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Abstract

"Unlocking Efficiency and Reliability: Primary Injection in the Maritime Sector " is a comprehensive
exploration of the theory, practical implementation, and lessons learned from primary injection testing in
the maritime industry. This paper focuses on the vital role of primary injection in assessing vessel
performance and validating system reliability, with a specific emphasis on the hybridization of vessels and
the integration of rogowski coils.

The paper begins by providing an overview of primary injection's theoretical foundations, followed by an
in-depth examination of its practical application in the maritime sector. Various methodologies and
techniques employed in primary injection testing are discussed, shedding light on their significance in
achieving optimal system performance.

Drawing from real-world experiences, the paper highlights valuable lessons learned during primary
injection testing, addressing encountered challenges and the corresponding solutions. Moreover, it delves
into the emerging trend of vessel hybridization, exploring the integration of rogowski coils and their
contribution to the advancement of primary injection testing.

"Unlocking Efficiency and Reliability: Primary Injection in the Maritime Sector" equips professionals with
valuable insights to enhance efficiency, reliability, and safety in maritime operations. By combining
theoretical knowledge, practical implementation, and lessons learned, this paper serves as a valuable
resource for optimising primary injection practices in the maritime industry.
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Abbreviation / Definition

Abbreviation Definition

AC Alternating Current

CT Current Transformer

DC Direct Current

LV Low Voltage

PT Potential Transformer (May be used interchangeably with VT)
R-Coil Rogowski Coil

VT Voltage Transformer (May be used interchangeably with PT)
WCFDI Worst Case Failure Design Intent
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Introduction

Reliable current measurement is critical for protecting electrical systems on marine vessels. Traditional
current transformers (CTs) can be difficult to retrofit, while Rogowski coils offer flexible installation.
Validating these devices involves both secondary injection testing to verify protection system coordination,
and primary injection testing to confirm detection capability. Primary injection uses a tool to directly inject
current and measure the resulting transformer output. This end-to-end test confirms correct ratio, polarity,
and wiring. Overall, comprehensive current injection testing ensures robust fault detection and appropriate
circuit breaker operation, helping to mitigate risks and enhance . As maritime systems increase in
complexity, thorough testing provides operational resilience.

This paper provides practical guidance on best practices for current injection testing procedures onboard
vessels and analyzes results from recent field testing. The paper begins with background on CTs and
Rogowski coils, then details the primary' and secondary injection testing procedures, analyzes case study

results, and concludes with recommendations.

!'It is common practice in industry to remove LV breakers from in situ and send in for “primary injection” testing
onshore. This testing, while also referred to as primary injection testing, is not the subject of this paper.
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Current Sensing Basics

A wide range of power system protection functions rely on the accurate measurement of current. Responses
to changes in current are vital for the detection of and protection from faults including ground fault, overload

and short circuit. Eaton’s “Current Transformers (CT)” video contains an excellent explanation of the

different methods for measuring current. The four main types are:
e Current Transformers (CTs)
e Current shorts - not suitable for marine applications
e Hall Effect Current Sensors - not suitable for AC applications

e Rogowski Coils

Current transformers are the traditional method of measuring high current bus bars and cables in a system..
They give both direction and magnitude of current flow, and are very reliable when installed during ship
build. As a traditional method, CTs don't require an external power source or additional supporting
electronics. CTs are simple to understand and have significantly less electronic components than the

alternatives.

CT Ratio 300:5

Fig. 1. Screen shot from Eaton Videos’ Current Transformers (CT) Video

CT’s aren’t a perfect solution however:
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e CT direction and ratio impacts the reading and must be confirmed
e (CTs may become saturated

e (Ts are very difficult to install after the initial build

Recently, Rogowski coils have become popular in DP Power system upgrades. Although they require a DC
Power supply, and the use of an “Integrator Unit” to translate the signal, the Rogowski coil has the benefit
of being flexible and is therefore able to be installed in locations with tight tolerances, such as switchboards
where hybrid upgrades are being installed. Rogowski  coils are a flexible ring that can be installed without
disconnection of the bus or major power components, and as they are small and flexible, can fit into tight

spaces.

More information regarding the differences between CTs and Rogowski coils can be found in Cyszani

(2020)2.

Fig. 2. Screen shot from Eaton Videos’ Current Transformers (CT) Video. The Rogowski coil
method relies on electronic intervention from a device referred to as an “integrator”

2 Csanyi, E (2020) Why and where Rogowski Coil Current sensors are favourable when compared to CTs. Electrical Engineering Portal (EEP)
Accessed 9 Sep 2023 https://electrical-engineering-portal.com/download-center/books-and-quides/relays/rogowski-coil-cts
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Both Rogowski coils and CTs rely on the signal being interpreted correctly by the rest of the integrated
system aboard. If the signal is sent in the wrong direction, or addressed to the incorrect location, or saturated

too early, then the protective devices relying on this information will not activate predictably.

