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(57) Abstract: A device is provided for monitoring through-fault current in an electric transformer on an electrical power system.
The device generally includes a magnitude calculator for calculating the magnitude of current (e.g., a root means square value of

@ current or magnitude of a fundamental of current) based on the current through the electric transformer. A through-fault energy
& calculator is further provided which is coupled to the magnitude calculator for calculating a through-fault energy value based on

WO

the magnitude of current or the calculated current through the transformer. An accumulator is coupled to the through-fault energy
calculator for accumulating a plurality of through-fault energy values, and an alarm coupled to the accumulator for indicating that
the accumulated through-fault energy values exceed a selected threshold.
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TRANSFORMER THROUGH-FAULT CURRENT MONITOR

Inventors: Armando Guzman-Casillas and Normann Fischer

Field of the Invention

[0001] Electric transformers are devices used in electric power systems which
transfer electric energy from one circuit to another through inductively coupled electrical
conductors. The present disclosure relates generally to a device for monitoring an
electric transformer. More specifically, a device is provided for monitoring through-fault

current in an electric transformer.

Summary of the Invention

[0002] A device is provided for monitoring through-fault current in an electric
transformer on an electrical power system. The device calculates a measure of
magnitude of the measured alternating current, such as a root means square (RMS)
value of current of the through current of the transformer. Using the base current (a
value derived from settings that are based on the transformer nominal apparent
capacity and nominal voltage), the device calculates the per-unit RMS current. The
device then calculates the through-fault energy from the per-unit RMS current, and
calculates a value representing the accumulated through-fault energy. The
accumulated through-fault energy is compared against a threshold to activate an output
indicating that the threshold has been exceeded. The device generally includes a
magnitude calculator for calculating a value corresponding with a magnitude of the
current. The magnitude calculator may be a root means square calculator for
calculating a root means square value of current of the electric transformer.
Alternatively, another magnitude calculator may be used such as a fundamental
calculator for calculating a fundamental component of current and a magnitude of the
fundamental component of current. A through-fault energy calculator is further provided
which is coupled to the magnitude calculator for calculating a through-fault energy value
based on the magnitude value of current through the transformer. An accumulator is
coupled to the through-fault energy calculator for accumulating a plurality of through-
fault energy values. The device may further include an alarm coupled to the
accumulator for indicating that the accumulated through-fault energy values exceed a
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selected threshold. The device may further be adapted to provide a control signal to a

power system element (e.g., circuit breaker) to isolate the transformer from the power
system if the accumulated through-fault energy values exceed a selected threshold.
[0003] A method is further provided for monitoring an electric transformer including
the steps of sampling a signal waveform on the high and/or low sides of the transformer;
calculating the per unit current of the electric transformer; calculating a magnitude of the
current such as calculating a root means square value of current based on the
calculated current of the electric transformer or calculating a magnitude of a
fundamental of the current based on the calculated current of the electric transformer;
calculating a through-fault energy value based on magnitude value of current or the
calculated current through the transformer; accumulating a plurality of through-fault
energy values; and determining whether the accumulated through-fault energy values
exceed a selected threshold. The method may further provide an alarm or a control
signal to a power system element (e.g., circuit breaker) to isolate the transformer from
the power system if the accumulated through-fault energy values exceed a selected
threshold.

Brief Description of the Drawings

[0004] Figure 1 is a one-line diagram of a power system.

[0005] Figure 2 is an example of a transformer through-fault protection curve for a
three-phase Class IV transformer.

[0006] Figure 3 is a block diagram for a module for an |IED for monitoring through-
fault current in a transformer.

[0007] Figure 4Ais a block diagram of an IED monitoring a transformer and its
internal architecture.

[0008] Figure 4B is a diagram of the internal architecture for an IED for monitoring
through-fault current in a transformer.

[0009] Figure 5 is a flowchart illustrating a method for monitoring through-fault

current in a transformer.

