2011/047010 A1 |1 00 O O 01 OO 0

S
=

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization

International Bureau

(43) International Publication Date
21 April 2011 (21.04.2011)

(10) International Publication Number

WO 2011/047010 A1

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

International Patent Classification:
GOIR 31/00 (2006.01)

International Application Number:
PCT/US2010/052452

International Filing Date:
13 October 2010 (13.10.2010)

Filing Language: English
Publication Language: English
Priority Data:

61/251,144 13 October 2009 (13.10.2009) US
12/903,104 12 October 2010 (12.10.2010) US

Applicant (for all designated States except US):
SCHWEITZER ENGINEERING LABORATORIES,
INC. [US/US]; 2350 NE Hopkins Court, Pullman, WA
99163 (US).

Inventors; and

Inventors/Applicants (for US only): SCHWEITZER,
Edmund, O., III [US/US]; 330 NW Brandon Drive, Pull-
man, WA 99163 (US). SKENDZIC, Veselin [US/US];
600 SW Crestview, Unit #20, Pullman, WA 99163 (US).
BENMOUYAL, Gabriel [CA/CA]; 115 D' Lge,
Boucherville, PQ J4B 6J2 (CA). HALL, Bruce, A. [US/
US]; 940 NW El Dorado Dr, Pullman, WA 99163 (US).
SCHARLACH, Rogerio [US/US]; 2438 Milford Drive,
San Ramon, CA 94582 (US).

74

62y

84)

Agent: EDGE, Richard, M.; 2350 Ne Hopkins Court,
Pullman, WA 99163 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: SYSTEMS AND METHODS FOR GENERATOR GROUND FAULT PROTECTION

702B

702A S | 2006

704

708

708~

)
ARA
MWy
i
m

1
=
(=]

710 712

Injection Source

T 5600

714

Protection
> Module
I | 716

Figure 7

(57) Abstract: A generator winding-to-ground fault detection system is disclosed that includes a signal injection source in electri-
cal communication with a winding of an electric power generator via an injection transformer. The winding may be coupled to
ground via a winding-to-ground path and the signal generation source may generate an injection signal capable of being injected
to the winding using the injection transformer. The disclosed system may further include a protection module in communication
with the signal injection source and the electric power generator configured to receive the injection signal and a signal relating to
the current through the winding-to-ground path, and to determine the occurrence of a winding-to-ground fault condition based at
least in part on the injection signal and the signal relating to the current through the winding-to-ground path.
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SYSTEMS AND METHODS FOR GENERATOR
GROUND FAULT PROTECTION

TECHNICAL FIELD

[0001] This disclosure relates to systems and methods for protecting an electrical

generator and, more particularly, to systems and methods for detecting generator

ground faults using an injection source.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] Non-limiting and non-exhaustive embodiments of the disclosure are

described, including various embodiments of the disclosure with reference to the
figures, in which:

[0003] Figure 1 illustrates a block diagram of one embodiment of a system including
an electric generator utilizing high-impedance stator grounding that includes stator
ground injection and protection.

[0004] Figure 2 illustrates a block diagram of one embodiment of a system including
an electric generator utilizing high-impedance stator grounding that includes stator
ground injection and protection.

[0005] Figure 3 illustrates a block diagram of one embodiment of a system including
an electric generator utilizing high-impedance stator grounding that includes stator
ground injection and protection.

[0006] Figure 4 illustrates a simplified block diagram of the system illustrated in
Figure 2.

[0007] Figure 5 illustrates injection signals that may be used by an intelligent
electronic device to detect stator-to-ground fault conditions.

[0008] Figure 6 illustrates a Schoreder multisine injection signal.

[0009] Figure 7 illustrates a block diagram of one embodiment of a system that
includes an electric generator having stator ground injection and protection utilizing a
variable waveform injection source.

[0010] Figure 8 illustrates a block diagram of one embodiment of an intelligent
electronic device configured to generate an injection input signal and to monitor a
generator for stator-to-ground fault conditions.

