Using the Multi-Loop Fault Analysis Method
for Setting and Evaluating Generator
Protection Elements

Ritwik Chowdhury, Dale Finney, and Normann Fischer
Schweitzer Engineering Laboratories, Inc.

© 2018 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained
for all other uses, in any current or future media, including reprinting/republishing this material
for advertising or promotional purposes, creating new collective works, for resale or
redistribution to servers or lists, or reuse of any copyrighted component of this work in other
works.

This paper was presented at the 71st Annual Conference for Protective Relay Engineers and can
be accessed at: https://doi.org/10.1109/CPRE.2018.8349835.

For the complete history of this paper, refer to the next page.



Published in
Synchronous Generator Protection and Control: A Collection of
Technical Papers Representing Modern Solutions, 2019

Previously presented at the
71st Annual Conference for Protective Relay Engineers, March 2018

Originally presented at the
44th Annual Western Protective Relay Conference, October 2017



Using the Multi-Loop Fault Analysis Method for
Setting and Evaluating Generator Protection Elements

Ritwik Chowdhury, Dale Finney, and Normann Fischer, Schweitzer Engineering Laboratories, Inc.

Abstract—Stator winding interturn, interbranch, and series
faults can result in large circulating currents in the faulted coils.
Generator protection elements may not be sensitive enough to
detect these fault conditions until the fault evolves into a phase-to-
phase or phase-to-ground fault. Large machines have been
severely damaged by delayed or failed protection system
operation. Determining fault quantities for the various possible
internal faults is not trivial and requires the aid of numerical
models. Protection element models can then be used to determine
the protection coverage provided by these elements.

Certain machine modeling methods are useful for analyzing
external faults or power system transients but are not appropriate
for analyzing internal faults. The most commonly used machine
models use dq0 transformation and assume an ideal equivalent
model of the machine derived from its normal operating mode
using lumped winding parameters. Consequently, these models
ignore the effect of the strong harmonics that result from the
internal machine asymmetry during internal faults. Alternate
methods, such as symmetrical component analysis or phase-
coordinate methods, are simplified models that introduce large
errors during internal asymmetric conditions.

The multi-loop method treats a machine as a set of loops in
relative motion. The method involves a permeance analysis of the
machine to calculate the time-variant electric parameters of the
stator branches and rotor loops. The stator branches (including
fault branches) are converted to loops via a transformation matrix
corresponding to the state of the machine. The model is then solved
using a numerical method. Because the multi-loop method uses
machine geometry and winding design information, it preserves
the harmonics that result from internal faults. The transformation
matrix provides a simple and intuitive mechanism to apply
internal faults in the fractional winding.

In this paper, we validate the multi-loop method using test data
from a scale-model machine in a lab. We then use the fault
quantities obtained from the multi-loop method to determine the
sensitivity and coverage provided by various generator internal-
fault protection algorithms for the lab machine.

I. INTRODUCTION

An examination of the physical layout of a stator winding
provides an indication of where faults are most likely to occur
and the types of those faults. Most faults are phase-to-ground
or phase-to-phase. Ground fault and differential schemes are
relied on to rapidly identify and isolate these faults. In some
windings, interturn or interbranch faults are possible. For
instance, interturn faults are possible in windings that are
constructed from multi-turn coils. Although the current through
the winding can be relatively small, the current in the shorted
turn can be several times nominal.

A series fault can result from a bar fracture (caused by high
vibration, for example) or the failure of a welded or bolted
connection [1]. Often a portion of the winding conductor is
vaporized before the insulation is breached [2]. Neither

interturn nor series faults are detected by differential schemes
because there is no difference in the currents at each end of the
winding. While these faults are theoretically detectable by
ground fault protection (for example, a neutral overvoltage
element), it is often not possible to set the element sensitively
enough to provide effective protection.

The first step in a fault survey is to examine the layout of the
winding to identify possible failure locations. From this, the
possible fault types and required type of protection can be
determined. Ideally, by obtaining the fault currents and voltages
for the potential fault points, the worst-case operating quantities
can be determined. These can then be used to optimize the
protection element settings.

For most internal-fault types, there are no good analytical
methods for empirical calculation of fault currents and voltages.
Research into numerical methods for internal-fault calculation
extends back almost to the time when digital computers first
became commercially available.

Park, Krause, and others have developed reference frame
transformations that have generally become known as dg0
models [3] [4]. These models assume a sinusoidal spatial
distribution of the stator winding magnetomotive force (MMF),
which greatly simplifies the development of machine models.
These transformations are accurate for a fault at the generator
terminals or external faults but, in their original formulations,
cannot be applied for faults within the winding.

Several internal-fault calculation models have been
described in [5]-[19]. The following observations can be made
about these methods:

e Most of these methods replace the sinusoidal spatial
distribution of the MMF with a winding function. The
use of a winding function facilitates modeling of the
harmonics corresponding to internal faults. Some
generator protection functions make use of these
harmonics.

e Most internal-fault models account for the nonuniform
air gap found in salient-pole machines.

¢ Some internal-fault models seek to derive the model
parameters from the operational parameters of the
machine (Xq, Xq, X'¢, and so on). Others require more
detailed information about the winding (pitch factor,
distribution factor, and so on).

e Internal-fault models can be characterized in terms of
the types of faults they can simulate (phase-to-ground,
phase-to-phase, interturn, interbranch, and series).



e Some internal-fault models have been developed
specifically for integration into real-time digital
simulators [17] [18] [19]. Numerical efficiency is
given a higher priority in these formulations.