Description of the Preferred Embodiments

[0010] Transformers generally include a set of windings around a magnetic core,
where the windings are insulated from each other and the core. In this arrangement,
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current in a primary winding may be changed to induce a change in the voltage in a
secondary winding. Moreover, an addition of a load to the secondary winding may
cause current to flow through the transformer, thereby transferring energy from the
primary winding to the secondary winding. Additionally, the number of turns in each of
the windings may be adjusted to allow an alternating voltage to be stepped up or
stepped down. Stepping up voltage allows for transmission of electrical power over
long distances. Stepping down voltage allows such electrical power to be lowered such
that it may be safely used by an end user.

[0011] A device is provided for monitoring through-fault current in an electric
transformer on an electrical power system. Figure 1 is a single-line diagram which
illustrates a device 101 in an electric power system 10. The electric power system 10
includes three substations 16, 22, 35. Substation 16 includes two generators 12a and
12b, each configured to generate three-phase sinusoidal waveforms such as 12kV
sinusoidal waveforms. Substation 16 also includes two step-up transformers 14a and
14b configured to increase the generated waveforms to higher voltage sinusoidal
waveforms such as 138kV sinusoidal waveforms. Substation 35 includes a similar
generator 12c¢ and step-up transformer 14c. The higher voltage sinusoidal waveforms
are carried for long distance distribution purposes to substations and/or loads 30, 34
and/or distribution lines 26 via transmission lines 20a, 20b, 20c, 28 and 29. Before
reaching distribution lines 26 or loads 30, 34, however, the higher voltage is stepped
down to a lower voltage such as, for example, 15kV via step-down transformers 24a,
24Db, 24c, and 24d so that the electrical power is usable by an end user.

[0012] The transformers of the electric power system 10 may be generally monitored
and protected using an intelligent electronic device. The IED may be in the form of a
protective relay or any other power system monitoring or protection device. For
example, IED 101 may be adapted to monitor the through-fault current in transformer
14b using signals sampled on either side of transformer 14b. Furthermore, IED 101
may further be adapted to provide control signals to various power system elements
associated therewith. For example, IED 101 may be adapted to provide a control signal
to circuit breakers 18 on either side of the transformer 14b to isolate it from the electric
power system 10 during transformer failure.

[0013] During operation of a transformer, several stresses may be placed on the
windings, insulation and/or core which may cause failure of the transformer. Forces that

cause stresses on the various parts of the transformer include, for example, expansion
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and contraction caused by thermal cycling; vibration caused by changes in flux in the
core with each half-cycle of the sinusoidal waveform; localized heating caused by eddy
currents in parts of the winding; impact forces caused by though-fault currents; and
thermal heating caused by overload. Exposure to such stresses causes accelerated
failure of the windings, insulation, and core. The cumulative effect of these stresses on
the transformer is taken into consideration when determining the life expectancy of a
transformer. The ANSI and |IEEE provide standard operating limits for power
transformers in the form of through-fault protection curves. For example, IEEE
C57.109-1993, incorporated by reference herein and made a part hereof, provides
curves which may be used to determine the maximum through-fault current duration for
various categories of liquid-immersed transformers. There are generally four classes of

transformers as shown in Table 1.

Table 1
CLASS SINGLE PHASE KVA THREE PHASE KVA
I 5 to 500 15 to 500
11 501 to 1667 501 to 5000

I

1668 to 10000

5001 to 30000

v

Above 10000

Above 30000

[0014]

show a thermal duty limit curve and a mechanical duty limit curve. For example, for

ANSI and IEEE provide curves for each of the transformer classes which

Class Il transformers, the mechanical duty limit curve begins at about 70% of the
maximum short circuit current. For Class Ill and Class |V transformers, the mechanical
duty limit curve starts at about 50% of the maximum short-circuit current.