[0011] Figure 9 illustrates a diagram of an intelligent electronic device configured to

monitor and protect a system including multiple generators from stator-to-ground faults.
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DETAILED DESCRIPTION
[0012] The embodiments of the disclosure will be best understood by reference to

the drawings. It will be readily understood that the components of the disclosed
embodiments, as generally described and illustrated in the figures herein, could be
arranged and designed in a wide variety of different configurations. Thus, the following
detailed description of the embodiments of the systems and methods of the disclosure
is not intended to limit the scope of the disclosure, as claimed, but is merely
representative of possible embodiments of the disclosure. In addition, the steps of a
method do not necessarily need to be executed in any specific order, or even
sequentially, nor need the steps be executed only once, unless otherwise specified.
[0013] In some cases, well-known features, structures or operations are not shown
or described in detail. Furthermore, the described features, structures, or operations
may be combined in any suitable manner in one or more embodiments. It will also be
readily understood that the components of the embodiments as generally described
and illustrated in the figures herein could be arranged and designed in a wide variety of
different configurations.

[0014] Several aspects of the embodiments described will be illustrated as software
modules or components. As used herein, a software module or component may
include any type of computer instruction or computer executable code located within a
memory device that is operable in conjunction with appropriate hardware to implement
the programmed instructions. A software module or component may, for instance,
comprise one or more physical or logical blocks of computer instructions, which may be
organized as a routine, program, object, component, data structure, etc., that performs
one or more tasks or implements particular abstract data types.

[0015] In certain embodiments, a particular software module or component may
comprise disparate instructions stored in different locations of a memory device, which
together implement the described functionality of the module. Indeed, a module or
component may comprise a single instruction or many instructions, and may be
distributed over several different code segments, among different programs, and across
several memory devices. Some embodiments may be practiced in a distributed
computing environment where tasks are performed by a remote processing device
linked through a communications network. In a distributed computing environment,
software modules or components may be located in local and/or remote memory

storage devices. In addition, data being tied or rendered together in a database record
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may be resident in the same memory device, or across several memory devices, and
may be linked together in fields of a record in a database across a network.

[0016] Embodiments may be provided as a computer program product including a
non-transitory machine-readable medium having stored thereon instructions that may
be used to program a computer (or other electronic device) to perform processes
described herein. The non-transitory machine-readable medium may include, but is not
limited to, hard drives, floppy diskettes, optical disks, CD-ROMs, DVD-ROMs, ROMs,
RAMs, EPROMs, EEPROMs, magnetic or optical cards, solid-state memory devices, or
other types of media/machine-readable medium suitable for storing electronic
instructions.

[0017] An electrical power generation and distribution system may include power
system equipment such as generators, circuit breakers, switches, buses, transmission
lines, distribution lines, transformers, voltage regulators, capacitor banks, and the like.
Such equipment may be monitored, controlled, automated, and/or protected using
intelligent electronic devices (“IEDs”) that receive electric power system information
from the devices, make decisions based the information, and provide monitoring,
control, protection, and/or automation outputs to the devices.

[0018] Electric generators may be monitored and protected from various
malfunctions and/or conditions using one or more IEDs. For example, an IED may be
used to monitor a generator for interruption of a rotor grounding path (i.e., brush liftoff).
Embodiments of such an IED may utilize various protection algorithms, such as those
disclosed in U.S. Patent No. 7,498,818, titled “Apparatus and Method for Detecting a
Brush Liftoff in a Synchronous Generator Rotor Circuit”, which is hereby incorporated
by reference.

[0019] Generators used in electric power generation and distribution systems may
include stator grounding in a variety of configurations. For example, generator stator
windings may be grounded using high-impedance, medium resistance, low resistance,
low inductance, and/or resonant grounding configurations. Alternatively, stator
windings may be ungrounded. Monitoring the grounding of the stator windings in an
electric generator may protect the generator from damage in instances where the stator
winding insulation or the stator grounding system malfunction.

