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I.

Introduction

The power system is full of interesting phenomena that have challenged engineers since the very
first AC grids were put in place. There are occasions during faults that the system behavior does
not look quite right. One interesting case is when the neutral falls outside the power system
triangle. This phenomenon is commonly known as a neutral shift or neutral inversion, and can
cause protective relays to determine the location of the fault incorrectly. However, the neutral
shift is not an easy term to grasp and is not easily recognized in fault waveforms. This paper
presents the event analyst with the theory, causes, and field record waveforms behind neutral
shifts and their effects on protective relays, which will aid the analyst in the analysis of neutral
shifts.
The neutral shift phenomenon is studied in this paper and case studies are presented on the
impact and effects in protective relays. Thus, this research is to investigate and show the impact
of neutral shift on protective relay behaviors. This paper introduces the reader to the basics of
neutral shifts, describes three cases of neutral shifts, and shows the impact of neutral shift on
protection relays.
II.

Basics of Neutral Shift

The definition of neutral shift or inversion is not new to the power system area and has been
researched since the early beginnings of power systems. The transmission, sub-transmission, and
distribution systems are mostly composed of delta or wye connected systems. The delta system, a
common system employed by electrical utilities, defers from the wye system specially in not
having a neutral point. A delta system is inherently ungrounded and it can have line to ground
voltages through the line to ground capacitance, leakage reactance, and other impedances such as
single-phase potential transformers used for metering or relaying. During single line to ground
faults, the neutral point is shifted, but leaves the phase-to-phase voltage triangle intact.
A wye system can become ungrounded if the ground becomes isolated and it can also have line
to ground voltages through the capacitance and leakage reactance. Since these impedances are
connected to ground, the ground serves as the neutral point of this neutral isolated system. If the
voltages and impedances are balanced, the line to ground voltages will be equal in magnitude
with respect to the neutral point [1]. If a set of balanced voltages is connected to a set of
unbalanced impedances, the neutral point is then shifted or inverted and the neutral point can be
located outside the voltage triangle [2].

A delta or isolated neutral system with a set of balanced voltages and balanced impedances is
shown in figure 1 below. Notice that the neutral point is inside the voltage triangle.
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Fig. 1: No Neutral Shift

Figure 2 below shows a set of balanced voltages, but the impedance for one of the phases has
been modified. As a result, we noticed that the neutral point shifted from its original point and is
now located outside the voltage triangle.
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Fig. 2: Neutral Shift

Depending on the value of the connected impedance such as ZPT in figure 1, the neutral point can
either be shifted or totally inverted as shown in figure 3 below.
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Fig. 3: Neutral Inversion

As shown above, the connected impedance has an effect on the location of the neutral point and
can vary depending on its magnitude. For example, the capacitance to ground and leakage

reactance magnitudes will be different depending on the system voltage. This impedance can
also change depending on the characteristics of the potential transformers that are connected to
ground. The mathematical explanation is given in reference 1 if the reader wants to dig deeper.
In summary, neutral shifts or inversion are common in delta or isolated neutral systems. The
following section will look into case studies of real system operation on the transmission system
where neutral shifts were observed.
III.

Importance of Graphical Representation of Neutral Shift

Most of the digital fault display and analysis programs that are available on the market today do
not naturally provide for graphical display of neutral shift. Neutral shift is best observed
graphically from phasor diagrams. However, typical phasor diagrams display three phase
quantities at one cycle in time. To observe neutral shift we need to compare the prefault
quantities to the fault quantities thus requiring a display that can show two separate cycles in
time.
For example, figure 4 shows prefault and fault voltages for case 1 displayed on two separate
phasor diagrams. Clearly, it is difficult to measure neutral shift by looking at separate phasor
diagrams.

Fig. 4: Prefault Voltage Phasors (left) and Fault Phasors (right)

The best way to measure neutral shift is to graphically superimpose the phasor diagrams of
figure 4 onto one diagram as shown in figure 5.

