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1 Introduction

Hydroelectric generators are often wound as
a double-layer, multi-turn winding. There
may be a single circuit or there may be two,
four, six or eight branches in parallel. Under
normal operation there is very little
difference in the current in each branch.
However, during an internal fault, currents
will circulate between the parallel branches
of the winding within one phase. Split phase
protection takes advantage of this
characteristic by measuring the current
unbalance between these parallel branches.

In hydro machines a significant percentage
of stator faults begin as turn-to-turn faults.
These faults are not detectable by the stator
differential or ground fault protections since
there is no difference between the currents
at the output and the neutral terminals and
there is no path for fault current to ground. If
these faults can be detected before they
evolve into phase or ground faults then the
damage to the machine and associated
downtime can be greatly reduced. The split
phase protection should therefore be
sensitive enough to operate for a single-turn
fault in the winding of the machine.

This paper describes current practices to
detect interturn faults for generators with
multi-branch windings and presents a new
algorithm that responds to the fundamental
component of the split phase current and is
dynamically biased by the reactive power at
the machine terminals.

2 Split Phase Current Levels

Under normal operation the level of the
inherent split phase current is usually less
then 0.5% of rated machine current. During
an external fault many machines produce a
transient circulating current. The magnitude
of this transient can be several times larger
than the steady state current and may
persist for upwards of 30 cycles.

For an internal fault, the magnitude
corresponding to a single-turn short is
dependent on several factors. These include
the type of the winding (adjacent versus
alternate pole) and the number of poles.
This is illustrated in figure 1. This data was

taken from a study by Sills & McKeever of
GE Peterborough and is described in [1].
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Figure 1 — Comparison of Split Phase
Currents for Several Machines [1]

3 Methods for Detection

There are several methods currently in use
today.

3.1 Neutral Overcurrent

In the scheme of Figure 2 a neutral point is
brought out for each circuit. An overcurrent
element is connected between each neutral.
During an inter-turn fault, a circulating
current is produced in the faulted phase that
is passed between the neutrals.
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Figure 2 — Neutral Overcurrent
One study [3] has shown that this method is

less sensitive than phase segregated
methods.

3.2 Partial Longitudinal Differential
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Figure 3 — Partial Longitudinal
Differential

In this scheme a differential and restraint
signal are derived using currents from both
sides of the machine. One current
represents the total current in the machine
while the other is the current from a CT
representing 1/2 the total current. This
scheme is also known as “combined split
phase and differential”. This is a slight
misnomer since other methods also employ
differential principles and can detect faults
between the phases. This method also has
Y2 the sensitivity of methods that use the
current from both circuits [3].

3.3 Transverse Differential
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Figure 4 — Transverse Differential

In the scheme of Figure 4 the currents from
each circuit are used to derive a differential
and restraint signal. The restraint signal
provides security against a false differential
produced during an external fault while still
allowing fast operation during internal faults.
Differential schemes should incorporate a
variable-slope characteristic in order to
provide good sensitivity under load, while
providing security for transient split phase
currents present during external faults.

3.4 Overcurrent using Differentially
Connected Secondaries

The scheme shown in Figure 5 also
responds to the difference between the
currents in the two circuits. However, the
summation is done outside the relay.
Therefore this method cannot derive a
restraint signal. An instantaneous element
using this signal must be set high enough to
avoid pickup during an external fault. This
will make the element relatively ineffective
for detection of single-turn faults. As such
this scheme usually employs a definite time
or inverse time characteristic for security.



Figure 5 — Overcurrent using CTs with
Differentially Connected Secondaries

This method may also incorporate non-
standard CTs with higher secondary ratings
in order to achieve increased sensitivity.

4 Overcurrent using
Differentially Connected
Primaries

In this scheme a window-type CT is used to
measure the difference between the current
in each circuit, as shown in Figure 6. This
method avoids the CT error issues of Figure
5. The CT may also be wound in such a way
as to produce a restraint signal from the
summation of the two primary currents.

5 Operation with a Bypassed
Coil

A failure in the winding of a machine
requires its immediate removal from service
until repairs have been carried out.