[0020] Figure 1 illustrates a block diagram of one embodiment of a system 100 that
includes an electric generator utilizing high-impedance stator grounding and that
includes stator ground injection and protection. Although various embodiments
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disclosed herein include generator windings integrated in a stator; however, generator
windings integrated in a rotor are also contemplated. The generator includes three
stator windings 102A, 102B, and 102C, each of which is coupled to node 104. Node
104 may be coupled to ground via a resistor 106 having a resistance of R,,. Consistent
with some embodiments, a stator-to-ground fault path 108 having an equivalent path
resistance of Rt may be used in determining the occurrence of a stator grounding fault
condition. Stator-to-ground fault path 108 is shown in phantom lines to designate that
stator-to-ground fault path is not an actual component of system 100, but rather
represents and equivalent electrical resistance of a path between the stator and
ground.

[0021] Consistent with embodiments disclosed herein, the system 100 may include
an IED 110 configured to monitor and protect the generator. The IED 100 may include
an injection source 112 which is configured to inject an electrical signal across the
resistor 106 via a transformer 114. In some embodiments, the injection source 112
may be further configured to provide the electrical signal to a protection module 116,
which is configured to monitor the impedance of the stator-to-ground fault path 108.
The protection module 116 may also be configured to receive an electrical signal
provided by current transformer 118 relating to the current passing from the plurality of
stator windings 102A, 102 B, and 102C. Based on the signals received by the
protection module 116, the occurrence of a stator-to-ground fault condition can be
detected and protective action may be taken to prevent damage to the generator.
[0022] Figure 2 illustrates a block diagram of one embodiment of a system 200
including an electric generator utilizing high-impedance stator grounding that includes
stator ground injection and protection. The generator of system 200 may include a
plurality of stator windings 202A, 202B, and 202C, each of which is coupled to node
204. Node 204 may be coupled to ground via a high voltage side of a transformer 214.
A resistor 206 having a resistance of R may be coupled across a low voltage side of
the transformer 214. Consistent with some embodiments, a stator-to-ground fault path
208 having a path resistance of R may be used in determining the occurrence of a
stator grounding fault condition. Stator-to-ground fault path 208 is shown in phantom
lines to designate that stator-to-ground fault path is not an actual component of system
200, but rather represents and equivalent electrical resistance of a path between the
stator and ground.
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[0023] The system 200 may include an IED 210 configured to monitor and protect
the generator. The IED 210 may include an injection source 212 which is configured to
inject an electrical signal across the stator-to-ground path via transformer 214. In some
embodiments, the injection source 212 may be further configured to provide the
electrical signal to a protection module 216 configured to monitor the equivalent
impedance of the stator-to-ground path 208. The protection module 216 may also be
configured to receive an electrical signal provided by current transformer 218 relating to
the current passing from the stator windings to ground. Based on the signals received
by the protection module 216, the occurrence of a stator-to-ground fault condition can
be detected and protective action may be taken to prevent damage to the generator of
system 200.

[0024] Figure 3 illustrates a block diagram of one embodiment of a system 300
including an electric generator utilizing high-impedance stator grounding that includes
stator ground injection and protection. The generator may include a plurality of stator
windings 302A, 302B, and 302C, each of which is coupled to node 304. In some
embodiments, a stator-to-ground fault path 308 having a path resistance of Rt may be
used in determining the occurrence of a stator grounding fault condition. Stator-to-
ground fault path 308 is shown in phantom lines to designate that stator-to-ground fault
path is not an actual component of system 100, but rather represents and equivalent
electrical resistance of a path between the stator and ground.

[0025] Consistent with some embodiments, the system 300 may include an IED 310
configured to monitor and protect the generator. The IED 310 may include an injection
source 312 configured to inject an electrical signal across the generator stator windings
302A, 302B, and 302C via transformer 314. A resistor 306 having a resistance of R
may be coupled across a low voltage side of the transformer 314. In some
embodiments, the injection source 312 may be further configured to provide the
electrical signal to a protection module 316 configured to monitor leakage impedance of
the stator windings. The protection module 316 may also be configured to receive an
electrical signal provided by a current transformer 318 relating to the current passing
from the stator windings to ground. Based on the signals received by the protection
module 316, the occurrence of a stator-to-ground fault condition can be determined and
protective action may be taken to prevent damage to the generator.