[0015]
IV transformer having an impedance ZT = 0.10 pu. This protection curve depends on

Figure 2 illustrates an example of a protection curve for a three-phase Class

the transformer impedance when the fault current exceeds about 50% of the maximum
fault current, IRMS = 10. The protection curve is generally divided into the thermal
stress protection portion to the left of the 50% line and the mechanical stress protection
to the right of the 50% line. Again, it is to note that there are other protection curves for
the other classes of transformers which show their respective thermal and mechanical
stress protection portions.

[0016]
integrated with respect to time using Equations 1 through 5

To provide through-fault monitoring, through-fault current energy may be
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T
! -dt=1

0 t(IRMsfpu) (1)
where Ty, is the time to exceed the transformer through-fault curve; lrus pu is the per-
unit value of the measured root mean squared (RMS) transformer current.
K
t(IRMS) = 2
RMS_pu (2)

where, for Class |V transformers, the constant K takes the following values:

K=1250 for 475 < Ipyspu < M4 (3)

I
K =21 for Ipyspy> MTAX (4)

where Iuax is the per-unit maximum transformer through-fault current, given by:

d ()

where Zy is the transformer per-unit impedance. Again, it is to note that the values
used in Equations 1-5 are for example purposes only as they are specific to Class 1V
transformers. There are other values associated with the other classes of
transformers which are associated with their respective protection curves which may
be used to calculate the through-fault energy for that particular class of transformer.
[0017] Figure 3 illustrates logic and calculations 300 which may be implemented into
an IED (e.g., IED 101 of Figure 1) for through-fault current monitoring. A signal
waveform on the high and/or low sides of the transformer is sampled by a sampling
circuit. A magnitude calculator calculates the magnitude of the current based on the
calculated current flowing through the electric transformer. For example, the magnitude
calculator may be adapted to calculate a root means square value of current (IRMS )
based on the calculated current. A through-fault energy calculator calculates through-
fault energy values based on the magnitude or root means square value of current
through the transformer. The plurality of through-fault energy values is accumulated by
an accumulator, and an alarm or control signals are initiated if the accumulated through-
fault energy values exceed a selected threshold.
[0018] The logic and calculations 300 calculates IRMS and a plurality of through-fault
energy values by applying Equations 1-5. More specifically, a root means square
calculator calculates IRMS_pu 302 from a signal waveform sampled from the high



10

15

20

25

30

WO 2009/048972 PCT/US2008/079232
and/or low sides of an associated transformer. In one branch of the logic and
calculations 300, the calculated IRMS pu 302 is compared against a selected threshold
by comparator 304. The threshold may be selected at a point at which mechanical
stress is placed on the transformer. For example, for a Class IV transformer, the
threshold may be selected as 4.75 , that is 47.5% of IMAX. If IRMS_pu 302 is greater
than the selected threshold, then a through-fault counter 312 and fault duration timer
314 are enabled. The through-fault counter 312 is started at a rising edge (provided by
arising edge detector 308), and increments its count each time that a through-fault is
detected wherein IRMS_pu is greater than the selected threshold (e.g., greater than
4.75 for Class |V transformers) and there is a rising edge at the input of rising edge
detector 308. The count is available on output 318. The fault duration timer 314 begins
timing at the assertion of the rising edge detector 308 and ends timing at the assertion
of the falling edge detector 310 indicating that IRMS_pu is no longer greater than the
selected threshold (e.g., less than 4.75 for Class IV transformers). The time is available
on output 320.

[0019] IRMS pu 302 is also available to the maximum through-fault detection 316,
which is enabled by comparator 304 when IRMS_pu is greater than the selected
threshold (e.g., greater than 4.75 for Class IV transformers). The maximum through-
fault detection 316 determines the maximum IRMS_pu value when it is enabled. The
maximum through-fault value is available on output 322.

