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A B S T R A C T

Open phase conductors in three-phase power systems can be difficult to detect with conventional protection
relay schemes. Such events can have adverse consequences to power system equipment reliability and perfor-
mance. The resultant voltage unbalance associated with open phase events can cause excessive heating in
transformer core and coil assemblies and tanks, reduce the available starting and running torque of motors,
increase motor acceleration time, cause inadvertent tripping of critical loads, and thermally damage plant
equipment.

Power system response to an open phase condition is highly dependent on a number of factors, including the
type of open phase condition (events involving one or two phase conductors, coupled with or without a ground),
the location of the open phase, the topology of the power system, transformer core design and winding con-
nections, and type and magnitude of system loading.

This paper briefly describes industry operating experience with open phase events. It summarizes the various
alternative approaches for detecting open phase conductors on large station service transformers. Dynamic
modeling considerations and techniques are described and a summary of analytical results which convey the
challenges, advantages, and disadvantages associated with different detection strategies are presented. The role
symmetrical components and sequence components can play in understanding the impact of open phase con-
ditions on power system equipment also is discussed.

1. Introduction

In January 2012, a mechanical failure of an underhung isolator
caused an open circuit in a single phase conductor of a three-phase,
345 kV overhead power line feeding the two system auxiliary trans-
formers (SATs) at the Byron Nuclear Station, Unit 2. The open phase
caused unbalanced voltages on the plant buses, the automatic trip of
certain plant equipment, and a significant plant transient. The event
revealed a previously unanalyzed design vulnerability in the station’s
offsite to onsite power system. Subsequent reviews of industry oper-
ating experience indicate that open phase events occur in industrial
power systems more frequently than desired [1]. For example, IAEA
Safety Report No. 91 [2] summarizes fourteen open phase events at
nuclear power plants in various countries worldwide. These events in-
volved systems operating at 115 kV–400 kV and were due to a variety
of causes including broken or fatigued conductors, misoperated circuit
breaker poles, failed insulators, and loose connections.

Open phase conditions (OPCs) can be difficult to detect, cause

inadvertent trips of critical plant loads, and damage equipment. When a
motor is supplied from a wye-delta or delta-wye transformer, an open
phase on the primary (or line) side of the transformer results in in-
creased current that may go undetected by the motor’s overload pro-
tection because the positive sequence current is not excessive. However,
the voltage unbalance at the terminals of the machine may cause ex-
cessive heating due to negative sequence currents. Significant voltage
unbalance can cause running motors to stall and trip off. Negative se-
quence voltages produce torques during motor starting conditions
which retard motor acceleration causing longer acceleration times and
create the potential for mission critical loads already running to stall or
trip on overload due to abnormal starting currents.

2. Approach for detecting open phase condition

The primary function of an open phase detection (OPD) system is to
reliably protect against unbalance conditions that can adversely impact
critical safety functions, damage major capital assets, or interrupt plant
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production. An OPD system must also provide adequate security against
false tripping for both routine, non-harmful unbalance conditions, and
momentary or short lived transient unbalance conditions.

OPCs on the primary side of transformers under light loading con-
ditions are very difficult to detect with conventional protection relay
schemes. Differential relays are designed to trip only if there is a sub-
stantial current imbalance within the differential zone of protection.
Consequently, differential relays generally do not provide open phase
detection and may not even provide detection during open phase with
ground conditions on unloaded transformers. This is because zero se-
quence current is the major contributor to phase current during open
phase with ground currents. The current transformers (CTs) on Wye-
wound transformers usually are connected in a delta connection and
thus do not pass on the zero sequence component to the relay. Further,
during no load or light loading conditions, the differential current for
an ungrounded open phase (and in some cases an open phase with
ground) might not exceed the zero through-current restraint setting.
Additionally, secondary side undervoltage protection is typically in-
capable of detecting low levels of unbalance which occur during no
load or light loading conditions.

