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Abstract--Ground faults occurring on neutral impedance
grounded systems may cause little or no fault current or voltage
drop during the short circuit. Analyzing a startup transformer
tripping event at a generating plant found no such traditional
fault data. The lack of event oscillography raised many ques-
tions regarding the operation of the transformer's BDD differ-
ential relays and health of the critical transformer. A fault anal-
ysis technique is proposed for detecting ground faults on resis-
tively grounded systems using voltage waveforms captured on
the high side of supply transformers.

Post mortem analysis revealed that the de-energization
waveform generated by CCVTs connected to the transformer
high side had a discernable pattern that indicated the presence
of the ground fault on phase A of the low side of the trans-
former. During de-energization, oscillation of energy between
the CCVT/bus capacitance and the transformer inductance
causes a “ring down” signature. The presence of the low side
ground fault caused this ring down to be clamped on the faulted
phase. This event and lessons learned indicate there is value in
analyzing the voltage waveforms of CCVTs even after the
CCVTs appear to be disconnected from the rest of the power
system, proving that even subtle details in digital fault records
can be used in analysis.

Index Terms--Neutral grounding, low resistance grounding,
GE-BDD relay, fault analysis technique, transformer differen-
tial relays, digital fault recorder, event analysis, grounding, in-
dustrial power systems

I. INTRODUCTION

N event occurred involving the trip of a startup power

transformer at a generating plant. Oscillography availa-
ble was limited to the transmission digital fault recorder. No
voltage depression at the transmission bus was discernable
during the operation of two of the transformer’s differential
BDD protective relays [1]. No increased currents were visi-
ble. Focus during the investigation was on a possible wiring
or relay issue as the transformer itself had been replaced less
than a month before the operation. One of the BDD relays
during testing exhibited non-repeatable response to har-
monic content. It was replaced. Did this fix the problem? A
good understanding of the BDD relay would have
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contributed to the understanding of the event. The startup
power transformer windings are configured with wye-
grounded — wye-resistively grounded connections. During
fault conditions and with the BDD configured with delta
connected CTs, it is common to have more than one relay
assert its tripping output. Analyzing the event “using a pro-
found understanding of the transformer protection schemes,
relay setting principles and transformer design characteris-
tics was necessary in order to properly analyze [this] trans-
former fault” [2].

The decision was made to re-energize the transformer, this
time with more monitoring temporarily installed to measure
currents flowing through the BDDs. Personnel also visually
monitored the transformer during energization. As the trans-
former was re-energized, indications of an actual fault were
visible, originating in the low side lead transformer junction
box. Upon closer inspection, clear evidence of a low side
phase-to-ground fault was found on a low side lead cable
whose insulation had failed near the junction point. The
transformer low side winding configuration was wye-resis-
tively grounded, which greatly limited the impact of the sin-
gle-line-to-ground fault on the high side electrical quantities.
Transmission digital fault recorder oscillography from the
re-energization event was analyzed and once again, no volt-
age depression or current increase was readily discernable.

Il. THE BDD RELAY, AN OLD FRIEND

The BDD relay provides harmonic-restrained selectable-
percentage slope differential protection [1]. It is used to pro-
tect for faults in a zone of protection that includes a power
system transformer. The relay contains an autotransformer
with selectable taps for each current input that allows com-
pensation for power transformer turns ratios and mismatched
CT ratios. The main unit of the BDD relay is the polarized
relay indicated in Fig. 1.
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Fig. 1 Internal Connections Type BDD15A Relay with Polar Relay Cir-
cled and Percent Restraint Circuitry Indicated [1]

This relay is fed two signals: an operate signal and a re-
straint signal. The operate signal is rectified operating cur-
rent, where operating current is the phasor sum of compen-
sated currents flowing through the relay. The restraint signal
is composed of rectified restraining current added with rec-
tified harmonic content. Restraining current is the magnitude
(absolute value) sum of all compensated currents flowing
through the relay. Rectified non-fundamental frequency
compensated currents are also added to the rectified restrain-
ing current, resulting in the total restraint signal. Before
passing into the polar relay, the restraint signal is multiplied
by the percent slope by additional percent slope circuitry
also indicated in Fig. 1. The polar relay performs the com-
parison between the operate and modified restraint signals.
Mathematically operation of the relay is designed to occur
any time (1) is satisfied:

Operate Signal

> P t Sl 1
Restraining Signal ercent Slope (1)

Put in terms of the actual polar relay results in (2):
Operate Signal > Restraining Signal * Percent Slope (2)

Operation of the relay contact results in action to isolate
the faulted power system element. This percentage restraint
characteristic provides security during through faults when
CT saturation may occur. It also allows for non-perfect
matching of CT ratios to overall power transformer turns
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ratio including relay autotransformer compensation. Given
discrete tap selection in the autotransformer compensation,
a perfect match is rarely achieved.