[0020] IRMS pu 302 is further available to the through-fault alarm module 360. The
through-fault alarm module 360 calculates the through-fault energy values function
t(IRMS_pu) 326 using Equation (2) in calculator 324. Calculator 328 then uses
Equation (1) to determine the through-fault energy indication as a percentage THFLT.
This indication is applied to accumulator 332 when the falling edge detector 330 asserts
(i.,e. when IRMS_pu is no longer greater than the selected threshold). Accumulator 332
may include an adder 348 configured to add the present THFLT value to the previous
output of the adder using a delay 346. The delay 346 may be a one-processing-cycle
delay. Thus, while the energy THFLT is constantly being calculated (while the enable
output of 304 is true), the value is only provided to the accumulator 332 when IRMS_pu
is no longer greater than the selected threshold. The output of the accumulator 332 is
available to the comparator 334 which compares the accumulated energy (as a
percentage) against a user-defined through-fault pickup threshold THFLTPU 336.
When the energy percentage exceeds the pickup threshold 336, then an alarm may be
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set 338 (TFLTAL). For example, the threshold 336 may be set to 80 percent to indicate

that the accumulated through-fault energy operating point is approaching the protection
curve limit. The logic and calculations may further be adapted to provide a control
signal to a power system element (e.g., a circuit breaker) for isolating the transformer
from the power system when the energy percentage exceeds the pickup threshold 336.
Another practical application of this logic is to use the integrator output THFLT as the
fault severity indicator. The fault severity indicator can supervise feeder reclosing in
distribution substations. For example, upon output of the THFLT signal, reclosing relays
may be blocked from reclosing the transformer into use.

[0021]  Accordingly, logic and calculations 300 of Figure 3 or any similar logic may be
implemented into a power system device (e.g., an IED or protective relay) in order to
provide monitoring of through-fault current in an electric transformer on an electrical
power system. For example, in an alternative algorithm, the fundamental current may
be used instead of the root means square of current to calculate the through-fault
energy without deviating from the spirit of the invention.

[0022] Figure 4 is an illustration of a device 400 including a microprocessor 438 for
processing logic for monitoring through-fault current in an electric transformer 428. The
device 400 includes an input from a current transformer 430 in communication with the
monitored transformer 428. In the illustrated configuration, the current transformer 430
is in connection with the low side of the monitored transformer 428. The current
transformer 418 (and a resistor 422 for converting the current signal to voltage signal)
may be configured to proportionally step-down the current to a secondary current
waveform having a magnitude that can be readily monitored and measured by the
device 400. Low pass filter 424 filters the secondary waveform. As the device may
receive several inputs from current transformers (not separately illustrated), the filtered
signal is then brought into a multiplexer 426, and follows to an A/D converter 432 to
sample and digitize the filtered waveforms to form a corresponding digitized current
signal 434.

[0023] The digitized current signal 434 is received by a microcontroller 436
configured to perform digital signal processing. In one embodiment, the microcontroller
436 includes a central processing unit (CPU) or microprocessor 438, a program
memory 440 (e.g., a Flash EPROM), a parameter memory 442 (e.g., an EEPROM) and
a process memory 448 (such as, for example, RAM). As will be appreciated by those
skilled in the art, other suitable microcontroller configurations may be used. Further,
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although discussed in terms of a microcontroller, it should be noted that the
embodiments disclosed herein may be practiced using a field-programmable gate array
(FPGA), application specific integrated circuit (ASIC), or other programmable logic
device.

[0024] The microprocessor 438, by executing a computer software program or logic
scheme, processes the digitized current signal 434 according to the methods described
herein. The microprocessor 438 may also provide outputs 444 based on the results of
the calculations and digital signal processing.

