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Abstract – Trip of a diesel generator (DG) differential 
protection relay in an offshore platform caused delays in re-
manning and production restoration after hurricane evacuation. 
This was the first DG differential protection trip since platform 
commissioning ~12 years back. Investigations revealed that 
current transformer (CT) casing had cracked to the extent of 
dislodging CT conductors resulting in differential protection trip.

Damaged CTs were replaced by in-stock spare CTs. 
However, a couple of years later a similar differential trip 
occurred and was resolved by again replacing damaged CTs 
with in-stock spares. It became evident that a simple 
remediation of replacing damaged CTs will not help, as the trips 
started to happen more frequently only months apart.

This paper analyses DG trip incidents, describes root cause 
failure analysis (RCFA), and presents remedies and learnings 
to mitigate the issue.

Index Terms – RCFA, window-type current transformer (CT), 
differential protection, vibration, enclosure/casing.  

I. INTRODUCTION

A. System overview

The offshore platform electrical power system has three gas 
turbine generators (GTGs) on Topsides, rated 13.8 kV, 
23.2 MW (0.8 power factor (pf)) operating at 60 Hz, as main 
power sources. Loads in Hull are normally fed from Topsides 
generation using 4.16 kV double-ended substation via 10 MVA 
transformers.

Fig. 1 Differential protection for DG-1

Diesel generators are often used as emergency generators to 
black-start offshore platforms and/or to maintain minimum 
facility load in case of loss of main power. In the platform, 
reduced facility load was supplied at 4.16 kV and emergency 
power at 480 V using two 1.825 MW DGs, each. Fig. 1 shows 
the 4.16 kV DG (henceforth, referred as DG-1) and associated 
equipment of interest pertaining to the case study. The platform 
also includes another identical 4.16 kV DG (henceforth, referred 
as DG-2) catering to firewater pump and associated loads.

Fig. 2 Skid typical for DG-1 and DG-2

B. Differential protection and associated CTs

High-speed differential relaying is commonly used in large 
critical service generators to prevent serious damage in the 
event of phase faults. Selection and location of CTs is an 
important aspect of designing differential protection 
schemes [1]. 

Differential protection scheme for the 4.16 kV DGs uses 
window-type CTs. As defined in IEEE Std C37.110 [2], a 
window-type CT is one that has a secondary winding insulated 
from and permanently assembled on the core but has no 
primary winding as an integral part of the structure. The window 
serves as the insulation for a primary winding. One or more 
turns of the line conductor passes through this window, forming 
the primary winding. 

In the case study, neutral-side CTs located in a junction box 
inside the generator skid (Fig. 2) pair with line-side CTs located 
in switchgear to provide differential protection. Multiple failure 
events of the neutral-side CTs, highlighted in Fig. 1, prompted a 
detailed failure analysis. 

CTs inside
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II. ANALYSIS APPROACH

Often it is easy to jump to conclusions based on intuition. For 
example, it was thought that replacing the broken CT with a 
new one will resolve the issue. However, repeated failures 
clearly indicate that mere replacement of CTs was insufficient. 
Intuition can work when issues are simple, similar issues have 
been resolved successfully in the past, the cost of being wrong 
is low, and consequences are acceptable. 

An approach using conscious thinking and systematic 
method is required to solve issues that are complex, expensive, 
and have unacceptable consequences. The issue of CT failures 
falls into this category.

The problem analysis approach for determining the cause of 
CT failures uses a rational process. To avoid jumping to a false 
conclusion the approach identifies possible causes and 
evaluates them to confirm the true cause. 

The first step is to describe the problem, following which a 
better understanding of the problem is achieved by asking is/is 
not questions in the following four areas – WHAT (Identity), 
WHERE (Location), WHEN (Timing), and EXTENT (Size). The 
‘is’ part helps in identifying details and ‘is not’ part eliminates 
false possible causes.

A. Problem description

The problem that is being resolved can be described as 
follows: multiple 4.16 kV DG differential CT failures (cracked or 
split enclosure/casing) observed during visual inspection. The 
inspections were necessitated by the trip of the differential 
protection relay of DG-1. 

B. CT associated with problem

Fig. 3 displays the differential CT associated with DG-1. The 
enclosure has two parts which became obvious after looking at 
the failed CTs (see Fig. 12 through Fig. 16). The CT has a total 
of three mounting holes.