[0026] Figure 4 illustrates a block diagram of one embodiment of a system 400,
which incorporates certain components also illustrated in Fig. 2. For ease of reference,
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those components in Fig. 4 that are also shown in Fig. 2 are designated with the same
reference numbers. Similar principles may also be applied to systems 100 and 300,
which are illustrated in Figure 1 and Figure 3, respectively. The |IED 410 may include
an injection source that includes a current source 402 and a source resistance 404.
The current source 402 may inject an electrical signal across the stator-to-ground fault
path 208 having a resistance of Rs.

[0027] In the absence of a stator-to-ground fault condition, the stator-to-ground fault
path 208 will have a high equivalent impedance resistance, however, when a stator-to-
ground fault condition occurs, the ratio of the voltage V| across resistor 206 to current I
will be proportional to the stator-to-ground fault path 208 resistance R¢ according to
Equation (1).

Vi _ B,
I, N? (1)
In Equation (1), N is the winding ratio of the transformer 214.
[0028] The voltage V. across the transformer 214 and resistor 206 may be
measured across a resistive voltage divider including resistors 408 and 410 having a
ratio Dr calculated according to Equation (2).
— R2
- R +R, (2)

R

In Equation (2), Ry is the resistance of resistor 408 coupled between a first terminal of
the injection source 416 and the protection module 216 and R: is the resistance of
resistor 410 coupled between a second terminal of the injection source 416 and the
protection module 216.

[0029] Based on a voltage Vg measured across resistor R, and a current Ig
measured by current transformer 218, the fault resistance Rt across the stator-to-

ground path 208 may be calculated by the protection module 216 according to Equation

2
(3): r =Ye N'Dy
A n

R

(3)
In Equation (3), N is the winding ratio of the transformer 214 and n is the winding ratio
of current transformer 218.
[0030] Consistent with embodiments disclosed herein, by comparing the equivalent
impedance of stator-to-ground fault path 208 to a specified resistance, the occurrence
of a stator-to-ground fault condition may be detected. In some embodiments, if the
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equivalent impedance of stator-to-ground fault path 208 is below a specified threshold
(i.e., indicating a stator-to-ground fault), then the protection module 216 will detect a
fault condition and signal an IED accordingly. In response to the signal from the
protection module 216, the IED may take action to protect the generator of system 200
from damage such as, for example, setting an alarm, setting a contact output, signaling
a breaker to change state, or the like.

[0031] In some embodiments, the IED 410 may take different actions at different
detected fault resistance Rsthresholds. For example, if the detected fault resistance Ry
is below a first specified threshold, then the IED 410 may take a first action (e.g., setting
off a visual alarm, an audio alarm, or the like) which may continue for either a specified
or an unspecified length of time. If the equivalent impedance of stator-to-ground fault
path 208 falls below a second specified threshold, then the IED may take a second
action, which may include issuing a trip signal to stop the operation of the generator of
system 200. In some embodiments, the second action may not commence until a
specified time associated with the first action has elapsed.

[0032] In some embodiments, current source 402 may inject a signal modulated at
20 Hz. As electrical generators typically operate at nominal operating frequencies of 50
Hz or 60 Hz, the protection module 216 can differentiate the 20 Hz injection signal from
signals resulting from the normal operating frequency of a generator 400 operating
(e.g., 50 Hz or 60 Hz). During startup (or ramp up), the operating frequency of the
generator may vary between 0 Hz and the nominal operating frequency. Accordingly,
during startup, the actual operating frequency of the generator may be close to the
frequency of a 20 Hz injection signal (e.g., from 10 Hz to 30 Hz during ramp up).
[0033] In accordance with embodiments disclosed herein, protection against stator-
to-ground fault conditions during startup may be achieved using injection signals that
can be differentiated from normal generator operating signals. Figure 5 illustrates
injection signals that may be used by an IED to detect stator-to-ground fault conditions.
Injection signals output from an injection source may be designed to allow a protection
module to differentiate the injection signal from normal generator operation signals.
Such signals may include, for example, a chirp signal 500, a Schoreder Multisine signal
502, a maximum length binary sequence (MLBS) signal 504, a noise signal 506, and/or
a burst noise signal 508.