In general, internal-fault models are more complex than the
dg0 models. However, once implemented and validated,
internal-fault models provide valuable insights, as we will
demonstrate.

II.  THE MULTI-LOOP METHOD

The multi-loop method was developed and popularized by
Gao [5]. It considers the geometry of the winding and allows
each individual coil and branch of the winding to be modeled.
The approach requires detailed winding information, but it
allows all fault types to be modeled. It also allows branches to
be grouped for the evaluation of split-phase or transverse
differential protection schemes. In this section, we only present
the equations that allow a functional understanding of the
method. The details and derivations are available in [5].

A.  Permeance Model

In a magnetic circuit, the flux produced by the MMF takes
the path of highest permeance (least reluctance) through the
circuit and is the fundamental method of electromechanical
energy conversion in an electric machine. The permeance
coefficient (As) in a rotating machine is primarily facilitated by
the air gap and is a function of the air-gap length (§) between
the rotor and stator. In salient-pole machines, the air-gap length
is not uniform. Fig. 1 shows a cross section of a salient pole
machine.

Fig. 1. Air-gap length, §(x), as a function of the position (x) of a salient-pole
rotor spanning an/2 electrical radians

Due to the symmetry of the air-gap length for a pole pair, As
can be represented with a Fourier series with even harmonics.

xs(x):%+zl7m cos(2/x);1=1,2,... (1)

The development of (1) and its coefficients (A and Ay;) are
included in Appendix A. Fig. 2 shows an example of the air-
gap permeance for a salient-pole machine.

The performance of the permeance model has an expected
sharp drop in the interpolar space. This is nearly identical to the

results obtained from finite element analysis, as described in
[20]. A cylindrical rotor can be modeled as a special case of the
salient-pole rotor with a uniform air-gap length.
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Fig. 2. Normalized permeance model of a salient-pole rotor

We consider air-gap expansion caused by the slot effect via
Carter’s coefficient [4] but ignore slot harmonics. This analysis
of permeance is not unique, and several of the methods
mentioned in the Introduction use a similar approach. The
permeance coefficients correspond to the harmonic sources in
a rotating machine.

B.  Circuit Parameters Using a Winding Function

The multi-loop method treats a coil as the basic element of
a winding. The coil resides in a stator slot and has one or more
turns. The current through the coil creates a square-wave MMF,
which can be represented as a sum of cosine terms via Fourier
analysis. This MMF (F) has a resultant flux density (B) through
the permeance path (L) provided by the air gap (8), as shown in
2).
B=F-A 2

As discussed previously, the permeance model accounts for
the nonuniformity of the air gap and is represented as a Fourier
series. Consequently, the resultant flux density is also a Fourier
series with time-variant coefficients that account for the rotor
position and relative coil position.

Inductance is the ratio of flux linkage (y) to per-unit current
(i). The self-inductance (L) of a coil is the flux linkage of the
coil that is due to its own current, and the mutual inductance
(M) is the flux linkage of the coil that is due to current in a
different coil. Flux linkage accounts for the surface area (S) and
number of turns (w).

y=w[BdS 3)

A branch consists of several coils connected in series either
in the stator or rotor winding. All coils in a branch carry the
same current, so equivalent branch inductances can be derived.
For instance, the mutual inductance between the field and a
stator phase branch (¢1) can be represented by
Equations (4)—(7).
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The turn information required to obtain the flux linkage is
provided by the following values:
e w is the number of turns per stator branch.
® 1wy is the number of field turns per pole.
e qy is the number of parallel branches in the field
winding.
The permeance information corresponding to the orientation
is provided by the following values:
e [ is the harmonic order per the Fourier series.
Ak 1s the direct-axis permeance coefficient produced
by the kth-harmonic MMF, obtained similarly to 2.
y is the electric lead angle between the rotor reference
(d-axis) and the stator coordinate axis.
¢ is the phase of the branch under consideration.
e is the angle associated with the phase ().
The winding information is provided by the following

e [y, is the distribution factor.
ek is the winding factor, containing both the pitch
(kyk) and winding distribution (kpk) information.

The winding information is easily obtained from a winding
diagram. An example stator winding diagram is shown in
Appendix D.

The geometry information is provided by the following
values:

e 7 is the pole pitch of the machine. This accounts for
the stator inner radius (R) and the number of pole
pairs (P).

e /is the length of the stator iron.

The multi-loop method preserves important details
corresponding to the geometry and winding information of the
machine. Doing so provides attenuation for the different
harmonic orders of the permeance coefficient obtained in
Section II, Subsection A.

The multi-loop method derives the various machine self-
and mutual-inductances using the principles discussed. The
details can be found in [5]. This approach is not unique and
several methods mentioned in the Introduction use a similar
approach.

C. Solving the Circuit Using Loop Analysis

Once the inductance parameters are obtained, the machine
can be represented using branch circuit equations, as shown in
(8). The expanded terms are shown in Fig. 3, and the associated
circuit is shown in Fig. 4.

values: U=p(LI)+RI+V’ (®)
e [ is the stator pitch ratio. This is the ratio of the pitch where:
of a stator coil (coil span) with respect to the pole .
pitch U is the branch voltages.
o Iy is the stator pitch factor. L'1s the inductance parameters.
e g is the number of coils per coil group. This can be 1is the branch currents.
calculated as the number of slots per pole per phase. p is the derivative operator (d/dt).
e (is the electrical angle per stator slot. This can be R is the resistance terms.
calculated as 180 degrees divided by the number of V' is the external system voltage source.
slots under a pole.
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Fig. 3. Branch matrix describing the multi-loop system model



For example, the inductance matrix consists of stator, rotor,
and system terms. The parameters of each stator branch
(1...Q...N) and damper loop (1d...gd....Nd) can be obtained
from Section II, Subsection A, demonstrating the extent of the
detail available from the permeance model. In our model
however, the damper terms are missing, hence we incur a
reduction of order of the equations.