Fig. 4 shows the three neutral-side CTs mounted inside the 
skid. The CTs were mounted on generator skids by supplier 
using the two mounting holes labelled in Fig. 3. There is an 
additional unused mounting hole on bottom right of the CT 
enclosure. The CT casing can fail but go unnoticed until there is 
a physical examination, or the failure leads to unmounted CT 
conductors which results in differential protection trip.

Fig. 3 CT picture and front view

Fig. 4 CT installation details

CT components that can be seen in Fig. 4 are top mounting 
support hardware, primary conductor, secondary conductor, 
and central spacer secured by an adhesive. The supplier used 
the centering device to ensure that the CT does not touch the 
generator leads. A spacer is used on each side.

III. CT FAILURES

The first failure of 4.16 kV DG CT involved CTs that were 
installed during platform commissioning, henceforth, referred as 
original CTs. Later failures involved 4.16 kV DG CTs that were 
replaced with in-stock spares. These are referred as spare CTs.

Conventions:
 CT position as shown in Fig. 4 is referenced by letters L, 

C, and R corresponding to Left, Center, and Right CTs, 
respectively. 

 Superscript X indicates failed enclosure leading to 
pull-out of conductors.

 Superscript Y indicates crack noticed but enclosure 
intact.

For example, LCXRY, means no crack on left CT, failed center 
CT, and right CT with a crack. The percentage loading numbers 
refer to CT loading in the following subsections and are based 
on 500 A CT rating.

A. Failure 1 (F1 10Oct17)

In 2017, following the evacuation of the platform for hurricane 
Nate on October 6, the operations team returned on October 9. 
While restoring power on October 10, the black start diesel 
generator (DG-1) tripped causing a blackout. The trip was 
caused by the differential protection relay. Visual inspection of 
DG skid revealed two CTs in the terminal box with broken 
enclosure supports.  They were lying on the surge arrestor 
leads and the secondary wire had pulled out causing differential 
protection trip.

Fig. 5 summarizes important facts before and after the first 
failure. Since only one spare CT was available and DG-1 was 
required for restoring production it was operated without 
differential protection for a couple of weeks until the spares 
were procured. All three CTs were replaced although only two 
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were damaged.

Fig. 5 Failure 1 before and after summary

B. Failure 2

In 2019, early morning (~3 AM) on December 21 a main GTG 
tripped. Following the trip, in accordance with normal procedure 
the black start diesel generator started and was supplying near 
rated load until around ~7 AM, when it tripped on operation of 
differential protection. Visual inspection again revealed that one 
of the CTs had a failed enclosure causing the secondary wiring 
to pull out leading to the differential protection trip. Although, 
only one CT failed, all three CTs were replaced with in-stock 
spares. 

Fig. 6 summarizes important facts before and after the 
second failure. Note that silicon seal is used to secure the 
centering device.

Fig. 6 Failure 2 before and after summary

C. Failure 3

Around six months later (June 25, 2020) after running for ~12 
hours following a normal start the black start DG tripped again 
on operation of differential protection. Two CTs were found with 
broken enclosure causing pull out of CT secondary conductors. 
All three CTs were again replaced with in-stock spares. Fig. 7 
summarizes important facts before and after the third failure. 
Spacers were not used possibly because of non-availability.

Fig. 7 Failure 3 before and after summary

D. Failure 4

There was another 4.16 kV DG trip on differential protection 
on July 1, 2020, due to pulling out of CT secondary conductor 
when enclosures of two CTs were again found to be broken. 
The generator had been running for ~45 hours. Fig. 8 
summarizes important facts before and after the fourth failure.

Fig. 8 Failure 4 before and after summary

E. Failure 5 (DG-2)

Since the DG-2 skid was identical it was decided to perform a 
visual inspection on the same. This generator is not used that 
often and had not witnessed a differential protection trip. 
Inspection on July 10, 2020, revealed a crack on the right CT. 
All three CTs were replaced, tie-wrapped, and provided bottom 
support (Fig. 18).

IV. WHAT – CT CHARACTERISTICS AND 
INSTALLATION

This section focusses on understanding “what” failed. 
Differential CT mounted inside the DG-1 and DG-2 skids failed. 

A. CT Characteristics

Failures 1 and 5 involve original CTs whereas other failures 
involve spare CTs. Normally original CTs and spare CTs are 
expected to have the same characteristics, especially when 
they have the same manufacturer and part number. This was 
thought to be the case for all failed CTs. 