[0034] In embodiments utilizing a Schoreder Multisine signal 502 as an injection
signal, the signal may be generated according to Equation (4).
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X(t) = kF=1 A cos(272fkt + 9, ) (4)

In Equation (4), fk = k-, (i.e., the component frequencies), 1, is the frequency step (i.e.,

resolution), L is the signal period (i.e., signal length), and 4 __kk-1}r (i.e., the
fo r

individual component phases).

[0035] By selecting or omitting individual frequency components, modifying their
amplitude, and modifying their phase, a Schoreder Multisine signal can be generated
and injected to an IED to better distinguish the injected signal from other generator
operating signals during start-up. For example, a Schoreder Multisine signal can be
injected having a signal period (i.e., 1/f,) of 0.2s and frequency components spaced 5
Hz apart. In some embodiments, the set of frequencies may be selected such that
none are harmonically related to the nominal operating frequency of the generator. For
example, if a generator has a nominal operating frequency of 50 Hz, a set of selected
component frequencies (fi) may include 15 Hz, 20 Hz, 35 Hz, and 40 Hz (i.e., none of
which may be harmonically related to the generator nominal operating frequency of 50
Hz). A Schoreder Multisine signal having such component frequencies of 5, 20, 25,
and 40 Hz is illustrated in Figure 6. In certain embodiments, the injected signal may
have a small average signal peak (i.e., peak-to-average ratio) allowing for use of the
injection source over a dynamic range. Further, in some embodiments, non-linear
optimization techniques can be used to reduce the peak-to-average ration for a signal
having any given combination of selected frequency components.

[0036] Figure 7 illustrates a block diagram of one embodiment of a system 700 that
includes an electric generator having stator ground injection and protection utilizing a
variable waveform injection source 712. The generator of system 700 may include a
plurality of stator windings 702A, 702B, and 702C, each of which is coupled to a node
704. Node 704 may be coupled to ground via a high voltage side of a transformer 714.
A resistor 706 having a resistance of R may be coupled across a low voltage side of
the transformer 714. Consistent with some embodiments, a stator-to-ground fault path
708 having an equivalent resistance of R may be used in determining the occurrence
of a stator-to-ground fault condition. Stator-to-ground fault path 708 is shown in
phantom lines to designate that stator-to-ground fault path is not an actual component
of system 100, but rather represents and equivalent electrical resistance of a path
between the stator and ground.
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[0037] In some embodiments, the system 700 may include an IED 710 configured to
monitor and protect the generator of system 700. The IED 710 may include a variable
waveform injection source 712 configured to inject an electrical signal across the stator-
to-ground path via transformer 714. In some embodiments, the variable waveform
injection source 712 may be further configured to provide the injected electrical signal
to a protection module 716, which is configured to to monitor the impedance of the
stator-to-ground path 708. The protection module 716 may also be configured to
receive an electrical signal provided by current transformer 718 relating to the current
passing from the stator windings to ground. Based on the signals received by the
protection module 716, the occurrence of a stator-to-ground fault condition can be
determined and protective action may be taken to prevent damage to the generator
and/or system 700.

[0038] In some embodiments, the variable waveform injection source 712 may be
capable of generating a plurality of injection signal waveforms such as, for example, the
signal waveforms illustrated in Figure 5 and Figure 6. As illustrated in Figure 7, the
variable waveform injection source 712 may be modeled as a plurality of current
sources connected in parallel (e.g., in the instance when a set of multiple component
frequencies are selected), each with its own independently selected signal frequency.
By changing the number of current sources and their respective output frequencies
and/or amplitudes in the variable waveform injection source 712, the injection signal
waveform may also be changed and/or optimized. In some embodiments, the injected
signal may be optimized based on the specific parameters of the generator of system
700 protected by the IED 710 such as, for example, the nominal operating frequency of
the generator.

[0039] Figure 8 illustrates a block diagram of one embodiment of an IED 800
configured to generate an injection input signal and to monitor a generator (not shown)
for stator-to-ground fault conditions. As illustrated, the IED 800 may include an isolated
power supply 808 configured to supply an injection signal to an injection output 838
from power received from a power source separate from the generator. In some
embodiments, the isolated power supply 808 may be configured to supply the injection
signal even when the generator is not operating. The isolated power supply 808 may
be further configured to provide power to a central processing unit (CPU) 822.