Fig. 5: Superimposed prefault and fault phasors

IV.

Case Studies

For this section, we show cases where: no neutral shifts, neutral shifts and semi-neutral shifts are
observed during a transmission fault.
Case 1: Solid Grounded System:
In the first case, a single phase A line to ground fault on a solid grounded system was seen in the
transmission system. Taking unfaulted phase B as reference, we can see that the magnitudes
before and after the fault are not affected and therefore no neutral shift occurs. As can be seen on
the phasor diagram in figure 6, the neutral point has a negligible.

Fig. 6: Waveforma and Phasor Diagrm of Case 1

Case 2: Ungrounded System:
For the second case, a PSCAD simulation was performed on an ungrounded system to force a
neutral shift. A single A phase to ground fault was performed. It can be observed that voltage
magnitudes and angles of phases B and C have increased and changed due to the single phase A
line to ground fault. The phasor diagram in figure 7 shows that such increase is due to the shift of
the neutral point. It can also be seen that since the source is not grounded, the voltage triangle is
kept intact.

Fig. 7: Waveform and Phasor Diagram of Case 2

Case 3: Isolated Neutral:
The third case is also a line to ground fault in the transmission system but in this case the neutral
point has shifted. Since most transmission systems are solid grounded, this phenomenon is not
common. Taking unfaulted B phase as reference, it can be observed that before and after the fault
B phase magnitude has increased substantially as compared to case 1 above. As a result, the
neutral shift can be clearly seen. The phase-to-phase magnitudes of B&C remain the same before
and after the fault indicating that the system voltage did not increase. As shown in figure 8 below,
the voltage triangle is “half broken” after the fault as compared with case 2. This might be due to
a partially isolated neutral on the system.

Fig. 8: Waveform and Phasor Diagram of Case

V.
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Impact on Protective Relay

In order to show the impact of neutral shift on a protective relay, two simulated cases were
further studied from case two above. The goal of this simulation is to see the effect of the neutral
shift on the faulted voltage measured by the protective relay.
The first simulation is taken from case 2 above which has an ungrounded system with balanced
impedances. This simulation showed that a neutral shift is observed during the fault as shown in
Figure 9.
The second simulation (case 2a) considered reducing the phase A impedance to determine the
impact on the faulted phase voltage magnitude. The results of this simulation are shown in figure
9.

Fig.9: Wavform and Phasor Diagrams of Cases 2

Fig. 10: Waveform and Phasor Diagram Case 2a

The numeric comparison of voltages before and during the fault is shown in Table 1.

A-B

Table 1 Comparison between case 2 and case 2a
Case 2
Case 2a
Normal /kV
Fault /kV
Normal /kV
Fault /kV
138
137.26
138
138.23

A-C
B-C
Phase A
Neutral Shift

138
138
79.67

144.07
138
9.84
48.86

138
140
79.82

144.07
142.12
9.11
50.99

It can be seen from Table 1, with decrease of phase A impedance, the neutral shift is manifested
leading to a decrease of phase A fault voltage. When phase A impedance is reduced, neutral shift
increased by 4.36%, phase A fault voltage decreased by 7.42%.
In summary, comparison between case 2 and case 2a proved that unequal impedance could lead
to manifestation of neutral shift and then the decrease of phase A voltage, which could
potentially cause protective relays to mis-operate if faults are within the Zone 1 margin of error.
It is possible that the effect shown above might have had an impact on the operation
demonstrated in case 3.
VI.

Summary and Conclusion

This paper has shown the benefits of viewing and determining neutrals shift by graphically
showing it in the voltage triangle along with the phasor diagram. We have demonstrated how
neutral shifts are observed on solid grounded, ungrounded and semi-ungrounded systems. Finally,
it was determined that neutral shifts can have a direct impact on the fault phase voltage and
therefore affecting protective relay performance.
VII.
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