However, it was noticed that there is a significant difference 
between original CT mass and spare CT mass. This discovery 
prompted a discussion with supplier and manufacturer. The 
supplier was unaware of any changes in CT design; however, 
the manufacturer acknowledged a design change. 

TABLE 1 lists physical and electrical characteristics of 
original CT and spare CT. Shaded cells in the table show 
parameters of spare CT different from original CT. Note that the 
spare CT was lighter, had lower saturation voltage, lower 
excitation current, and lower secondary resistance.

TABLE 1 
CT CHARACTERISTICS

Property Original CT Spare CT
Mass 50.5 lb. 30.5 lb.
Length x Width x Height 9.88” x 9.88” x 6.75”
Current ratio 500:5
Turns ratio 100:1
Relay class C100
Insulation voltage 600 V
Saturation voltage (Vs) 105 V 85 V
Excitation current @ Vs 0.18 A 0.17 A
Secondary resistance 0.32 Ω 0.197 Ω
Thermal current rating 
factor

2.0 @30°C
1.5 @55°C

B. Lighter and lopsided spare CTs

Note that although the dimensions of both CTs are the same, 
however, the spare CT is significantly lighter compared with the 
original CT. Spare CT has uneven mass distribution such that 
the center of gravity is not in the middle, it sits on one side. The 
CT half that has the winding is filled with epoxy. This contrasts 
with the original CTs which although heavier, had even mass 
distribution. Spare CTs use a different design core that is 
evident from differences in saturation voltage and excitation 
current listed in TABLE 1, and excitation curves provided by 
supplier. 

Change in mass of CT without change of dimensions results 
in an uneven distribution of weight and can cause increased 
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moment due to lopsided mass distribution. This could be a 
reason for increased number/frequency of failures after 
replacement of original CTs in October 2017.

C. Part number

As mentioned earlier the manufacturer and part number of 
spare CT was the same as original CT. The manufacturer 
mentioned that the part number of the CT was not revised even 
when the design was changed as it still belonged to the same 
relay protection class. Original heavier CT can be ordered with 
a revised part number. The design change was not conveyed to 
purchasers and end users. It is normally expected that design 
changes are managed through issue of new part numbers.

D. Continuous current and insulation voltage

The full load amp of 4.16 kV DG is 316.6 A (refer to ratings in 
Fig. 1). This is ~63% of CT continuous current rating of 500 A. 
In addition, the CT has a continuous thermal rating factor higher 
than 1 per unit, even at an ambient temperature of 55°C (>35°C 
platform maximum design ambient temperature). It is unlikely 
that the cracks on CT enclosure relate to thermal cycling 
associated with electrical loading.

The CT insulation voltage is 600 V which is lower than the 
generator rated voltage of 4.16 kV. Absence of slack in 
generator conductors and/or use of centering device (Fig. 4) 
prevents contact with higher voltages. Cracks in enclosure are 
unlikely related to CT insulation voltage.

E. Centering device (spacer)

Supplier used certain brand of an adhesive to secure the 
spacer used to position the primary conductors. While replacing 
the CTs at site sometimes the spacer was not used and some 
times red silicon adhesive was used instead of the branded 
adhesive, to secure the spacer.

It can be seen from TABLE 2 that type of adhesive or use of 
spacer does not relate directly to development of crack on CT 
enclosure. Use of spacer or type of adhesive depends on techs 
installing the CTs. Although using spacers or supplier 
recommended adhesive may not have direct relation, supplier 
recommendes installation practice can result in better 
distribution of forces due to evenly spaced conductors and firm 
fitting of the spacer.

TABLE 2 
USE OF SPACER AND ADHESIVE

Failure Adhesive1 Spacer2

F1 10Oct17 Recommended brand Yes
F2 21Dec19 Silicon Yes
F3 25Jun20 n/a No
F4 01Jul20 n/a No
F5 10Jul20* Recommended brand Yes

TABLE 2 notes: 
1n/a = not applicable 2Spacers in-place before failure?
*DG-2 CT, all others DG-1 CT.

F. Position of primary conductors through CT window

Fig. 4 shows the position of primary conductors in CT window 
through the spacer. Conductors pass through left holes in the 

spacer and are not centered exactly in the window. This can 
lead to saturation of core near the conductors [3] with possibility 
of development of unbalanced heating/forces. However, this 
was ruled out in discussion with supplier and manufacturer. 