[0040] In certain embodiments, the CPU 822 may include a processor, which in

various embodiments may comprise one or more microprocessors, field programmable

9



10

15

20

25

30

WO 2011/047010 PCT/US2010/052452
gate arrays (FPGAs), application specific integrated circuits (ASICs), and the like,
configured to execute electronic instructions stored on a computer-readable media in
electronic communication with CPU 822. The CPU 822 may execute one or more
functional modules including, for example, an input signal generator module 824, a
protection module 826, and or a control module 842. In some embodiments, the input
signal generator module 824 may be configured to generate an injection signal
provided to the generator from the IED 800 via the injection output 838. Particularly,
the input signal generator module 824 may direct a digital-to-analog converter (DAC)
814 coupled to the CPU 822 via an isolation buffer circuit (ISO) 818 to output an analog
injection signal. In certain embodiments, the analog injection signal output by the DAC
814 may be amplified by an amplifier 812 (e.g., a wide-band amplifier, a class-D
amplifier, and/or a high-efficiency amplifier) which may receive power from power
supply 808.

[0041] The injection signal output current from the amplifier 812 may be sampled by
a analog-to-digital converter (ADC) 816 via a current transformer 810. Further, the
injection signal output voltage from amplifier the amplifier may be sampled by the ADC
816 via a resistive divider including resistors 802, 804, and 806. Additionally, the
current passing from generator stator windings to ground may be received by the IED
800 from current transformers (e.g., current transformers 120, 220, and 320 illustrated
in Figures 1-3, respectively) at a stator current input 840 and sampled by the ADC 816.
In response to these inputs, the ADC 816 may provide information related to the
sampled injection signal output current and voltage as well as the sampled stator-to-
ground current to the CPU 822. In some embodiments, the information provided to the
CPU 822 from the ADC 816 may be routed via an 1ISO 820.

[0042] Consistent with some embodiments, a protection module 826 executed by
the CPU 822 may use the information provided by the ADC 816 in conjunction with
information regarding the transformer winding ratios, current transformer winding ratios,
and the resistances of resistors 802-806 to calculate the equivalent impedance of a
stator-to-ground fault path utilizing Equation 3. By comparing the equivalent impedance
to a specified resistance, the occurrence of a stator-to-ground fault condition may be
detected. As discussed previously, if the equivalent impedance of a stator-to-ground
fault path is below a specified threshold (i.e., indicating a stator-to-ground fault), then
the protection module 826 may take action to protect the generator from damage such

10
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as, for example, setting an alarm, setting a contact output, actuating a breaker, or the
like.
[0043] In some embodiments, the protection module 826 may receive information
from the input signal generator module 824 regarding the injection signal. Analysis of
the signals sampled by DAC 814 and ADC 816 may be performed using a discrete
Fourier transformer, a long Cosine Filter, or other filters of a length at or near the signal
period (1/fo).
[0044] In some embodiments, CPU 822 may execute a control module 842, which
is configured to facilitate communication with the IED 800 (e.g., via IEC 61850 protocol,
Ethernet standard, SONET, or the like). In some embodiments, the control module 842
may direct the IED 800 or another apparatus communicatively coupled to the IED800 to
take action to protect the generator from damage when a stator-to-ground fault is
detected by the protection module 826.
[0045] The IED 800 may interface with other electric power system devices via one
or more data input/outputs (1/0O) 828-836. For example, the IED 800 may include fiber
optic interfaces 828-830, contact I/O interfaces 832, and Ethernet ports 834-836, which
in some embodiments may utilize Ethernet fiber. In some embodiments, the data 1/0Os
828-836 may interface the IED 800 with a human machine interface (HMI) device, a
laptop computer, a desktop computer, a supervisory control and data acquisition
(SCADA) system, a wide area control and situational awareness (WCSA) system, or
any other similar system. The data I/Os 828-836 may be communicatively coupled to
the CPU 822.
[0046] In some embodiments, CPU 822 may execute a control module 842, which is
configured to facilitate communication with the IED 800 (e.g., via IEC 61850 protocol,
Ethernet standard, SONET, or the like). In some embodiments, the control module 842
may direct the IED 800 or another apparatus communicatively coupled to the IED800 to
take action to protect the generator from damage when a stator-to-ground fault is
detected by the protection module 826.
[0047] Figure 9 illustrates one embodiment of a system 900 configured to monitor
and protect multiple generators 902 and 904 from stator-to-ground faults. As illustrated,
the generators 902 and 904 may be coupled to a transformer 906 (e.g., a step up
transformer), which in some embodiments may be integrated in a delta-wye
configuration. Stator windings of generators 902 and 904 may be coupled to ground by
resistors 912 and 916, respectively. Further, breakers 908 and 910 may be coupled
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between the generators 902 and 904, respectively, and the step-up transformer 906. In
some embodiments, Breakers 908 and 910 may be actuated by instructions generated
by control module 930.