[0025] Figure 4B illustrates a more detailed architecture of the logic that may be
operated in the microprocessor 438. The microprocessor 438 process a program that
includes a magnitude calculator 408 for calculating the magnitude of current based on
the signal waveform. For example, the magnitude calculator 408 may be adapted to
implement the equations and logic as outlined above in order to calculate the root
means square value of current (IRMS). A through-fault energy calculator 410 is further
provided which is coupled to the magnitude calculator 408 for calculating a through-fault
energy value based on the magnitude of current through the transformer 428. The
through-fault energy calculator 410 may be adapted to implement the equations and
logic as outlined above. An accumulator 412 is coupled to the through-fault energy
calculator 410 for accumulating a plurality of through-fault energy values. The
accumulator 412 may include an adder 413 and a delay 446. The output of the adder
413 may be fed into a delay 446, the output of which then leads back into the adder
413. The delay 446 may be a one-processing-cycle delay such that the immediate past
accumulated value is added to the present energy value to provide the accumulated
value. The accumulated through-fault energy values are compared (at comparator 414)
to a selected threshold 416. The device 400 may further include an alarm (not shown)
coupled to the comparator for indicating that the accumulated through-fault energy
values exceed a selected threshold. The device 400 may further be adapted to provide
a control signal to a power system element (e.g., circuit breaker) to isolate the
transformer 428 from the power system if the accumulated through-fault energy values
exceed a selected threshold. The output of the comparator 414 may be a contact
output that may be used for monitoring, protection, control and/or automation of the
transformer 428.

[0026] Where a value of the magnitude of the fundamental of the current through the

transformer is used instead of the RMS value of current, the magnitude calculator 408
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may include a fundamental frequency filter for filtering all frequencies except for the
fundamental. A magnitude calculator may then be used to calculate the magnitude of
the fundamental frequency from the filtered signal, providing a magnitude of the
fundamental of the current. It should be noted that harmonics other than the
fundamental may be used.

[0027] Figure 5 is a flowchart outlining a method 500 for monitoring through-fault
current in an electric transformer. In this method, a signal waveform is acquired from
the transformer (step 502). The magnitude of current is calculated based on the
calculated current through the electric transformer (step 506). For example, the
magnitude calculation may include the calculation of the root means square value of
current using the equations as outlined above. A through-fault energy value is
calculated based on the root means square value of current through the transformer
(step 508) using the equations as outlined above. A plurality of through-fault energy
values are accumulated (step 510) and compared to a selected threshold (step 512).
An alarm or control signal may be provided if the accumulated through-fault energy
values exceed a selected threshold (step 514). In an alternative method, the
fundamental current may be used instead of the root means square of current to
calculate the through-fault energy without deviating from the spirit of the invention.
[0028] Although the embodiments described above use RMS values of current and
per-unit RMS values of current, other calculations of the magnitude of the alternating
current waveform may be used, such as, for example, the fundamental of the waveform
may be calculated instead of the RMS value. In such cases, the RMS values and
calculators would then be replaced by the alternate values and calculators described
and illustrated herein.

[0029] While this invention has been described with reference to certain illustrative
aspects, it will be understood that this description shall not be construed in a limiting
sense. Rather, various changes and modifications can be made to the illustrative
embodiments without departing from the true spirit, central characteristics and scope of
the invention, including those combinations of features that are individually disclosed or
claimed herein. For example, although an example of a Class IV transformer is
provided. The various aspects of the present invention may be similarly applied to
Class |, Class Il or Class Il transformers without deviating from the spirit of the present
invention. Furthermore, it will be appreciated that any such changes and modifications
will be recognized by those skilled in the art as an equivalent to one or more elements
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of the following claims, and shall be covered by such claims to the fullest extent

permitted by law.
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Claims:
We Claim:
1. A device for monitoring through-fault current in an electric transformer on an
electrical power system, the electric transformer having a signal waveform therethrough,
the device including:

a magnitude calculator adapted to calculate a magnitude value of current from
the signal waveform based on the current flowing through the electric transformer,

a through-fault energy calculator coupled to the magnitude calculator adapted to
calculate a through-fault energy value based on the magnitude value of current through
the transformer, and

an accumulator coupled to the through-fault energy calculator for accumulating a
plurality of through-fault energy values.

2. The device of claim 1, wherein the magnitude calculator comprises a root means
square calculator configured to calculate a root means square value of current, and

wherein the magnitude value is the root means square value.
3. The device of claim 1, wherein the magnitude calculator comprises a
fundamental calculator configured to calculate a fundamental value of current, and

wherein the magnitude value is the fundamental value.