Figure 6 — Overcurrent using CTs with
Differentially Connected Primaries

Often the machine may be supplying critical
load to the system. In this instance it is
possible to carry out temporary repairs to
the machine and place it back in service.
These repairs typically entail isolating and
bypassing the faulty coil. A machine
operated under these conditions may be
subject to overheating, magnetic pullover
and excessive vibration requiring that it be
operated at a reduced load level [2].

The bypassed coil can also have a dramatic
impact on the inherent split phase current.
The split phase protection must be set
above this increased value. This often
makes the element insensitive to an
interturn fault [1].

Figure 7 shows one phase of a machine with
M parallel branches and a bypassed coil in
one branch. The quantity Xccis usually
approximated by the leakage reactance X,
[2]. The quantity n represents the number of
coils bypassed expressed in per-unit.
Inspection of the circuit shows that an
interturn fault in a healthy branch (no
bypassed coil), can act to bring winding
back towards equilibrium; i.e. the fault may
not necessarily translate into an increase in
the split-phase current magnitude.
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Figure 7— Representation of Circulating
Current in a Multi-circuit Winding

6 Test Setup

A model generator was used to investigate
the behavior of the split phase current both
during steady state operation and under
fault conditions. The machine is a two pole
synchronous generator. It has two parallel
circuits per phase. Each circuit is made up
of 40 series turns. The generator can be
synchronized to the local utility grid via the
building service and operated at various real
and reactive loadings. Faults can be applied
at several points on the stator winding and
can be applied between turns, between
phases and from phase to ground. External
system faults can also be applied. A detailed
description of the model is found in [7].

7 Normal Operation

When operated in the machine’s normal
configuration the magnitude of the inherent
split phase current was less than 1% of
nominal machine current. The split phase
current exhibited very small variations in
magnitude as the real and reactive power

loading was varied. The content of the signal
was mostly the second harmonic.

7.1 Faults under Normal Operation

Interturn and phase faults were applied
under normal operation.
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Figure 8 — Interturn Faults Under Normal
Operation

For solid faults, there was a significant
increase in the level of the fundamental
component. This change was fairly
consistent at all levels of loading as seen in
Figure 8.

A time plot of the split phase current during
a fault reveals no decrement in the current
magnitude over the duration of the event i.e.
the fault magnitude is not impacted by the
subtransient or transient machine reactance.
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Figure 9 — B phase Interturn Fault
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Figure 10 — Test System

Generator
0.7 I I
: : prefault
06F————=—-T-——=-=9--==1 & faul
| | T
! | |
“E 05 7777777 T T T T T = N |- - - - - -7
(o} | |
= + + | |
3 04F----—- T = === ===
(0] | | |
a 0.3 | | |
< e B T === I == =====
o | | |
= | | |
& o02f------ R R R
| | |
| | |
01Fr----—-- [EER == |- —— —— — —
R
AIAAE LI LT TV FISTPVLINNUROY: - VINENLIVOVOY
0 2 4 6 8
harmonic

Figure 11 — Harmonic Content of an
Interturn Fault under Normal Operation

Figure 11 shows the harmonic content of
the split phase current for both the prefault
and the fault. Note that there is a significant
increase in the fundamental. On the other
hand the second harmonic, which dominates
during the prefault decreases slightly during
the fault. It is therefore apparent that a
method for interturn fault detection should
respond to the fundamental and should
reject other harmonics.

During application of an external fault, a
large increase in the fundamental is
observed as can be seen in Figure 12. The
peak value is similar in magnitude to that
seen in Figure 9 however the signal dies out
quickly. A smaller transient occurs upon
removal of the fault. It is interesting to note
that these transients are not the result of CT
errors but are present in the primary current.
This infers that split phase installations that
utilize dual-window CTs also require a

mechanism to ensure security during
external faults.
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Figure 12 - Phase B External Fault

8 Model Operation With
Bypassed Turns

In order to simulate abnormal operation, a
portion (2.5%) of the phase B winding was
bypassed. This creates a very significant
increase in the inherent split phase current.
Also of note is that the split phase current in
phases A and C increase to approx 1/3 of
the Phase B value. Additionally, the
magnitude of the split phase current has a
strong dependency on real and reactive
power.