[0048] Consistent with embodiments disclosed herein, the system 900 may include
an IED 924 configured to generate one or more injection input signal(s) and to monitor
the generators 902 and 904 for stator-to-ground fault conditions. An input signal
generator 926 included in IED 924 may be configured to generate one or more signals
(e.g., a Schroeder Multisine signal) injected by input signal generator 926 via
transformers 914 and 918 for monitoring generators 902 and 904, respectively. The
input signal generator 926 may provide the injected signal to a protection module 928
included in the IED 924 for use in detecting stator-to-ground faults in generators 902
and 904. The protection module 928 may be further configured to receive stator-to-
ground current data from current transformers 920 and 922.

[0049] Based on the injected signal, data from current transformers 920 and 922,
and known device parameters, the protection module 928 may detect the occurrence of
a stator-to-ground fault conditions and take protective action to prevent damage to
generators 902 and 904. In some embodiments, the protection module 928 illustrated
in Figure 9 may be further configured to determine which of generators 902 and 904 is
experiencing a stator-to-ground fault. In such embodiments, a different injection signal
may be generated and injected by input signal generator 926 to each of generators 902
and 904. For example, the input signal generator 926 may be configured to generate a
Schroeder Multisine signal utilizing four discrete frequencies and to output two
frequencies to each of the injection transformers 914 and 918. Based on these
different injected signals, the protection module 928 may determine which generator
902 or 904 is exhibiting a stator-to-ground fault condition using, for example, a zero-
sequence approach.

[0050] In certain embodiments, data from the current transformers 920 and 922,
including measured current levels, may be compared by the protection module 928 for
each of a plurality of injected signal frequencies. Current level at a particular frequency
may be proportional to the distance to the fault from a given injection source. In some
embodiments, when there is no fault, measured current levels may be similar. Based
on this relationship, the protection module 928 may compare the measured current
levels to determine information related to the location of a fault.

12
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[0051] Many changes may be made to the details of the above-described
embodiments without departing from the underlying principles of this disclosure. The
scope of the present invention should, therefore, be determined only by the following

claims.
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WHAT IS CLAIMED IS:

1. A generator winding-to-ground fault detection system, comprising:

a first signal injection source in electrical communication with a first winding of a
first electric power generator via a first injection transformer, the first signal injection
source comprising a first signal generator for generating a first injection signal capable
of being injected to the first winding using the first injection transformer, the first winding
being coupled to ground via a first path; and

a protection module in communication with the first signal injection source and
the first electric power generator, the protection module configured to receive the first
injection signal and a signal relating to the current through the first path and to
determine the occurrence of a winding-to-ground fault condition based at least in part
on the first injection signal and the signal relating to the current through the first path,

wherein the first injection signal is configured to enable the protection module to
differentiate the first injection signal from signals resulting from normal operation of the

first electric power generator.

2. The system of claim 1, wherein the first injection source is a variable

waveform source.

3. The system of claim 1, wherein the first injection signal comprises a

random signal.

4. The system of claim 1, wherein the first injection signal comprises a

multisine signal.