There are several commercially available OPD systems. Each em-
ploys different schemes for detection of OPCs. These schemes can be
classified based on the location monitored. For example, several
schemes use transformer primary side phase current for detection of
open phase conditions. Alternatively, primary side neutral current and
zero sequence impedance detection schemes have been installed on
wye‐wound transformers with grounded neutrals. And traditionally,
secondary side voltage unbalance or negative sequence voltage relays
have been employed.

Primary side phase current detection schemes typically use a com-
bination of phase current magnitude and phase as well as the corre-
sponding sequence currents. They can employ either a single set of
current transformers (CTs) for sensing or a dual set of CTs. In the latter
case, one set of CTs is used to detect low levels of current, e.g., trans-
former magnetizing current, and the second set is used to detect higher
levels of load current. Special wire wound or optical air core CTs, and
various digital filtering techniques also can be used to enhance the
sensitivity of the CT measurements.

The transformer neutral overcurrent and zero sequence impedance
detection schemes use a combination of neutral overcurrent and mod-
ified subharmonic injection current. Subharmonic injection systems
(ANSI device 64S) have traditionally been applied in generator pro-
tection schemes for detection of stator ground faults. These schemes
actively inject zero sequence current into the transformer neutral at a
frequency other than the fundamental frequency and its corresponding
harmonics. Such systems take advantage of the overall change in zero
sequence impedance of the power system which occurs during open
phase events and is expressed as a corresponding change in the mea-
sured subharmonic injection current.

Transformer secondary side negative sequence voltage schemes use
various voltage sensing relays applied at buses powering critical plant
loads. This includes three phase undervoltage relays (ANSI device 27),
voltage balance relays (device 60), and phase voltage unbalance or
negative sequence relays (device 47). These relays are not designed
specifically for OPD but can provide critical asset protection for mod-
erate to high unbalanced conditions present during certain types of
open phase conditions. Attention to the potential transformer (PT)
connections is necessary to ensure the effectiveness of these devices.
However, unbalances present due to light load conditions on single
open phase conditions may not be detected by unbalance voltage relays
and could results in equipment damage or reduced insulation life
during prolonged operation.

3. System conditions affecting open phase detection

The functional objective for OPD systems is to reliably discern OPCs

from system unbalance conditions that occur normally. Such power
system unbalances may be present due to unbalanced line loading or
compensation and un‐transposed transmission lines. Switching events
and system faults also impose transient unbalances on the system. The
ability of an OPD scheme to detect an open phase condition and trip in
adequate time to protect equipment depends on variety of factors in-
cluding the following:

3.1. Switchyard impedance and voltage

Typical system analyses for power plants and industrial power
systems consider the transmission system and interconnecting substa-
tion or switchyard as an ideal voltage source. However, for the purposes
of analyzing OPCs and establishing the appropriate setpoints for an
OPD system, applicable substation or switchyard impedance and ex-
pected range of ‘normal’ system voltage unbalance need to be con-
sidered. Switchyard positive, negative, and zero sequence impedance
can be determined from the single‐line‐to‐ground, line‐line‐to‐ground,
and three phase bolted fault current studies. Furthermore, a range of
impedance (representing a weak grid/strong grid) may need to be
calculated based on the number of transmission lines and generation
sources connected to the plant switchyard and the switchyard ar-
rangement.

Analyses of OPCs require the modeling and evaluation of any par-
allel paths or feeds. The impact of switchyard impedance can be eval-
uated based on the zero sequence network shown in Fig. 1, where VG,1

and ZCOMB represent the Thevenin equivalent of the positive and ne-
gative sequence networks and are typically readily available. The
connected impedances represent a single OPC on transformer T2. The
zero sequence network shows a connection of two parallel transformers
to the plant’s switchyard. A higher transmission system zero sequence
impedance (ZG,0) will result in higher current in the unfaulted trans-
former neutral, and vice versa. Consequently, an open phase on one
transformer could be falsely detected as an open phase on the other unit
if the setpoints for the OPD systems are not properly coordinated and

Fig. 1. Coupling of zero sequence impedance of parallel transformers.
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