equip-
ment failures and system outages.

The incidence of primary out-
ages due to secondary-circuit
problems is probably greater than
indicated by utility records. Prob-
lems such as faults due to trans-
former failures, transformer ship-
ping damage, and incorrect sec-
ondary connections are common-
place on new installations. A large
portion of reported primary out-
ages involving primary-protective
device operations are ascribed to
unknown causes. It is possible that
many of these outages are caused
by secondary-circuit faults where
backup-protective devices operate
because of failure of the trans-
former-protective device to clear.
Another large portion of such out-

ages are attributed to lightning—
simply because they occurred dur-
ing a lightning storm. Quite often,
direct evidence of lightning dam-
age to the primary circuit would
not be found, and the true cause
was a secondary-circuit fault.

Need Better Testing

Many interrupting-test . pro-
grams have been and are being
conducted to evaluate the per-
formance of interrupting devices.
Unfortunately, some of these pro-
grams tend to ignore TRV para-
meters, and consequently yield
results that cause misapplication
or perhaps acceptance or rejection
of the interrupting device under
improper conditions. This not only
is true for primary-fault testing
but particularly for transformer-
secondary fault testing to the
point of completely ignoring this
type of low-current fault.
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Also, there is a popular misbe-
lief that if all is well with primary-
fault performance, the device must
be good for any intermediate or
low-fault-current duty. Secondary
faults as seen by a primary inter-
rupting device can be a difficult
problem. They must not be over-
looked in any evaluation program.
Realistic interrupting tests should
be performed over the entire
fault-current spectrum before a
design is marketed by the manu-
facturer or accepted by the user.

Fault Characteristics

The general situation is that for
primary faults the current is high,
rates of rise of recovery voltage
(RRRV) are relatively low, and
either the device clears satisfac-
torily or it blows up. Secondary
faults have a reverse set of condi-
tions such that the current is low,
RRRYV is high and either the de-
vice clears normally or arcing per-
sists for a long period of time.

If the device does not clear, any
number of things may happen.
The transformer may be damaged,
a dropout devife may arc during
dropout and establish a primary
fault as shown on the cover; or a
non-dropout device may fail ther-
mally, resulting in an explosion.

To further validate the premise
that distribution transformer-sec-
ondary faults can be a pesky inter-
rupting problem, consider the fol-
lowing typical interrupting tests
on a 14.4-kv, 50-kva transformer
and on a 7.6-kv, 50-kva trans-
former. The data obtained also
dramatically illustrate the influ-
ence of RRRV on the performance
of a typical open-type distribution
cutout in handling a secondary
fault.

Fault current on the trans-
former primary caused by a sec-
ondary fault will be approxi-
mately 150 amps rms for the
14.4-kv transformer and 300 amps
rms for the 7.6-kv transformer.
Synthetic laboratory test circuits
were devised to yield these ap-
proximate current levels at a
power factor equivalent to that
for the actual transformers—on
the order of 50 percent. A typical
open-type distribution cutout was
used as the interrupting device.
Standard 15-kv distribution fuse
links were employed.
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Tests prove that TRV
must be considered when
performing low-current
level interrupting tests.

Interrupting tests indicate that
the cutout and fuse-link combina-
tion performed admirably with
only Y- or l-cycle arcing time
using -each synthetic transformer
circuit.- The next step was to re-
peat these tests, using the actual
transformers as the fault-limiting
impedance connected to a simu-
lated ‘source.

Performance -‘of the cutout and
fuse link combination under these
conditions, however, left much to
be desired. Faults on the 14.4-kv,
50-kva transformer were most dif-
ficult for the interrupting device
to handle, resulting in failure to
clear .in 50 percént of the tests.
Arcing persisted as. the cutout
dropped open and the fault even-
tually was cleared by a back-up
breaker -after 15 cycles.

Performance with the faulted
7.6-kv;50-kva  transformer, - as
shown on cover, was even more
spectacular in that failure to clear
resulted in an external flashover
of the cutout tube. The photo on p.
87 shows a normal successful op-
eration for a fault on the 7.6-kv,
50-kva transformer.