5. The system of claim 4, wherein the multisine signal comprises a select
subset of frequencies.

6. The system of claim 5, wherein the select subset of frequencies

comprises frequencies that are not harmonically related to a nominal operating
frequency of the generator.
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7. The system of claim 4, wherein the multisine signal is a Schroeder

multisine signal.

8. The system of claim 1, wherein the first injection signal comprises multiple

frequencies.

9. The system of claim 1, wherein the protection module is configured to
take action to protect the electric power generator from damage when the occurrence of
a winding-to-ground fault condition is detected.

10.  The system of claim 1, wherein:

the first signal injection source is in electrical communication with a second
winding of a second electric power generator via a second injection transformer,

the first signal generator of the first signal injection source is configured to
generate a second injection signal capable of being injected to the second winding
using the second injection transformer, the second winding being coupled to ground via
a second path, and

the protection module is in communication with the second electric power
generator and is configured to receive the second injection signal and a signal relating
to the current through the second path and to determine the occurrence of a winding-to-
ground fault condition based at least in part on the second injection signal and the
signal relating to the current through the second path.

11.  The system of claim 10, wherein the protection module is further
configured to determine which of the first and second windings are experiencing a
winding-to-ground fault condition.

12.  The system of claim 1, further comprising:

a second signal injection source in electrical communication with a second
winding of a second electric power generator via a second injection transformer, the
second signal injection source comprising a second signal generator configured to
generate a second injection signal capable of being injected to the second winding
using the second injection transformer, the second winding being coupled to ground via
a second path,
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wherein the protection module is in communication with the second electric
power generator and is configured to receive the second injection signal and a signal
relating to the current through the second path and to determine the occurrence of a
winding-to-ground fault condition based at least in part on the second injection signal
and the signal relating to the current through the second path, and
wherein the first and second electric power generators are connected to a

transformer in parallel.

13.  The system of claim 12, wherein the system further comprises a
communications port and a processor in communication with the communications port,
wherein the protection module and a communications module is executed by the

processor.

14.  The system of claim 12, wherein the first injection signal is different from

the second injection signal.

15. A method for detecting winding-to-ground faults in a generator
comprising:

injecting, by a signal injection source comprising a signal generator in electrical
communication with a winding of a electric power generator via an injection transformer,
an injection signal to the winding using the injection transformer, the winding being
coupled to ground via a winding-to-ground path; and

detecting, by a protection module in communication with the signal injection
source and the electric power generator, the occurrence of a winding-to-ground fault
condition based at least in part on the injection signal and a signal relating to the
current through the winding-to-ground path,

wherein the injection signal is generated to enable the protection module to
differentiate the injection signal from signals resulting from the normal operation of the

electric power generator.

16.  The method of claim 15, wherein the injection source is a variable

waveform source.
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17.  The method of claim 15, wherein the injection signal comprises a noise-

like signal.

18.  The method of claim 15, wherein the injection signal comprises a

multisine signal.

19.  The method of claim 18, wherein the multisine signal comprises a select

subset of frequencies.

20. The method of claim 19, wherein the select subset of frequencies
comprises frequencies that are not harmonically related to a nominal operating

frequency of the generator.

21.  The method of claim 19, wherein the multisine signal is a Schroeder

multisine signal.

21.  The method of claim 14, wherein the injection signal comprises multiple

frequencies.

22. The method of claim 21, wherein the protection module is configured to

detect a winding-to-ground fault condition using the multiple frequencies.

23.  The method of claim 14, wherein the detecting a winding-to-ground fault

condition includes measuring the impedance of the winding-to-ground path.

24.  The method of claim 14, wherein the method further comprises taking
action to protect the electric power generator from damage when the occurrence of a

winding-to-ground fault condition is detected.

25.  An intelligent electronic device, comprising:
an injection output configured to be couple to a winding of a generator;
a processor;
a computer readable storage medium, comprising:
a signal injection module executable on the processor and configured to

generate an injection signal capable of being injected to the winding of the
17
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generator via the injection output, the winding being coupled to ground via a
path; and

a protection module executable on the processor and configured to
receive the injection signal and a signal relating to the current through the path
5 and configured to determine the occurrence of a winding-to-ground fault
condition based at least in part on the injection signal and the signal relating to

the current through the path.

10
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