During energization of a power system transformer, inrush
currents flow into the transformer, having the initial appear-
ance of fault current, as no corresponding current flow out
of the transformer are measured. These inrush currents typi-
cally have high harmonic content [3]. The inclusion of the
rectified non-fundamental compensated currents in the re-
straining signal promotes security during transformer ener-
gization. The corresponding harmonic restraint characteris-
tic of the BDD relay is indicated in Fig. 2
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Fig. 2 BDD Harmonic Restraint Characteristic

The transformer in this event was protected by three BDD
relays. As the transformer was of the wye/wye/delta
(WNynod1) configuration, CTs on the transformer high side
bushing and low side breaker were wired in delta and con-
nected the BDDs as shown in Fig. 3. The delta connection of
the CTs is required to filter out the unbalanced zero sequence
currents flowing through the transformer windings during
external ground faults. This unbalance arises largely because
of the presence of the delta tertiary winding.
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Fig. 3 Three-Line AC schematic of the Transformer Differential Relay
Scheme
I11. BACKGROUND

A. Startup Transformer Neutral Impedance Grounding

Startup transformers — sometimes called cranking trans-
formers — at generating plants provide power to auxiliary
equipment supporting plant operation. This power is supple-
mental to power provided by auxiliary transformers con-
nected directly to generator output leads during normal op-
eration. During initial startup of a generator, startup trans-
former(s) will provide all power needed to operate cooling
equipment, lube oil pumps, pulverizers, valves, dampers,
control systems, etc. as the auxiliary transformation is not
yet fully energized. After the generator has synchronized to
the power system, load can be transferred from the startup
transformer(s) to the auxiliary transformer(s). Some load can
remain on the startup transformer in the event that the gen-
erating unit is protectively shut down.

Given the fact that auxiliary transformers are connected
directly to generator leads, large amounts of fault current are
typically available on the plant load buses. To avoid exten-
sive damage and corresponding safety hazard in the event of
a ground fault, two design options are commonly applied:
delta supply and neutral impedance grounded supply [4].

This transformer utilized the option to limit ground fault
current using the second option, to supply the loads with
transformer wye-connected windings having neutral imped-
ance grounding [4], [5]. This method also provides control
of transient overvoltages during the fault [6]. “Most
grounded systems employ some method of grounding the
system neutral at one or more points. These methods can be
divided into two general categories: solid grounding and im-
pedance grounding. Impedance grounding may be further di-
vided into several subcategories: reactance grounding, re-
sistance grounding, and ground-fault neutralizer grounding”
[7]. The impedance is connected between the transformer
neutral and the ground connection. This impedance is com-
monly either a reactor or a resistor, and it limits the maxi-
mum possible ground fault current. Protection systems are
applied to detect and automatically isolate the faulted equip-
ment. Drawbacks to this method include the unexpected de-
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energization of loads fed by ground faulted conductors and
the extra expense of the series impedance unit and ground
fault protection. Precise location of the fault can also be dif-
ficult as the faulted equipment is de-energized with very lit-
tle damage produced.

In this case, the startup transformer had a wye-
grounded/wye-resistively-grounded configuration, opting
for neutral impedance grounding in the form of a resistor to
limit ground fault current.

B. Energization Trip

The startup transformer was replaced less than a month
before the fault event of interest. During initial energization
of the new transformer, the phase-1 BDD relay operated, de-
energizing the transformer. A thorough investigation was
conducted, revealing no evidence of transformer damage,
miswiring, protective relay element out-of- tolerance or set-
tings errors, all typical errors made during construction ac-
tivities affecting a differential relay [8]. A sample of the cur-
rent waveform recorded during this energization can be seen
in Fig. 4.
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Fig. 4 Transformer Energization Inrush Currents

Per-phase current harmonic analyses of these currents are
shown in Fig. 5, Fig. 6, and Fig. 7. Lower second harmonic
content is seen in phase A and phase C compared to phase
B.
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“Transformer inrush currents can be large, in the order of
five to seven times the transformer rated current, and they
would normally cause the 87T element to misoperate if not
properly blocked or restrained. Inrush currents are typically
rich in harmonics, the second harmonic in particular. There-
fore, the second-harmonic content in the differential currents
has been traditionally used in transformer differential ele-
ments to block or to increase restraint during inrush condi-
tions.

However, some power transformers, especially new de-
signs with the core material improved for lower losses but
also older units under some conditions, produce low levels
of second harmonic in their magnetizing currents during en-
ergization. As a result, their 87T elements face security prob-
lems when the second harmonic falls below the traditional
15 or 20 percent second-harmonic setting levels” [9].

This lack of harmonic content during inrush results in lack
of harmonic restraint and subsequent transformer relay
misoperation [3]. Given that inrush and harmonic content is
a phenomenon influenced low loss transformer core and
sometimes by the random pole closing of non-synchronous
closing breakers combined with any remnant flux in the
transformer, a second attempt to re-energize the transformer
was attempted with success. Even though this event was not
caused by any error related to the BDD relay nor its installa-
tion, this set up suspicion that influenced decision making in
the event that followed.



