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Abstract 
We demonstrate the use of IEC 61850 process bus 

transformer relays together with optical CTs for the 
detection of open phase conditions on the high side of a 
range of step-down power transformers.  A set of optical 
CTs generates 12 waveforms which are slotted into six 
IEC 61850-9.2LE data streams which are in turn input into 
the relay programmable stream logic for the detection of 
open phase conditions. 

I. INTRODUCTION 

Due to the fact that optical current transformers (OCT’s, 
here of fiber construction [1] – [12]) have properties that differ 
significantly from conventional iron core CTs, differently 
optimized architectures for distributing their data to the 
secondary devices are being developed.  OCTs have 
measurement advantages over conventional iron core CTs 
which include orders of magnitude wider dynamic range, no 
saturation, and much larger frequency response including DC.  
Additionally, OCTs do not tap into the power of the energized 
line and require no oil insulation, thus making them inherently 
safer devices.  On the negative side, OCTs come at a higher 
cost than their conventional CT counterparts at lower voltage 
applications (at least at the present time) and they exhibit a 
small additive zero-mean white noise component (typically 0.1 
to 1 A rms) to the measurement that is absent from iron core 
CTs. 

In this paper we consider specifically the adaptation of fiber 
optic OCTs to the problem of open phase detection (OPD), a 
situation currently of considerable interest to the power 
industry.  Since detection of an open phase condition in an 
unloaded transformer is generally more difficult than in a 
loaded transformer, we largely restrict our discussion here to 
the description of OPD in unloaded power transformers.  
Several key points are made.  After the OPD problem and 
solution architecture is described, we show the concept and 
advantages of using multi-stream signal processing within the 
OCT itself.  Because of the wide dynamic range of the OCT, 
the same sensor can be used to detect both the magnetizing 
currents flowing into an unloaded power transformer as well 
as the currents flowing into it when it is loaded, including fault 
currents.  Further developing the concept of multi-stream 
digital signal processing, we demonstrate that complex 

mathematical calculations can be made within the OCT 
electronics, the results of which can be simply communicated 
to an over/under current relay element for the detection of an 
open phase condition.  This allows for programming the 
“fingerprint” of the magnetizing currents flowing into the high 
side of an unloaded power transformer into the OCT 
electronics.  Detection of deviations from this transformer 
specific pre-programmed fingerprint is used to determine the 
presence or absence of an open phase condition for the case 
of an unloaded transformer.  Finally, we present a few 
examples of the results obtained from live tests of varying 
types of unloaded transformers in various open phase 
conditions. 

II. OPEN-PHASE DETECTION SYSTEM 

A typical illustrative situation of an open phase scenario is 
described as follows.  A power generation plant has certain 
safety equipment (e.g., cooling pumps) that must operate 
continuously.  Normally, the safety equipment is powered by 
the plant itself, but in certain situations (whether in 
maintenance or fault situations) the plant power may not be 
available for this purpose.  In this case, power is tapped from 
the grid to run the safety equipment.  This power from the grid 
runs through a step-down transformer to the safety 
equipment.  In the case that the power connection from the 
grid to the step-down transformer is unavailable, backup 
diesel generators are employed to power the safety 
equipment. 

But, what happens if an open phase condition exists on the 
high side of the aforementioned step-down transformer?  
While the transformer is unconnected to any load (e.g., the 
safety equipment), the installed protection devices may not be 
able to detect a broken line feeding its high side due to the 
tendency of the transformer to rebalance itself through 
induction, and also that in many scenarios (though not all) the 
resulting current flows remain quite small.  It may be only after 
the load is connected that the power is discovered to be “bad” 
(e.g., the transformer is powered by only two phases on the 
high side).  Such conditions can quickly degrade the safety 
equipment motors.  A critical purpose of the OPD system is 
thus to detect that the step-down transformer is not properly 
energized on its high side before any attempt is made to use it 
as a power source. 



 

Our approach to detecting such an open phase condition is 
to measure the excitation currents flowing into the high side of 
the unloaded transformer and to compare these 
measurements to what magnetizing currents are “expected”, 
that is to see if there is a fingerprint match.  The OPD system 
must be able to detect any combination of open phases, 
grounded phases, and high impedance grounded phases.  In 
order to detect an open phase condition on an unloaded 
transformer, the high side current sensors must be able to 
measure the excitation currents within an uncertainty of a few 
milliamps, given that the differences between the measured 
currents and the expected fingerprint can be as low as a few 
tens of milliamps (depending on the size and configuration of 
the transformer, as well as the nature of the open phase fault). 