The obvious comparison, as
summarized on page 86, bottom
right, is that when using a syn-
thetic test circuit yielding  the
same voltage, current, and power

88

o
il

[ ]
Single-Phase,

Grounded,

EEEE

.
7

=

!

o
>

cEE i
s RE
e eoE

37. 5 KVA, 2400/4160Y %X 7200/12470Y —
120/240V Transformer,
Infinite Primary Source Time Base

7.2 KV Tap; Secondary Fault;

= 20usec/

div.; fo = 30 KHz; AF = 2.0; ty = 17pusec

factor, the interrupting device
performed satisfactorily; whereas,
when wusing an actual  faulted
transformer, the device either per-
formed only marginally or failed
completely. The missing ingredi-
ent is RRRV.

The synthetic circuits were set
up “to yield resonant frequencies
of approximately 1 kHz and am-
plitude factors (AF) of about 1.2.
Actual frequencies for the faulted
transformers were 11 kHz for the
14.4-kv unit, and 17 kHz for the
7.6-kv unit. - Amplitude factors
were about 1.6. The difference in
RRRV for  the synthetic and
actual circuits is quite extreme
and accounts for the difference in
performance.

Certainly, for different trans-
former sizes, for varied current
levels, for cutouts and fuse links
of a different type, the results may
be different, but the basic conclu-
sionis" still valid. TRV 'is im-
portant and must be recognized
when - performing = interrupting
tests at low current levels—par-
ticularly secondary faults on dis-
tribution transformers.

Influencing Factors

Factors -influencing TRV for
secondary faults on distribution
transformers, in decreasing im-
portance, are as follows:

(1) Transformer impedance

(2) Transformer capacitance:
bushings, winding-to-ground,
winding-to-winding

(3) Bus or cable, representing
capacitance, connected be-

tween transformer and inter-
rupting device.

(4) Transformer- and
ground connections

(5) System impedance and con-
nections

(6) Secondary circuits involved
in fault, if any

The characteristics of the in-
terrupting device also could be
added, but since only the inherent
circuit characteristics are being
considered, the interrupting de-
vice will be ignored.

Transformer impedence, which
is a function of kva size and per-
cent impedance for a given voltage
rating, is obviously the most im-
portant factor. Not only does it
determine the magnitude of fault
current but also the value of in-
ductance in the simple expression
for resonant frequency shown
on page 89, top. Inductance can be
calculated directly from percent
impedance, from the transformer
voltage and power ratings, and
from the transformer-impedance
power factor. The trend toward
designing transformers with lower
impedances and leakage react-
ances will increase natural fre-
gquencies. The resultant RRRV
across an interrupting device,
when clearing a secondary fault,
increases in a direct proportion.

Capacitance is the other para-
meter in the resonant-frequency
formula. Transformer capacitance
is certainly the most important,
but in addition, any capacitance
connected between the trans-
former and an interrupting device

system-
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adds directly to the effective
transformer capacitance and sub-
stantially lowers the natural fre-
quency of the circuit. However, if
we assume that an interrupting
device normally is mounted di-
rectly adjacent to the transformer,
this factor can be ignored.

Transformer and distribution-
system ground connections also
influence frequency because of
variations in effective transformer
capacitance. System impedance
plays a minor role in determining
both the magnitude of fault cur-
rent and the nature of the TRV
appearing across an interrupting
device.

Circuits involved in the fault on
the secondary side of the trans-
former have an influence on both
the fault current and the recovery
voltage across a primary inter-
rupting device. The severity of the
fault as seen by a primary inter-
rupting device is slightly reduced
when secondary circuit conductors
are included in the fault circuit,
The most difficult condition is a
fault directly at the secondary
terminals of the transformer. The
table at the bottom of page 90
summarizes the basic relationships
between these various factors.

TRV Measurement

A convenient means for measur-
ing these properties is a technique
commonly referred to as “current
injection.” As the term implies,
the procedure is to inject a cur-
rent into the circuit or system
being studied, and measure the
response of the circuit to the in-
jected current. Typical current in-
jection records are shown at the
top of page 88.

This technique has been widely
used both in the laboratory and
in the field over a five-year period
on a great variety of circuits and
devices. Comparative results from
current-injection measurements
and actual interrupting tests con-
sistently have shown the current-
injection method to be wvalid. It
has been demonstrated that, for
secondary faults on transformers,
current-injection measurements
alone are sufficient for determin-
ing the TRV appearing across an
interrupting device. Because of
the nature of the circuit, the
transformer can be isolated from
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TRV FREQUENCY AS A FUNCTION OF TRANSFORMER RATINGS
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RRRYV can be as high for
a 2-4-kv transformer as for
a 34.5-kv unit. Field tests
document lab experience.

the distribution system and cur-
rent-injected. Data obtained can
be used to describe fully actual
TRV encountered in the field.