After the branch circuit equations are identified, the defining
step of the multi-loop method is the conversion from branches
to loops, where the sum of the voltage around a loop is zero [5].
The circuit corresponding to this branch-to-loop conversion is
shown in Fig. 4 with the different fault types.
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Fig. 4. Multi-loop circuit

The process of conversion from branches to loops is
associated with a transformation matrix (H) such that the sum
of the voltage around a loop is zero. For instance, the loop
voltages (U’) and loop currents (I') are related to the branch
voltages (U) and branch currents (I) by (9) and (10).

U'=HU )

I=H"T (10)

Pre-multiplying the circuit equation by the transformation
matrix results in (11) and (12).

HU =HLpl + HpLI+HRI+HV' an

U’'=HLH"pl'+ HpLH'I'+ HRH'I' + HV' (12)
Substituting L’ = HLHT and R’ = pL’ + HRHT results in the

loop circuit equation (13).
U'=LpI'+RT +HV' (13)

Because the loop currents are the state variables, rearranging
(13) results in the state equation of the synchronous generator
shown in (14).

pl'=L"'(U'-RT-HV')=-L"'RT+L"'(U'-HV') (14)

The state equation is a first-order ordinary differential
equation that can be solved via an iterative method, such as
Runge-Kutta, and is represented by (15).

pl'=AT'+A, (15)

where:
A =-L"'R’ (16)
A,=L""(U'-HV') 7

During phase-to-phase, interbranch, and interturn faults, the
order and number of branches increases by two with respect to
normal operation. Subsequently, we add one more loop
equation that describes the electrical coupling of the faulted
stator loop with the other stator loops (see the different Loop 6
options in Fig. 4, which depend on the fault type). This
approach is slightly different from that in [5], where only one
additional branch and loop is added for interturn faults.

During series faults, the number of branches and loops does
not increase; only the circuit parameters change via the addition
of a series resistance on the faulted branch. External faults and
the generator grounding impedance are provided by the 3 x 3
external terms of the impedance matrices (see Lt and rr in Fig. 3
and Fig. 4)

We consider the effect of core saturation by using the
method in Appendix B. We simplify the multi-loop model to
consider the most dominant parameters. The field circuit is
represented with a Thévenin equivalent voltage source with the
controls deactivated. The governor control is deactivated as
well, and the rotor maintains synchronous speed. Damper
windings are not modeled. This simplification did not have a
significant impact on our simulation accuracy, as shown in
Section III, but we plan to address this deficiency in the future.

III. MODEL VALIDATION

To validate our model of the multi-loop method, we
compared our results with measured data from a small 18 kVA,
scale-model, solidly grounded, salient-pole generator with a
motor as the prime mover, as shown in Fig. 5. The machine data
are provided in Appendix C.

Fig. 5. 18 kVA, 6-pole machine used for multi-loop model



The model was validated by verifying events with two types the scale-model machine and the simulation responses in Fig. 6
of loads, as well as both internal and external faults by shows that they are in close agreement.
deactivating both the excitation and the governor control. This
section examines the behavior for the two loading conditions,
one with an external phase-to-phase fault applied and the other
with an internal interturn fault applied.

B. Interturn Fault
The generator was loaded by synchronizing it to an external
power system. A turn-to-turn fault spanning five turns was
applied on Phase A near the generator neutral terminal. A
A.  External Fault comparison of the phase currents from the scale-model machine
While the generator was loaded with a 6 A wye-grounded and the simulation is shown in Fig. 7.
resistive load bank, a BC fault was applied. The comparison of
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A comparison of the harmonics of the faulted phase currents
corresponding to the interturn fault (Fig. 7) is shown in Fig. 8.
The accuracy is good for the lower-order harmonics. The
significant higher-order harmonics (e.g., the seventeenth
harmonic) are caused by slot harmonics that we did not model.
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Fig. 8. Comparison of the harmonics between the experiment (blue) and the

simulation (red) for a five-turn Phase A interturn fault

The measured circulating fault current for the five-turn fault
was more than 7 pu (330 A) of the machine rated current, which
demonstrates the severity of this condition. The fault current
does not manifest itself in the phase currents and cannot be seen
in Fig. 7, demonstrating the challenging sensitivity requirement
for protection. Based on our lab test results, the five-turn fault
generates a larger amount of circulating fault current than a one-
turn (2.8 pu) or a ten-turn (4.5 pu) interturn fault, i.e., the
behavior is nonlinear.

Protection schemes need to be designed with sufficient
sensitivity to allow the detection of these types of faults
reliably; otherwise, a fault can go undetected and cause
considerable damage before it evolves into a phase-to-ground
or phase-to-phase fault. If sensitive protection is not provided,
local heating caused by the high fault current can present a fire
hazard [21] [22]. Machine damage due to internal faults can
result in costly repairs and lost revenue caused by downtime in
the order of $100 million, as seen from stator-winding failures
from numerous large units [2].