Figure 13 shows the split phase current in
phase A. A multiple regression analysis was
carried out on this data yielding the following
equation:

Isp = 0.638 + 0.0004-P + 0.0019-Q Eqn. 1
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The regression analysis indicates that, for
the system under test, the variation due to
reactive power is almost 5 times larger than
the variation due to real power.

split phase current
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Figure 13 - Phase A Split Phase Current
vs. P & Q with Phase B Bypassed Coil

Figure 14 shows the harmonic content of the
split phase current with a bypassed coil.
Note that the fundamental component now
dominates with no fault present.
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Figure 14 — Harmonic Content of an
Interturn Fault with Bypassed Coil

9 New Algorithm

The model results were used to formulate a
new algorithm for interturn fault detection.
The new algorithm responds primarily to the
generator split-phase current. This current
may be derived from two CTs (summated
externally or summated within the relay)
(Figure 15A) or from a dual-window or core
balance CT (Figure 15B). The algorithm
extracts the fundamental using a full-cycle
Fourier. Other harmonics are rejected. The
algorithm also uses the total three phase

reactive power and positive sequence
voltage as inputs.

Isp Q VvV_1&Q

Figure 15 — Alternate Configurations
Using Dual Split Phase CTs or Dual
Window Split Phase CTs

Three constants are used to model the
variation of the inherent circulating current.
K1 is the magnitude of the circulating current
at unity power factor. K2 is the angle
between the positive sequence voltage and
the circulating current. K3 is a slope setting,
which determines the dependency of the
circulating current for reactive power.

Figure 16 shows the logic for the new
algorithm. The element is supervised by
positive sequence voltage when in the
offline state. This prevents operation of the
element prior to application of the field
during startup. The supervised signal is time
delayed in order to provide security during
an external fault.

The diagram shown in Figure 17 shows the
operating characteristic of the new
algorithm. The element responds to the
phasor difference between the predicted
circulating current and the actual current.
The tripping zone is the region outside the
circle denoted ‘New Trip Zone’. The
algorithm can operate for a fault that results
in any vectorial change in the split phase
current.
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Figure 16 — New Algorithm

10 Determination of Settings

Modern digital relays are capable of
recording measured values during operation
of the machine. Such a relay was used in
the test system to capture the inherent split
phase current (magnitude and angle) and
the real and reactive loading of the machine.
A sample of the data logger record is shown
in Figure 18. This data was used to derive
the constants K1, K2 & K3 used by the
algorithm.

11 Test Results

The new algorithm was verified in Matlab
using fault data captured from the test
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Figure 17 - Operating Characteristic

system. Interturn faults were applied to
Phase A while a section of the phase B
winding was bypassed.

Figure 19 shows two plots of the response
of the new algorithm as compared with
conventional overcurrent. The dotted lines
represent theoretical pickup thresholds
(corresponding to PKP¢ and PKPy in figure
17). In 19a the threshold of the conventional
overcurrent is set to 0.9 to prevent operation
for the steady state current. However, in 19b
the current does not exceed this value with
the same fault applied. In both cases the
now algorithm displays a strong response to
the applied fault.
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Figure 18 - Data Logger showing Variations in Split-Phase Current with Machine Loading
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Figure 19 - Phase A Fault with bypassed turns on Phase B



12 Conclusions

Early detection of interturn faults is vital to
limit the damage to the machine. Generators
with multiple parallel branches in their phase
windings allow for the application of split
phase protection that can provide sensitive
detection of a wide range of faults.

Tests were carried out to characterize the
split phase current. Under normal machine
operation, the fundamental is the best
indicator of an external fault but also
displays a transient response during
external faults. When the machine is
operated with a bypassed coil the
fundamental component was also significant
for the steady state and was influenced by
reactive loading.

A new algorithm has been described in the
paper. The new method promises better
sensitivity for faults on machines operated
with significant inherent circulating current
as compared with conventional split-phase
protection.
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