IV. THE EVENT AND INITIAL ANALYSIS

The startup transformer was de-energized unexpectedly
less than a month later by BDD relay trip while carrying nor-
mal load. The only records available from the event were
found on the transmission digital fault recorder (DFR), re-
cording only high side quantities present at the transmission
substation. Its data were downloaded and analyzed. See fig-
ure Fig. 8.
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Fig. 8 Transmission DFR Voltages and Currents: First Fault Trip

These records showed no obvious increase in current nor
voltage depression, which would be typical signs of a fault
condition on the high side of the transformer or low side
phase faults. Two BDD relays dropped “T” targets, indicat-
ing restrained differential operation for phase-1 and phase-2
BDD relays. Investigation revealed no evidence of trans-
former damage, miswiring, protective relay element out of
tolerance or settings errors. Some issues with consistent re-
sponse for the harmonic restraint unit during testing brought
suspicion on the phase-2 BDD relay. The relay was replaced
as a precaution. No evidence of downstream fault was found
on the equipment being supplied by the transformer at the
time.

V. FLATLINE DISCOVERY

A. Second Energization

A decision was made to attempt to re-energize the trans-
former. Temporary monitoring was added for the currents
flowing through the BDD relays. Physical observation of the
transformer during energization was planned.

As the transformer was re-energized, a visible failure in
the transformer low side lead junction cabinet was identified.
The transformer was de-energized by the operation of the
phase-1 and phase-2 BDD relays. The transmission DFR
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once again captured data which were downloaded and ana-
lyzed. See Fig. 9.
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Fig. 9 Transmission DFR Voltages and Currents: Second Fault Trip

These records showed no obvious increase in current nor
voltage depression. With knowledge that an actual fault had
occurred, closer inspection of the DFR records from both
events revealed a new pattern that did indicate a low side
ground fault had occurred.



C. Flatline Phenomenon

The flatline phenomenon was identified in the records of
the high side voltages as originating from CCVTs that were
connected to the high side leads of the transformer. These
recorded values demonstrated the underdamped transient re-
sponse of the CCVT/transformer combination after discon-
nection from the power grid. Looking at these more closely
for the first trip in Fig. 10, phase A demonstrates a variance
when compared with phase B and phase C.
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Fig. 10 Voltages Only: First Fault Trip

The phase A voltage shows a flatline response, outside of
the typical transient decay envelope, for a short duration in
the first event. In the second event a solid flatline signature
is present shortly after the separation from the power grid, as
seen in Fig. 11.
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Fig. 11 Voltages Only: Second Fault Trip

The underdamped transient response of the voltages exists
as a natural oscillation of stored energy between the capaci-
tive and inductive portion of the CCVT, the inductive and
capacitive portion of the transformer, and bus/breaker capac-
itance combined with the resistance of the conductors in the
circuit. The second event de-energization decay response is
also faster because no motor load was connected to the trans-
former during the second test energization. The low side
ground fault caused the voltage on the high side to decay
immediately, generating the flatline phenomenon.

D. Explanation of BDD Relay Operation for the Events

The transformer’s low side lead cables are included in the
transformer differential zone of protection as the low side
CTs are located on the low side breaker. Fig. 12 diagrams
the flow of primary and secondary currents through the
power transformer and the BDD relays during the line-to-
ground fault internal to the zone of protection. As shown in
Fig. 12, two BDD relays will have secondary current of mag-
nitude A’ in both the operate coil and restraint coil 1. The
ratio of operate to restraint is 100%, exceeding the slope set-
ting of the relay and operating the BDD relays. Analyzing
the relay schemes’ secondary currents proves that two BDD
relays should operate for the internal single L-G fault for the
given design.
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E. Failure Identified

A faulted phase A low side lead cable was found in the
low side lead junction cabinet. These lead cables had not
been replaced as part of the transformer replacement project.
Further forensic analysis of the cable found that positioning
during the original transformer installation had placed pres-
sure on the cable as it exited conduit into the old cabinet,
creating a compression mark in the cable’s exterior semicon-
ductor layer and insulation. Fig. 13 shows this marking.

Compression mark in the
semicon and insulation

Phase A-Red |

Fig. 13 Cable Failure Point and Compression Mark

When the cables were re-used with the new cabinet, new
arrangement placed stress upon the weakened indented insu-
lation, leading to dielectric failure. Fig. 14 shows the result
of the failure inside the cabinet.

Fig. 14 Damage Found in Transformer Cabinet Caused by Cable Failure

VI. CONCLUSION

Information for fault analysis can be found outside of the
typical fault current and voltage magnitudes analyzed from
recorded oscillography. The newly identified flatline phe-
nomenon in voltage signals of potential transducers imme-
diately after separation from the power grid can provide use-
ful information when attempting to identify ground faults in
a resistively grounded system. Also, when analyzing an
event where two or three proven BDD relays operated, con-
duct the investigation trusting the operation of the BDD re-
lays.
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