IV. EVALUATION OF GENERATOR PROTECTION ELEMENTS

A. Machine Fault Survey

To evaluate the protection coverage provided to a machine
by the protection elements, we performed a survey of the
possible faults in the end-winding region and slots, as shown in
Fig. 9, Fig. 10, and Fig. 11. This method, including the survey
and application of the multi-loop method, has been used to
design optimal protection schemes for two different types of
machines in the Three Gorges generating plant [12] [16].

The benefit of the survey is that it only considers faults that
are plausible and not those that are practically unlikely to occur
because of the machine’s construction. The possible fault
locations in the end-winding region, for instance, depend on the
winding configuration, as shown in Fig. 9. We considered all
shunt fault types that do not involve the ground: interturn,
interbranch, and phase-to-phase.

Possible Short-Circuit

r Point in End Region _*

~N N ~N N
N N
(I (I
(I (I
1 1
Ll JJ

~3J < /I/

Wave Winding Lap Winding

Fig. 9. Possible fault points in the end-winding region for wave and lap
winding configurations

The possibility of a fault in the slot depends on the
particulars of the winding. Stator windings are typically form-
wound, multi-turn coils for smaller units and bars for larger
units [23]. If the slot is occupied by two single-turn bars, as
shown in Fig. 10, only phase-to-ground faults are expected.

Fig. 10. Machine with Roebel bars on two layers separated by a Bakelite
separator

If the slot consists of coils or bars with multiple turns, the
possibility of an interturn fault in the slot exists, as shown in
Fig. 11.



Fig. 11. Possible interturn fault locations in the slot for a machine with a
form-wound multi-turn coil (left) or a two-turn Roebel bar (right)

The machine used in this study has a random-wound stator
winding. This is typical for machines smaller than 1 MVA. The
survey approach is the same as for a machine with form-wound
coils and is described in Appendix D.

In addition to the survey, we considered the possibility of a
series fault in the form of a cracked or broken conductor [2].
Although such a condition is unlikely for our machine, we
included this fault type to evaluate protection element
sensitivity by comparing the minimum series-fault resistances
that the elements detect.

B. Protection Elements

This section discusses protection elements that are currently
applied to detect stator phase faults and several other elements
proposed in the literature. We did not include ground faults in
the study because this fault type can be evaluated without a
complex internal-fault model if the unit is high-impedance
grounded.

The focus of this study was to determine protection
sensitivity. Security is also an important protection
consideration, but a security analysis does not require an

Fig. 12.

7

internal-fault model. The pickup settings were chosen based on
minimal instrument transformer and relay measurement errors
(Appendix E) and sensitive settings guidelines provided by
manufacturers. Fig. 12 shows a single-line diagram of the
machine under study, including the location of the current and
voltage measurements used by the various protection functions.

1) Generator Phase Differential Element
The generator phase differential element (87G) compares the
phase currents at each end of the stator winding. We use the
following equations to represent this element in the study.

87G, = (I,pr > SLP T ;)& (I, >PKP)  (18)
I¢DIF = |I¢t +I¢n (19)

Lipst = |I¢l|+ L, (20)

SLP =20%; PKP,,,, =10% 1)

2) Negative-Sequence Directional Element
The negative-sequence directional element (32Q) uses
negative-sequence quantities to identify an unbalance event and
indicate whether it is internal to the generator. This element has
been used for generator protection, as discussed in [24] [25].

32QF =(Z, < Z, ) &(|V,| > Vo ) & (I1] > Ly ) (22)

32QR = (Zz > 2oy ) &(|V2| > Vs )&(|IZ| > IZMIN) (23)

Re(v2 (1, -eje)*)

7 = (24)

2 |12 |2
Z2F :70'3.ZZ_SYS;Z2R 20’3.ZZ_GEN (25)
Vo =1.0%; L, =2.0%; 6 = 85° (26)

We evaluated the negative-sequence impedance method [26]
[27] with minimum V, and I, supervision to account for
measurement errors. We set the forward threshold to 30 percent
of the strongest system negative-sequence impedance to allow
margin for nonhomogeneity. We set the reverse threshold at
30 percent of the generator Z, [28], which can be assumed to be
20 percent if this information is not available in the data sheet
or via tests [29].

Va
Vam me Vcn

Single-line diagram with instrument transformer signals used by protection functions



3) Unbalance Overvoltage Element

An unbalance overvoltage element (S9GN) is commonly
used outside North America to provide interturn fault
protection. It is similar to the fundamental neutral overvoltage
element (59N) but is more sensitive to internal faults that do not
include the ground. The 59N element can be evaluated for
interturn faults using simpler techniques, as is described in
Appendix F.

A 59GN element measures the phase-to-neutral voltage
unbalance. Three PTs are each connected from the phase to the
star-point (neutral) of the machine via a high-voltage cable, and
the PT secondary is connected via a broken-delta configuration
[30]. The operating signal can also be derived from other
methods that measure both the terminal and neutral voltages,
such as a vector sum of the phase-to-ground and neutral-to-
ground voltages [31]. In this study, we use the first method
shown in (27) to obtain high sensitivity.