Figure 1 shows a block diagram of the OPD system. OCT 
sensing rings are placed over the bushing on each phase of 
the high side of the power transformer.  The optical signals 
from each of the sensors is detected in the OCT electronics 
and converted to digital signals representing the individual 
phase currents.  These currents are then processed and sent 
to a process bus relay via an optical Ethernet link.  The relay 
makes the determination of the open phase condition.  When 
an open phase condition is detected, the relay then triggers 
an annunciation alarm for plant operations, as well as a 
process bus compliant digital fault recorder, which also 
receives its data via Ethernet link from the OCT electronics. 

 

 
 

Figure 1 – Open Phase Detection System using OCTs and 
IEC 61850 Process Bus Relay 

 

III. MULTI-STREAM DIGITAL SIGNAL PROCESSING 

The OCT electronics receives the raw optical signals from 
the sensing rings, calculates the individual phase currents and 
then performs a number of filtering operations as well as 
mathematical analyses of the relationships between the 
magnitudes and phase angles of the three phase currents.  In 
the end, 12 separate real-time quantities are calculated and 
fed to the IEC 61850-9.2LE process bus compliant relay.  
These 12 quantities contain a mix of phase currents, 
sequence currents, and proprietary calculations.  Six of these 
quantities are used by the programmable scheme logic (PSL) 
within the relay to detect an open phase condition when the 
transformer is loaded and the other six are used to detect the 
existence of an open phase condition when the transformer is 
unloaded. 

In order to bring these 12 waveforms into the relay, we 
chose a process bus compliant transformer protection relay.  
The process bus compliant transformer protection relay allows 
for three independent sets of three phase currents, as well as 
three individual and independent neutral currents, netting 12 
independent signals in total.  The OCT electronics outputs 
these 12 waveforms within six digital streams as shown in 
Table 1.  The three phase slots for streams 1-3 are used as 
well as the neutral slot for each of streams 4-6. 

 
TABLE 1 

Six IEC 61850-9.2LE Data Streams used for 
Open Phase Detection 

Stream 
# 

Slot 1 
Data 

Slot 2 
Data 

Slot 3 
Data 

Slot 4 
Data 

1 IA comb 
filtered 

IB comb 
filtered 

IC comb 
filtered 

0 

2 IA lightly 
filtered 

IB lightly 
filtered 

IC lightly 
filtered 

0 

3 Sequence 
current 

calculation 

Sequence 
current 

calculation 

Sequence 
current 

calculation 

0 

4 0 0 0 Proprietary 
calculation 

5 0 0 0 Proprietary 
calculation 

6 0 0 0 Proprietary 
calculation 

 
As an aside, we mention here the good synergy that exists 

between the process bus communications protocol of IEC 
61850 and the OCT technology.  Due to the fact that the OCT 
has such wide dynamic range and bandwidth, a single OCT is 
capable of performing multiple measurement functions.  
However, the secondary devices, which tend to be for single 
functions, do not each need all the dynamic range and 
bandwidth of the OCT.  The OCT we are using provides 29 
bits of amplitude information at a rate of 333 kHz.  However, 
the transformer relay only makes use of 18 bits of CT 
information arriving at a rate of 4.8 kHz (80 samples per 
cycle).  There must therefore be a down selection of the OCT 
bits as well as filtering to reduce the sample rate in order to 
prepare the OCT data for the transformer relay.  But, in 
general, different applications require different bit sets, as well 
as data rates.  Metering and protection are two obvious 
applications requiring different current ranges and frequency 
responses.  The OCT signal processing can be used to select 
both the range and frequency band of currents to be 
communicated to different secondary devices.  This is done 
by separating the raw digital data within the OCT electronics 
into different streams for different bit selections and filtering.  
The OCT being used for this work has the capability of 
division into six separate streams, each of which can be 
individually scaled and filtered.  For the OPD application, all 
six streams were found to be necessary.  Thus, the OPD 
system presented here illustrates the full use of the OCT 
stream division capability. 

Since the raw OCT signal contains white noise on the order 
of 100mA-150mA within the IEC 61850-9.2LE data rate (the 
OCT contains 60 fiber turns), and a noise floor of a few mA is 
required for OPD security on the unloaded transformer, the 
raw data must be significantly filtered for the case of the 



 

unloaded transformer.  We also mention that it must be at 
least lightly filtered for the loaded transformer case.   

For the unloaded case, we pass the raw data through a 
digital comb filter having a four second time constant.  This 
reduces the noise by about a factor of 100, leaving a noise 
floor of approximately 1.5 mA.  However, it is important to 
note that with such a narrow comb filter (± 1/8 Hz), the comb 
filter center frequency must be synchronized to the line 
frequency.  This is accomplished by providing for a VT input 
into the OCT electronics.  Though only one line frequency 
comb sync signal is required, the OCT electronics provides for 
dual VT inputs for redundancy. 