4. The device of claim 1 wherein the accumulator begins accumulating through-fault

energy values if the magnitude value of current exceeds a selected threshold.

5. The device of claim 4 wherein the transformer is a Class IV type transformer.

6. The device of claim 1 wherein the accumulator begins accumulating through-fault
energy values if the magnitude value of current is greater than about 4.75 per unit.

7. The device of claim 1 further comprising an alarm coupled to the accumulator for

indicating that the accumulated through-fault energy values exceed a selected
threshold.

11
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8. The device of claim 7 wherein the alarm is initiated if the accumulated through-

energy value exceeds about 80%.

9. The device of claim 1 wherein the through-fault energy value is used as a fault

severity indicator.

10.  The device of claim 1 wherein the device is further adapted to provide a control
signal to a power system element for isolating the transformer from the power system
when the accumulated through-fault energy values exceed a selected threshold.

11.  The device of claim 1, further comprising a comparator in communication with the
accumulator, configured to compare the accumulated value against a predetermined
threshold.

12.  The device of claim 11, further comprising an output in communication with the
comparator configured to block a reclosing operation when the accumulated value
exceeds the predetermined threshold.

13. A method for monitoring an electric transformer on an electric power system, the
electric transformer having a signal waveform therethrough, the method including the
steps of:

sampling a signal waveform on either side of the transformer;

calculating a magnitude value of current based on the current through the electric
transformer;

calculating a through-fault energy value based on the magnitude value of current
through the transformer;

accumulating a plurality of through-fault energy values; and

determining whether the accumulated through-fault energy values exceed a
selected threshold.

14.  The method of claim 13 further including the step of providing an alarm if the
accumulated through-fault energy values exceed a selected threshold.

12
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15.  The method of claim 13 further including the step of providing a control signal to
a power system element to isolate the transformer from the power system if the
accumulated through-fault energy values exceed a selected threshold.

16.  The method of claim 13, wherein the step of calculating a magnitude value
comprises calculating a root means square value, and the magnitude value is the root

means square value.

17.  The method of claim 13, wherein the step of calculating a magnitude value
comprises calculating a fundamental value, and the magnitude value is the fundamental

value.

18. A device for monitoring through-fault current in an electric transformer on an
electrical power system, the electric transformer having a signal waveform therethrough,
the device including:

a through-fault energy calculator adapted to calculate a through-fault energy
value based on the signal waveform, and

an accumulator coupled to the through-fault energy calculator for accumulating a

plurality of through-fault energy values.

19.  The device of claim 16 further comprising a current magnitude calculator
configured to calculate a magnitude of current through the electric transformer from the
signal waveform, wherein the accumulator begins accumulating through-fault energy

values if the magnitude exceeds a selected threshold.
20.  The device of claim 16 further comprising an alarm coupled to the accumulator
for indicating that the accumulated through-fault energy values exceed a selected

threshold.

21.  The device of claim 20 wherein the alarm is initiated if the accumulated through-

energy value exceeds about 80%.

22.  The device of claim 16 wherein the through-fault energy value is used as a fault

severity indicator.

13
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23.  The device of claim 16 wherein the device is further adapted to provide a control
signal to a power system element for isolating the transformer from the power system

when the accumulated through-fault energy values exceed a selected threshold.

24.  The device of claim 19, wherein the magnitude calculator comprises a root
means square calculator.

14
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502 Rl
Acquire Signal Waveform from Transformer

506 1 Calculate Magnitude Current (e.g., lrums) from the
Acquired Current Values

508 | Calculate a Through-Fault Energy Value from the
Magnitude of Current (e.g., from lgys)

510 ™ | Accumulate a Plurality of Through-Fault Energy
Values

Accumulated Through-Fault Energy Values
Greater than a Select Threshold?

Yes

Provide Alarm or Control Signal \51 4
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