59GN = |V, +V,, +V, | > PKP(Measured)

bn

@7

59GN =

V'ag+V'bg+ch—3Vng

> PKP(Calculated) (28)

PKP =1.50% (29)

The pickup is set to 1.50 percent (see Appendix E) will
likely not detect a single-turn fault. For our machine, we expect
to detect a single-turn fault with a pickup less than 0.55 percent
(depending on the system impedance), as calculated by the
following equation when substituting 1 (single-turn) divided by
the number of turns per phase:

Nﬂ

PKP < : (30)

.
turn/branch Nbranch/phase

4) Split-Phase Overcurrent Element

A split-phase overcurrent element (50SP) is applicable to
machines with multiple branches, typically hydroelectric units.
The standing circulating current in machines that is caused by
manufacturing limitations rarely exceeds 0.5 percent for a
well-balanced winding and is usually below 2 percent otherwise
[21]. We modeled the manufacturing tolerance using scaling
circuit parameters to obtain a standing circulating current of
0.4 percent. We use the following element definition:

Using the following pickup (PKP) definition, we set our
pickup at 3.0 percent (considerably above the standing
circulating current) to account for measurement errors:

50SP = I, —I,| > PKP (1)

PKP =3.0% (32)

We assume that the element will be restrained during an
external event, hence maintaining security without sacrificing
sensitivity.

5) Split-Phase Transverse Differential Element
A split-phase transverse differential element (8§7SP) uses the
branch current magnitudes to provide a restraint to the split-
phase current. We used the following pickup definition:

87SP, (Iypy > SLP * L, ) & (I, > PKP) (33)

$DIF

chDlF = |I¢1 _I¢2 ; Id}RST = |I¢1 +|I¢2| (34

SLP =20%; PKP =10% 35)

We set the pickup and slope with the most sensitive settings
available from the relay manufacturers [24] [25].

6) Stator Field Differential Element
A stator field differential element (87SF) implements a
differential between the second harmonic in the field current
and the negative sequence in the terminal phase currents [32].
It uses Nsr as the transformation ratio corresponding to external
unbalanced events and Oc¢ as the compensation angle.

87SF = (I > SLP * Lgr ) & (|Tea| > Ty ) & (L] > Ly ) (36)

IDIF > IZ(GOHZ) + NSF ¢ If(sOHz) ¢ eijec (37)
IRST > IZ(éOHz) +|NSF ° If(éOHz) .eijec (38)
SLP = 20%; Ly = 0.2%; Ly = 2.0% (39)

7) Ip and Py Element
The following method was proposed to detect internal
asymmetric conditions using the second-harmonic field current
as the operating quantity and the negative-sequence real power
in the stator as the restraining quantity [33]. The following
function uses a constant threshold for both the second-harmonic
field current and the negative-sequence power:

67PF = (|If2| > Teov ) & (Re(_VZ : IZ*) > PZMIN) (40)

(41)

The pickup for Ip is limited by the sensitivity of the
transducer (see Appendix E), and the pickup for the power
threshold (Poviv) is set to a reasonable value [34].

Using P> makes this function less sensitive when the external
system is more inductive (less resistive). An alternate would be
to use Q., as follows:

67QF = (|11,] > Topyun ) & (Tm(=V, *1,7) > Quyn )

Loy = 0.02%; Qi = 0.05%

Lo = 0.2%; Py =0.05%

(42)

(43)

Q2 is essentially a torque-based 32Q element with a constant
threshold. This element effectively becomes a negative-
sequence directional overcurrent element operating on the
second-harmonic field current.

C. Protection Performance With Respect to Survey

We used the internal-fault model validated in Section III for
a fault study. We followed the fault survey procedure in
Section IV, Subsection A to identify the various fault types and
locations for the study. The results in this section are for a
model of the lab machine using the protection element settings
from Section IV, Subsection B. For other machines, the
performance of the elements is expected to vary depending on
the machine, system, and load.



1) Phase-to-Phase Faults
The fault survey (Appendix D) identified a total of
450 possible phase-to-phase fault locations. We applied faults
at these locations and checked the protection operation. The
results are shown in Table 1.

The fault survey identified a total of 18 possible end-winding
interturn fault locations. We applied faults at these locations
and checked the protection operation. The results are shown in
Table II1.

TABLE [
PHASE-TO-PHASE FAULT RESULTS
Number of Faults Detected
Element . .
(higher is better)
87G 439
32Q 450
59GN 450
50SP 450
87SP 450
87SF 450
67QF 446

TABLE IIT
END-WINDING INTERTURN FAULT RESULTS
Number of Faults Detected
Element . .
(higher is better)
87G NA
32Q 18
59GN 18
50SP 18
87SP 6
87SF 18
67QF 18

The results in Table I can be summarized as follows:

e 32Q, 59GN, 50SP, 87SP, and 87SF provide
100 percent coverage of the winding for this system
when using the chosen sensitive settings.

e 67QF and 87G both detected most of the faults. Both
elements are unable to detect some faults near the
neutral because of their sensitivity limits.

e 87G, 50SP, and 87SP are the only functions that can
reliably detect internal three-phase faults.

2) Interturn Faults
We applied interturn faults and checked the protection
operation. The number of shorted turns was varied from 1 to 10
to simulate interturn faults in the slot. The results are shown in
Table I1.

TABLE II
SLOT INTERTURN FAULT RESULTS

We summarize the sensitivity of the various elements to
interturn faults as follows:

e 59GN and 87SF provide similar, high sensitivity. The
sensitivity of all the instrument transformer and relay
errors (3Vy, I, and Ip) is three turns for this system.

e 32Q has slightly lower sensitivity because of the
terminal PTs requiring slightly higher pickup
supervision.

e 50SP and 87SP either gain or lose sensitivity
depending on the faulted branch because there is a
0.4 percent steady-state circulating current.

e 67QF barely detects a ten-turn interturn fault; the
sensitivity is limited by the resolution of the power
calculation.

e 87G is unable to detect interturn faults.