For the purposes of this paper, we will use the following basic image to describe a CT and the associated

protective relay which monitors the CT output and reacts based on the relay’s parameters.

MNormal Current

Normal Voltage
low current

signal
- ?

Protective
Relay

I

Fig. 3. Simplified Current Transformer/protective relay arrangement.
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How do we test Current Measurement? (A smoke detector analogy)

Similar to a smoke detector, a current measurement device has two basic functions: Detection of a change
in status and signalling that change in status to the external system. There are two vital components of
current measurement validation:

e Seccondary injection testing  is a method used to test the overall functionality and coordination of

protection systems by injecting signals into the protective devices themselves. In the smoke
detector analogy, secondary injection testing would involve depressing the "test" button to trigger
the alarm signal - either back to the control system, or the audio-visual alarm.

e Primary injection testing is a method used to verify the proper detection capability of a protective

device, such as a circuit breaker or a relay, by injecting a calibrated high current directly into the
bus and measuring the resultant signal at the protection device. We can think of primary injection
testing as injecting smoke directly into a smoke detector.
In the power industry, it is standard practice to perform both types of testing to verify the functionality of
of the current detection and protection devices:

“Secondary injection tests are always done prior to primary injection tests. The purpose
of secondary injection testing is to prove the correct operation of the protection scheme
that is downstream from the inputs to the protection relay(s). Why done prior to primary
injection tests? This is because the risks during initial testing to the LV side of the
equipment under test are minimized.””

“Primary injection tests are always carried out after secondary injection tests, to ensure
that problems are limited to the VTs and CTs involved, plus associated wiring, all other
equipment in the protection scheme having been proven satisfactory from the secondary
injection tests.”™
It is important to perform secondary injection before primary injection as the secondary injection method
may identify failures which are important to resolve prior to successful primary injection testing.
Additionally, the act of disconnecting the CTs in order to inject the secondary injection signal may change
the successful test results observed during primary injection. This may not be practical aboard a marine
vessel under construction as the system is already powered by the facility prior to secondary injection. As

such, it may be easier to test for in situ primary injection before secondary injection.

3 Csanyi, E (2017) Secondary injection tests for checking the correct operation of the protection scheme. Electrical Engineering Portal
4 Csanyi, E (2017) Primary injection testing of protection system for wiring errors between VTs / CTs and relays. Electrical Engineering Portal
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Secondary Injection

Secondary injection testing is used to confirm the correct operation of electronic and electromechanical
protection devices and relays. It is accomplished by injecting voltage and currents at the correct phase
angles into the protection device sensing terminals by use of a secondary injection testing tool. The tool
generates voltages and currents that are the same as would be generated by the network CTs and PTs in a
fault scenario, and confirms the settings and tripping times of the protection device and associated circuit
breakers. Advanced secondary injection units will allow for development and injection of waveforms
containing distortions or other variations which can be expected in operation. It should be noted that some
protective devices can be configured to trip different or multiple circuit breakers depending on fault type,

severity and location.
Secondary injection testing can be used on electronic and electromechanical protection devices to validate:

All protection functions

All protection settings

Correct circuit breaker opening
Circuit breaker opening times
Network Coordination

Low Current

Fault Signal
f _D —
Protective Secondary
CT Relay Injection
— =

Fig. 4. Simplified Secondary Injection arrangement. Note the disconnection of the CT from the
relay during testing.
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Primary Injection
The most effective, comprehensive and safe method for testing current sensing equipment is to inject

current directly into the bus and distribution cables of the network. This style of testing is referred to as

primary injection testing.

Primary injection testing is accomplished by use of a tool that injects a high current low voltage signal onto
the bus or cables that pass through the network CTs or Rogowski coils (Rcoil) and measures the resultant
output at the protection device. Primary injection testing, when performed correctly, confirms not only the
correct measurement devices have been installed in the correct direction but also that no transposition of
interconnected wiring has occurred. Primary injection is also used to confirm correct selection and settings

of Rogowski coil integrators.

High Current

Low Voltage B
e

low current

e r—

' |
— signa
- —
Primary Protective
Injection “._CT Relay
‘ I g

l

Fig. 5. Simplified Primary Injection arrangement.
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“Why Primary Injection Tests?