A substantial number of distri-
bution transformers have been
current-injected. Enough data are
available to define the TRV char-
acteristics of most single-phase
and three-phase transformers typ-
ically used for distribution service.
Approximately 200 single-phase
transformers have been examined,
representing ratings from 2.4 kv
through 36.5 kv and from 3 kva
through 667 kva. Approximately
50 three-phase transformers were
measured varying in rating from
4.16 kv to 34.5 kv and 30 kva to
7500 kva. These transformers rep-
resent a cross-section of 15 manu-
facturers and a wide range of per-
cent impedances.

Typical TRV data from these
current-injection measurements
are summarized on page 89 for
single-phase transformers. Fre-
quency values determine the rate
at which the voltage recovers to
its crest value across an inter-
rupting device. Amplitude factor
data indicate the relative degree
of decrement or damping of the
transient which directly influences
the transient crest voltage as re-
lated to normal crest voltage. The
average RRRV can be calculated
from frequency and the crest
voltage as determined by ampli-
tude factor.

Typical results for three-phase
transformers are shown on page
89.

A study of the data indicates
that frequency is a function of
transformer kva rating—a result
to be expected since leakage in-
ductance is inversely proportional
to kva rating for a given percent
impedance. Also, frequency is an
inverse function of transformer
voltage rating and percent im-
pedance for the same reasons. A
simple expression can be readily
derived, as shown at top of page
89, using the nominal nameplate

20

ratings to indicate the general re-
lationship. For a given voltage
rating and percent impedance, this
expression further can be simpli-

fied to: o
fn = Al \, ( éa)

A, = constant containing (kv)
and (%Z)

Capacitance cannot be dropped

easily from this expression since

it is not solely a function of kva.

The current-injection data pre-
sented generally follow this rela-
tionship.

In a similar fashion, it can be
shown that the average RRRV
across an interrupting device for
a transformer-secondary fault is
essentially independent of the
transformer voltage rating. As-
sume the average RRRV is equal
to:

RRRV =2f, (AF) V,

f, = transformer resonant fre-

quency

(AF) = amplitude factor

V. = power-frequency recovery

voltage
Substituting one of the above ex-
pressions and manipulating, the
following results:

(kva)
C

assuming amplitude factor is rela-
tively constant and is absorbed
into a new constant A..

Thus, RRRV can be just as high
for a 2.4-kv transformer as for a
34.5-kv transformer for a given
kva size. It is recognized that ca-
pacitance is a function of voltage,
and as a result the expression is
oversimplified, but the general
idea is evident.

Field and Lab Tests
Field test data on 4.8-, 7.6- and

RRRV = A,

13.2-kv distribution circuits show
that frequency values are essen-
tially equivalent to current-injec-
tion values. Recovery voltage fre-
quencies are also independent of
system characteristics such as
available primary-fault current,
effective system capacitance, con-
nected system load, etc. Compar-
ing amplitude factors results in
the same general conclusions.

Further exploration of the TRV
associated with transformer-sec-
ondary faults was conducted in
the laboratory. A comparison be-
tween lab interrupting-test results
and current-injection data shows
that the transient appearing
across the interrupting device is
essentially independent of the lab
source circuit used, and is equiva-
lent to the current-injection
values for the faulted transformer
alone. The general conclusion is
that transformer-secondary fault
tests can be simulated by a labor-
atory circuit.

This conclusion does not imply
that an accurate representation of
the transformer can be eliminated.
As discussed previously, a trans-
former preferably should be used,
or a synthetic circuit must be
carefully devised to produce not
only the same voltage, current,
and power factor, but more im-
portantly, the frequency and am-
plitude factor required. The
source or system parameters can
generally be ignored as shown by
both the field test and lab test
data.

Editors Note: Additional informa-
tion on test procedures and re-

sults is available upon request
from EL&P or the author.

SUMMARY OF FACTORS

INFLUENCING TRV FREQUENCY

Lower transformer impedance = Higher frequency
Higher transformer kVA rating = Higher frequency
Greater system capacitance = Lower frequency
Higher transformer kV rating = Lower frequency
Grounded transformer or system = Lower frequency
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