3) Series Faults
We inserted a resistance into one branch of the stator to
simulate a series fault. The resistance was varied to check the
protection operation. The results are shown in Table I'V.

Element Number of Short.ed Turns Detected
(lower is better)
87G NA
32Q P
59GN 3
50SP o
87SP L0*
87SF 3
67QF 10

*Element gains or loses sensitivity depending on faulted branch because of
steady-state asymmetry introduced by manufacturing tolerance.

None of the elements is sensitive enough to detect a single-

TABLE IV
SERIES FAULT RESULTS

turn fault for the given system, as shown in Table II.

Element Resistance De.tected in Ohms
(lower is better)
87G NA
32Q 0.7
S9GN 0.3
50SP 1
87SP 6
87SF 0.7
67QF 2

For reference, the machine Xq4 value is 3.6 ohms. Typically,
the elements in consideration gain series-fault sensitivity with
an increase in load current; the results presented correspond to
our fully loaded machine model.



The results in Table IV can be summarized as follows:

® 59GN can sensitively detect this condition.

e 32Q and 87SF are limited by the sensitivity of the
negative-sequence current pickup. 87SF appears to
behave similarly to 32Q but is polarized by I, instead
of Vz.

e 50SP and 67QF are slightly less sensitive than the
other elements because of slightly higher thresholds.

o 87SP sensitivity does not necessarily increase or
decrease with load current. For heavy loads, the
element has too much restraint; for light loads, the
element does not see a sufficient operating signal. The
overall sensitivity is lower than that of the other
elements.

e 87G is unable to detect this condition.

While 59GN exhibits superior sensitivity for our system, it
is frequently supervised by an element (such as 32Q), thereby
incurring a sensitivity penalty. We did not consider an adaptive
50SP pickup that varies with slow seasonal variations to the
standing circulating current; the change in pickup can be
addressed by relay learning algorithms or operating procedures.

It is challenging to detect a single-turn fault. The protection
element sensitivities we chose for evaluation were set as low as
we considered reasonable. Good protection philosophy should
consider adequate security margins in addition to sensitivity
requirements based on a machine survey. As mentioned earlier,
based on this philosophy, the main protection schemes for two
different types of machines in the Three Gorges generating
plant are different to provide optimal coverage for each
machine type [12] [16].

V. CONCLUSION

Conventional phase fault protection using generator phase
differential elements can detect a large number of internal faults
involving multiple phases, but it is unable to detect interturn,
interbranch, and series faults. If protection for these fault types
is needed, one of the other elements evaluated in this paper
should be considered.

We modeled internal asymmetric faults for a small generator
using the multi-loop method and evaluated the sensitivity
performance of various protection schemes. The multi-loop
method is an approach that considers the nonuniform
permeance and winding functions of the machine to obtain
circuit parameters and solves the resulting loops. The approach
is intuitive because it represents the physical coil inductances
moving with respect to each other, but it can be difficult to
implement because it requires accurate machine data and a good
understanding of the method. The method is likely worth
pursuing for the evaluation of protection schemes for large,
critical units. Performing a survey of the stator winding is
always a good idea to obtain a general idea of the protective
requirements for the machine. Unlike some of the other
approaches to machine modeling, the multi-loop method allows
for a detailed protection scheme evaluation by modeling
internal faults on any machine branch. However, a further
evaluation of scheme performance with respect to security is
required.
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We did not validate our model for all fault types, and there
may be unobserved inaccuracies; we plan to address this in the
future through staged fault testing on a large utility generator.
In addition, we plan to enhance our model by adding a damper-
winding model, simplifying the model to use machine data that
are easier to obtain, facilitating the application of rotor interturn
faults, and considering generator control system responses.

VI. APPENDIX A: AIR-GAP PERMEANCE

The derivation for air-gap permeance is given in [5]. Here,
we provide a simplified representation of the results. The
salient-pole rotor structure with its relevant geometric
parameters is shown in Fig. 1.

We can define the air-gap permeance coefficient, As(x), as
follows:

(44)

where:
As(x) is the permeance per unit area; also called the
permeance coefficient.
Lo 1s the permeability constant.
J(x) is the air-gap length as a function of rotor position.
The air-gap permeance under a pole face has a period of
n electrical radians, hence it only contains even harmonics. The
general expression of the permeance coefficient is shown in (1)
(repeated here for convenience):

A
xﬁ(x):7°+zlxz, cos(2x);1=1,2,... (45)
The Fourier series coefficients in (45) are as follows:
405 K

=— d 46
0 T 0 S(X) X ( )
Ay = At cos(2/x)dx 47

0 §(x)

For salient-pole machines the normalized (with respect to
Omin) air-gap length under the pole face (0 < x < am/2) is
calculated as follows:

(43)

)
— _max 49
e (49)

where P is the number of pole pairs in the machine.
The air-gap length in the interpolar space (an/2 <x <m/2) is
composed of two parts, one in the d-axis and one in the g-axis,
which are calculated as follows:
sinh K
O, (X) =p T_2x

(I-a)m

(50)
sinh K



(D

T on T
5. (x)=p| 1+ _OT ) o5
q,(x) p{ 6maxn(x 5 )cos 2P]

0.617
K 0768 tan 1= x_|((1za) = (52)
2 5 2 5

max

The air-gap permeance coefficient is the sum of the
contribution from the part under the pole face and the interpolar
part (mean permeance from the d-axis and the g-axis), as shown
in the following equation:

Ay =
4 u, J-%cos(le)derl Ig cos(2/x) cos(ZZX)dX (53)
nsmin 0 6l"(x) 2 % 6di(X) 6Cli(x)

Cylindrical rotors are a special case of the salient-pole rotor.
With a uniform air-gap length (3), the resulting air-gap
permeance is constant, with a square-wave flux. The permeance
coefficient then simplifies to the following equation:

T
Ay, = ;E‘)LZ cos(2/x) dx (54)

VIL

Core saturation is modeled to obtain the operating point, as
shown in the following equation, at which point the behavior is
considered linear.