IV. TEST RESULTS 

The full suite of open phase conditions have been both 
simulated and tested on all relevant types of power 
transformers including core form and shell form transformers 
having both wye and delta high sides.  It is beyond the scope 
of this paper to present the complete data set.  However, to 
illustrate the function of the OPD system and the analysis of 
the data, we present test results here obtained from three 
particular cases, each for an unloaded transformer.  The first 
is a wye-wye transformer with a single open phase, the 
second is a wye-delta transformer with one phase open and a 
second phase grounded, and the third is a delta-wye 
transformer with a single phase grounded. 

 
 

A.  Wye-Wye Core Form Transformer with Single Open 
Phase 
 

Figure 2 shows a photograph of the transformer under test 
with the open phase located 120 meters from the transformer.  
The yellow arrow in Figure 2 shows the OCT ring. 

 
 
 

 
 

 
 
 

Figure 2 – Open Phase Field Testing on a 238 kV 
 Wye-Wye Transformer 

 
Figure 3 shows the unloaded transformer “fingerprint”.  As 

can be seen, the phase B magnetization current magnitude is 
less than that of phases A and C, and the phase angles of A 
and C have been pulled towards that of B.  All of these 
conditions are fully expected from the core form construction 
of the transformer.  In addition, Figure 3 shows that  has 
lower magnitude than  and  and that  and  phase 
angles have been pulled toward	  from the 120 degree 
separation of the excitation voltage.  Figure 4 shows the 
magnetization currents flowing into the transformer with phase 
C open.  As can be seen, the fingerprint of the phasor 
diagram with an open phase condition is quite different from 
that of a properly energized transformer.  Figure 4 also shows 
that  is very small, while the phase angle difference between 

 and  has been reduced to 43 degrees. 
 
 

 
 
 

Figure 3 – The Phase Current “Fingerprint” in a Normally 
Excited, Unloaded Wye-Wye Transformer 

 
 



 

 
 
 

Figure 4 – Phase Currents Flowing in an Unloaded Wye-
Wye Transformer with Phase C Open 

 
It is interesting to note here that the C phase current, 

though very much reduced in amplitude, did not go precisely 
to zero when it was opened.  This is explained by the fact that 
there is capacitive coupling between the phases over the 120 
meters of line between the transformer and the opened 
phase.  It is important here to note that for open phase 
conditions occurring far from the transformer, it is not 
sufficient to simply look for a reduced phase current to detect 
an open phase.  A fuller treatment of the fingerprint analysis is 
required. 

 
B.  Wye-Delta Transformer with One Phase Open and a 

Second Phase Grounded 
 
Figure 5 shows a fault recording for an unloaded wye-delta 

transformer when phase B was grounded and phase A was 
opened.  The records are of the comb filtered rms phase 
currents, along with the three OPD evaluation signatures used 
to determine an open phase condition.  The sequence of 
events for the fault is: first phase B was opened, second 
phase B was grounded, and third phase A was opened.  The 
OPD annunciation occurred at time T=0 on the fault recording 
about 1.5 seconds after the OPD detection threshold was 
crossed, the delay being set by timers within the relay 
programmable logic. 

 

 
 

Figure 5 – Wye-Delta Unloaded Transformer Fault Record 
with Phase B grounded and Phase A Opened 

 

C.  Delta-Wye Transformer with Single Phase Grounded 
 
Figure 6 shows a fault recording for an unloaded delta-wye 

transformer with phase C grounded.  The records are of the 
comb filtered rms phase currents, along with the OPD 
evaluation signatures used to determine an open phase 
condition.  First phase C was opened and then it was 
grounded.  The OPD annunciation occurred at time T=0 on 
the fault recording about 1.5 seconds after the OPD detection 
threshold was crossed, the delay being set by timers within 
the relay programmable logic. 

 
 

 
 
 

Figure 6 – Delta-Wye Unloaded Transformer Fault Record 
with Phase C Grounded 

 

V. CONCLUSIONS 

We have demonstrated the use of IEC 61850 process bus 
transformer relays together with optical CTs for the evaluation 
and detection of open phase conditions on the high side of a 
range of step-down power transformer types including wye-
wye, wye-delta, and delta-wye.  A set of three OCTs 
generates 12 waveforms which are slotted into six IEC 61850-
9.2LE data streams which are in turn input into the relay 
programmable stream logic for the detection of open phase 
conditions.   Representative data reproduced here shows the 
correct operation of the open phase detection system. 
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