Local saturation, if significant, will manifest in nuisance 
tripping under normal operation, through fault condition, or 
motor starting scenarios, especially with sensitive differential 
protection settings and more so in core balance CT application. 
However, no nuisance tripping has been observed, perhaps 
due to the conductors still being within the spacer, although not 
in perfect symmetry. One outcome of this thought process was 
that conductors can certainly be placed more symmetrically 
through the spacer by using holes diagonally across the center 
hole (in other words, 180 degrees apart).

G. Top support

Notice that the CTs are only supported using vertical 
mounting from top (Fig. 9) and are hanging from the two bolts. 
Typically, CTs are installed such that they rest on a base 
support. 

Vertical mounting without base support is likely to create a 
moment, allowing movement to cause cracks, whereas CTs 
that are supported from the bottom are unlikely to develop such 
a moment. Failures have not been observed in identical CTs 
(original, heavier ones) on the line side that are resting on a 
base support. 

Fig. 9 Top mounting supports

V. WHERE – CT LOCATION

Failures have been observed on two 4.16 kV DG CTs both of 
which are on a skid. Failure is not observed in line side CTs that 
are in switchgear.

The skid and switchgear are subjected to different operating 
conditions. The skid CTs are subjected to vibration, whereas 
switchgear CTs are not subjected to vibration. Skid vibrations 
can cause cracking. Once the crack is developed the vibrations 
can continue to enhance it until failure occurs.

VI. WHEN - CT FAILURE TIMES

The “when” aspect of CT failures can be analyzed from two 
points:

 Elapsed time since commissioning/previous failure 
 Running time after 1st/DG-2 is started.
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A. Elapsed time

Fig. 10 summarizes the timeline of CT failures. After the first 
failure ~12 years after commissioning, the failures became 
more frequent. After the first failure it took 2 years for the next, 
followed by 6 months, and then at an even shorter time span to 
the next failure. This is closer to continuous failure pattern, 
compared to sporadic failure pattern or periodic failure pattern.

Fig. 10 Timeline of CT failures

B. Running time

TABLE 3 shows the loading of 4.16 kV DGs and the time for 
which the generator was in service prior to trips due to CT 
failures. The % values are based on 500-A CT rating. For 
example, 294 A (59%) for 6 h means the generator was 
supplying 294 A or 59% of CT rating for 6 hours before failure.

DG-1 loading varied between ~25% to 60% of 500-A CT 
rating and it had been operating between ~4 h to 45 h. With 
loading well within CT rating, it is unlikely that thermal effects or 
thermal cycling resulted in mechanical cracks on CT enclosure.

TABLE 3 
DG LOADING PRIOR TO CT FAIILURE

Failure Pre-Loading
F1 10Oct17 294 A (59%) for 6 h
F2 21Dec19 282 A (56%) for 4 h
F3 25Jun20 125 A (25%) for 12 h
F4 01Jul20 250 A (50%) for 45 h

VII. EXTENT – NUMBER / SIZE OF CT FAILURES

Extent of failures can be analyzed by observing:
 Number of CTs that fail.
 Size of cracks/splits in CTs for various failures.
 Material analysis of cracks and enclosure material.

A. Number of CTs

Number of failed CTs and their positions are shown in Table 
4. Subsequent failures involve reduced numbers of CTs. This 

could be due to shorter timespan between failures. Once a CT 
failure is detected, it prevents failure of other CTs by shutting 
down equipment.

TABLE 4 
NUMBER OF FAILED CTS

Failure1 # of CTs Failed CT
F1 10Oct17 3 LXCXRX

F2 21Dec19 1 LCRX

F3 25Jun20 2 LXCXR
F4 01Jul20 2 LCYRX

F5 10Jul20* 1 LCRY

Fig. 11 Relative CT positions

Failure of Right (R) CT either complete or partial was 
observed in all instances except one.  It can be seen from Fig. 
11 that the left CT has top mounting supports closest to the left 
wall of the junction box, whereas the right CT is in the middle of 
the junction box. Being close to the wall it is likely that vibration 
induced moment is experienced less by the left CT compared to 
the right CT. This could be the reason for a higher occurrence 
of failed right CTs.

B. Size of cracks/splits

Fig. 12 through Fig. 16 show the size of cracks/splits 
developed for each failure. There is not a definite trend in the 
size of cracks/splits that develop on CT enclosure during 
various failures. It is likely that a single crack develops which 
evolves into complete split over a period.