APPENDIX B: CORE SATURATION

I,eowoeM
*Viou 1 *tan | ———"— (55)
o I<hys .VNOMiLG

Kuys i1s a constant that reflects core saturation behavior.
Larger values reflect better core characteristics, resulting in a
closer match with the air-gap line. The performance of the
model with Kyys = 1.6 can be seen in Fig. 13.

V. =K

t hys

400

350

v)

Air-Gap Line
Saturation Model
Open-Circuit Test Data
Nominal Voltage

300

250

200

150

100

Terminal Phase-to-Phase Voltage

50

0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Field Current (A)

Fig. 13. Performance of the saturation model
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When extrapolating the open circuit test data at low values
of field current, the voltage does not go through the origin. This
is due to core remanence and hysteresis, which are not modeled.

VIII. APPENDIX C: MACHINE DATA

The relevant machine parameters are summarized in
Table V.

TABLE V
MACHINE PARAMETERS
Parameter Data
Rated power 17.5kVA
Rated voltage 220V
Rated current 46 A
Rated power factor 0.80
Nominal frequency 60 Hz
Rated speed 1,200 rpm
Number of pole pairs 3
No-load excitation current 3.14A
Turns per stator coil 10
Coils per stator branch 9
Branches per stator phase 2
Number of stator slots 54
Stator pitch ratio 7/9

IX. APPENDIX D: SURVEY OF FAULT TYPES AND LOCATIONS

We found that the best strategy to obtain the possible end-
winding fault locations for our machine was to inspect slots
corresponding to a single coil group. The remaining faults were
identified by simply extrapolating the phases and locations
through the winding. We inspected the winding shown in
Fig. 14 to determine the coil layer and slot involved in the fault,
then we determined the locations in the stator winding via
Fig. 15.

The various fault types under Slot 1 through Slot 3 are shown
in Table VI. For instance, the first entry corresponds to a fault
between the following two coil locations:

e T2 (C1_7/9): Top (T) layer of Slot 2 (Fig. 14).
This location corresponds to Phase C, Branch 1, Coil 7
of 9 (Fig. 15).

e BS54 (B2_1/9): Bottom (B) layer of Slot 54 (Fig. 14).
This location corresponds to Phase B, Branch 2, Coil 1
of 9 (Fig. 15).

This end-winding fault is shown in Fig. 14, and the coil
locations involved in the fault are shown in Fig. 15 with fault
symbols. Some of the faults in Table VI are invalid (both
locations are the same) or are duplicates (point to the same two
locations as another pair), hence they have been crossed out.



12

Slot
Number

Upper End
Winding

Slot

Lower End
Winding

\/ \V/
/N /

- - e - e
> > > > > >
~7 N ~7 N ~7 N ~,7 N ~7 N ~~-
N P - Pl N N
=< Z /\’\ 4 /\/\ 4 /\/\ > >
~ P P S -

Phase A Phase C
Top Layer (closer to rotor) _——-

Phase B
Bottom Layer (closer to stator)

Fig. 14. Stator winding diagram used for survey of fault types in the end-winding region
TABLE VI
SURVEY OF END-WINDING FAULTS FOR A SINGLE COIL GROUP A1
Slot Upper End Winding Lower End Winding
T2 (C1_7/9) - B54 (B2_1/9) T2(CH7/9)B54(B219) T46
T3 (C1_8/9) - B53 (B2 2/9) T3(CH8/9) B53(B22/9)
T4 (C1_9/9) - B52 (B2 3/9) B4 (C2_3/9)—T52 (B1_9/9) B39
1 T2 (C1_7/9) - BO1 (Al 0/9) T2 (C1_7/9)—T1 (A2_0/9) 4
T3 (C1_8/9) - B54 (B2_1/9) T3(CH8/9)B54(B21/9)
T4 (C1_9/9) - B53 (B2_2/9) B4 (C2_3/9)— B53 (B2_2/9)
T3 (C1_8/9)—B1 (Al _0/9) T3 (C1_8/9)—T1 (A2_09) B38
T4 (C1_9/9) — B54 (B2_1/9) B4 (C2_3/9) - B54 (B2_1/9) Ta4
F5-B22/9)B53 (B2 2/9) F5-B229) B53 (B2 29
2 T3 (C1_8/9)— B2 (A1_1/9) TF3(C1-8/9)—B2(A1H9) 837
T4 (C1 9/9)—BI1 (Al 0/9) B4 (C2_3/9)—T1 (A2 0/9) =
T5 (B2 2/9) - B54 (B2_1/9) T5(B2 2/9) B54(B219) T28
T4 (C1_8/9)— B2 (Al 1/9) B4 (C2 3/9)— B2 (Al _1/9)
T5 (B2 2/9)- B1 (Al 0/9) T5 (B2 2/9) - T1 (A2_0/9) 821
Fo-B21H9)B54B2H9) Fo-B2H9)—BSABI Y
3 T4 (C1_8/9)— B3 (Al_2/9) B4 (C2_3/9)— B3 (A1_2/9) T27
T5 (B2 2/9) - B2 (Al _1/9) TF5-(B2-2/9)—B2(A1H9)
T6 (B2 _1/9) - Bl (Al _0/9) T6 (B2_1/9) — T1 (A2_0/9) B20,
There are 26 possible unique faults under the 3 slots T26
corresponding to a coil group, 25 phase-to-phase and 1 single-
coil (10-turn) interturn fault. Accounting for the other faults by B19
extrapolating this approach through the winding, we obtained a %
total of 468 possible end-winding faults (450 phase-to-phase
and 18 interturn). For our model to provide results, we had to
avoid matrix singularities. Hence, for faults involving branches 83
at the same percentage of the winding, we shifted the location T9
by a couple of turns. This shift likely has a small impact on our

simulations and results. B2
In the slots, there are 108 possible interturn faults, 1 in each
slot layer. Given that each coil has 10 turns, the fault could
evolve from a single-turn fault up to a maximum of a 10-turn
fault.
Finally, we considered the possibility of series faults in any
given branch; the main consideration is the series resistance.

B1

N

Fig. 15. Location of faults in the stator winding



X. APPENDIX E: PROTECTION TOLERANCE TO ERRORS

Protection should be secure from instrument transformer,
relay, and transducer measurement errors. This section
summarizes a general approximation of these errors, which
provide the basis for the element settings.

A. Terminal Voltage

The magnitude error for a single-phase voltage measured by
the relay (including relay and PT tolerance) is assumed to be
1 V (1.5 percent) for a 120 V nominal relay (66.7 V line-to-
ground). The corresponding error in the sequence quantities is
obtained from the errors in the phase voltages (V. + &, Vi, — ¢,
V¢ — €). We obtained an error of 1 percent of nominal on the
sequence voltages.

If the relay measures 3Vy, the corresponding error is
1.5 percent; a residual calculation results in a 3 percent error in
3V (or 1 percent of Vj). In addition, if the neutral voltage is
subtracted (instead of wiring the PT neutral to the generator
neutral), the associated errors must be considered.

B. Phase Currents

The magnitude error for a single-phase current measured by
the relay (including relay and CT tolerance) is 150 mA
(3 percent) for a 5 A nominal relay. The corresponding error in
the sequence quantities is obtained from the errors in the phase
currents (I, + &, Iy — €, I — €). We obtained an error of 2 percent
of nominal on the sequence currents.

C. Field Current

The performance of the transducer measuring the field
current requires a smaller dynamic range compared with the ac
stator currents (during power system faults). Because of the
drastic reduction in measurement range, our resolution
improved and was in the order of 0.2 percent of the no-load
field current (Ip).

XI. APPENDIX F: APPLICATION OF 59N TO DETECT
INTERTURN FAULTS

A 59N element provides ground fault protection to high-
impedance grounded generators. The application of S9N for
interturn fault detection for these units requires consideration of
the high-impedance capacitive network around the generator.

In the following example, the objective is to detect an
interturn fault that shorts 10 percent of the turns of a stator
branch. The analysis is done for a high-resistance-grounded
machine with a single branch while it is disconnected from the
grid. The relevant system parameters are shown in Table VII.

TABLE VII
EXAMPLE SYSTEM PARAMETERS

Generator Rated Voltage 11.5 kVin (20 kVip)

Nominal Frequency 60 Hz

Stator ground (Cg): 0.342 pF
External (Cx): 0.100 uF
Total: 0.442 uF

Capacitances (per phase)
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The generator neutral grounding resistance in primary ohms
is sized as follows:

= ! =2.0kQ

56
3+(2m+60+0.442 uF) (6)

N

The external capacitance (Cx) is mainly composed of the
surge capacitor and—to a small extent—the generator step-up
unit and the isophase bus. The distributed stator-ground
insulation capacitance can be represented as a simplified
m-equivalent, as shown in Fig. 16.

%

C
TS

o
1

%

C
Iz

B
)

%

)
i

Rn

Co
2

i

Fig. 16. Generator high-impedance circuit

We simplify the above circuit and represent the equivalent
zero-sequence faulted circuit in Fig. 17.

Fig. 17. Simplified zero-sequence circuit of the generator

Vo is the mean of the phase voltages resulting from the
interturn fault.

v, :é(V3+Vb+Vc)=385V=3.3% of V (57)

The neutral side impedance imposed is three times the
parallel combination of the neutral side capacitance and the
grounding resistance.

Z,=3+(Ry//jX\)=5.6kQs-21° (58)
Xy = ! 3C =52kQ (59)
2me 60 —5
2
The terminal side capacitance is calculated as follows:
X, = ! =9.8kQ (60)

2n-60-[CG+CXj
2

The neutral voltage magnitude used by the S9N element can
be obtained using the impedance divider principle, as follows:

Z
= VO.(Z—OJ
0+XT

A%

n

=167V =145%0f V,,  (61)




For a 10 percent interturn fault, S9N measures 1.5 percent of
Vin at the neutral. If 59N is set at a typical value of 5 percent
(for stator ground fault protection), it should detect an interturn
fault that shorts approximately one-third of the stator winding
for this system.

A similar analysis approach can be extended to other high-
impedance grounded machines with multiple branches
connected to the system. The circuit can be solved via
superposition with respect to the various sources and
impedances.
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