Fig. 12 F1 10Oct17 - middle split
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Fig. 13 F2 21Dec19 - right on verge of split

Fig. 14 F3 25Jun20 - middle split

Fig. 15 F4 07Jul20 - right split

Fig. 16 F5 19Jul29 – right crack

C. Material analysis

Fig. 17 CT separates in two parts

A material analysis company was tasked to analyze the 

cracks in plastic CT enclosure. Visual examination and 
analytical polymer tests were used to characterize the cracks in 
the enclosure of CT involved in Failure 2 (Fig. 13). Note that a 
spare CT was involved in this failure rather than the original CT. 
The following are the main findings.
 The case separated into two parts (Fig. 17) from cracks 

that developed during service.
 Multiple locations showed contact of inner winding with the 

case that caused permanent deformation to the case. 
Deformed case leads to uneven force distribution can 
cause cracks/failure.

 Material testing did not reveal any major chemical or 
compositional differences in the polymer case material.

 The cover cracking and failure is likely a combination of 
vibration in the system, relatively heavy top mounted 
component, and contact/impact event on the upper 
surface.

 Visual inspection of the part and location of the unit in 
service point towards an impact or vibration over time as 
the likely initiation for the part fracture. This crack would 
only intensify over time due to the part being top mounted 
and weight of the unit.

VIII. CONCLUSIONS AND LEARNINGS

A. Analysis of causes

The cause of 4.16 kV DG CT enclosure failure can be 
attributed to change in its mass without dimension change 
resulting in uneven weight distribution, keeping the part number 
unchanged after changing the design, lack of base support for 
CTs mounted vertically, and vibrations caused by CT 
installation on a skid. TABLE 5 summarizes the causes for 
4.16 kV DG CT enclosure failure. Y/N column indicates 
high/low probability, respectively.

TABLE 5 
SUMMARY OF FAILURE CAUSES

Cause Y/N
What (identity) questions

Change in CT mass without dimension change 
causes an uneven/lopsided distribution of weight. Yes

Thermal cycling associated with electrical loading. No
600 V CT insulation voltage. No
No change in part number with change in design. Yes
Unbalanced forces/heating due to proximity effect of 
primary conductors. No

Vertical mounting without base support is likely to 
create a moment for developing cracks. Yes

Where (location) questions
Location of CT in skid rather than in stationary 
switchgear subjects the CT to vibrations that can 
cause a crack/enhance an existing crack.

Yes

When (timing) questions
Increasing failure pattern after Failure 1 indicates use 
of spare CT increased possibility of CT failure. Yes

Thermal effect/cycling caused by DG-1 loading or 
running time prior to failure. No

Extent (size) questions
Supporting wall distance from CT mounting. Yes
Cracks/split size observed during various failures. No
Material analysis indicates combination of vibration in 
the system, relatively heavy top mounted component, 
and contact/impact event on the upper surface.

Yes
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B. Remedies and Learnings

The following is a list of remedial actions and learnings from 
the failure analysis.
1. As an immediate remedy, bottom support was added to 

CTs, and the CT enclosure was tie-wrapped to prevent it 
from falling apart and pulling out conductors. 

While developing system designs be mindful of:
a. Support provided to CTs inside the terminal 

boxes. 
b. Installed location especially in the vicinity of 

reciprocating engines which can result in 
increased vibrations.

c. Use of spare CTs on neutral-side with existing 
original line-side CTs (Fig. 1), causes 
mismatched CT characteristics (TABLE 1). The 
supplier was requested to verify adequate 
differential protection settings.

2. Adequacy of added supports was verified with supplier and 
drawings were updated to include them, avoiding 
confusion by matching as-built enclosure with the 
equipment shown on drawing. 

Fig. 18 Bottom support and tie-wraps

3. Variation in design of CT without change in part number 
raised a flag. CTs from alternate manufacturers that can fit 
in current application were identified to avoid issues with 
such unexpected design changes.

4. Other assets were notified to perform visual inspection of 
CTs mounted in a similar manner and/or with same make 
and part number.

5. Technicians were advised to:
a. Follow supplier recommended spacer and 

adhesive while replacing the CTs.
b. Place primary conductors such that they are 

located centrally in CT window.
c. Watch out for major differences in replacement 

parts even in case of like-replacements.

In depth analysis of failures and adherence to learnings has 
been fruitful. Additional CT failures have not been observed to-
date.
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