This type of test involves the entire circuit — current transformer primary and secondary
windings, relay coils, trip and alarm circuits, and all intervening wiring are checked. There
is no need to disturb wiring, which obviates the hazard of open-circuiting current
transformers, and there is generally no need for any switching in the current transformer

or relay circuits.” >

Primary injection testing is the safest method to prove:

CT and Rcoil ratios

CT and Rcoil tolerance

CT and Rcoil direction

CT and Rcoil connections
Interconnected wiring

OEM Trip curves within tolerance

Testing for the Worst Case Failure

Worst case failure for current sensing is a situation where a CT detects a fault incorrectly and communicates
this fault to the system, resulting in the spurious loss of a healthy section, and causing the fault to not be
cleared within the designed limits. This could result in a system disturbance exceeding Worst Case Failure
Design Intent (WCFDI). As such, all CTs and R-Coils on the main bus, feeders from the main buses and

generators should be checked for function and direction.

It is OneStep Power’s philosophy that primary injection on a 5-yearly basis would add additional assurance
to the vessel, but is not required if in situ primary injection is performed after commissioning and/or after
major changes to the system. It should be noted that Rogowski Coil integrator units are an electronic
device and the manufacturer's recommendations for testing period and type should be followed to

ensure continued accurate operation.

5 Csanyi, E (2017) Primary injection testing of protection system for wiring errors between VTs / CTs and relays. Electrical Engineering Portal
(EEP) Accessed 12 July 2021 https://electrical-engineering-portal.com/primary-injection-testing-protection-system
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How to perform Primary Injection
Testing should be undertaken using a device such as the CPC-100 unit, with the CPOL2 Polarity checker

from Omicron for onsite primary injection testing. Omicron have described the function and capabilities of
of the CPC-100 in this video. Additional auxiliary equipment may be required depending on the Facility's
arrangement. Testing should be performed by trained personnel in accordance with a vessel-specific testing
procedure developed based on the equipment manuals. When performing primary injection with the CPC-

100, the following Aim, Acceptance Criteria and Method are suggested.

To verify the correct installation and operation of the protection system a combination
of primary and secondary injection testing needs to be performed. The primary
injection testing is used to confirm the correct ratio, polarity and wiring of the device.
Whereas the secondary injection testing is used to verify the correct settings and
operation of the protection devices.
When these two testing programs are combined they provide comprehensive
verification that the protection system:

e has the correct ratios on CTs and Rogowski coils

e is correctly wired with no crossed terminals or incorrect polarity

e operates for the correct fault conditions

e operates at the correct timings for correct fault discrimination

Acceptance The following acceptance criteria were applied:

Criteria e The CPC-100 digital Test Card must indicate a Pass for each CT and / or
Rogowski coil tested.

e The Cpole2 polarity checker must verify signal polarity with a green light (
for CT test only ).

e The Fluke current meter must verify the current feedback signal output of the
Rogowski Integrator unit going to the Protective relay unit ( for Rogowski
coil test only ). The current reading must match the expected current feedback
signal for the given test injection current.

Method The CPC-100 test unit injected a test current through a conductor placed through either
the CT or Rogowski coil being tested. The CPC-100 also monitored the CT or
Rogowski coil feedback signal and determined the accuracy of the feedback signal.
The CPC-100 recorded each test on a digital test card which was then saved. The
polarity was then verified using the Cpole2 polarity checker when testing CT’s. The
Fluke current meter must verify the current feedback signal output of the Rogowski
Integrator unit going to the Protective relay unit (for Rogowski coil test only). The
current reading must match the expected current feedback signal for the given test
injection current.

MTS DP Conference - Houston October 10 - 11, 2023 Page 11



Dairon Campos Power System Simulation ~ Unlocking Efficiency and Reliability:
Henrique Henriques and Testing Primary Injection in the
Maritime Sector

Primary Injection Test Results
In recent testing programs aboard dynamically positioned vessels, the following types of outcomes were
identified:
1. Successful tests, characterized by correct breaker activation by the protection relay, as measured
by both current magnitude, direction and fault duration.
2. Rogowski Integrator unit was found to have failed, resulting in output signal from Integrator unit
not matching the input current. In this situation, the unit can be replaced and tests re-performed.
3. Two cabinets failed due to miswiring of the channels at the top of the Rogowski Integrator unit:
Channel 1 was wired to channel 3 port, and vice-versa. In this situation, the wiring was traced
back, confirmed, re-wired and re-verified.

4. Polarity check failed, due to rogowski coil installation being reversed.

In all scenarios described above, evidence of a successful secondary injection test was available.
The results of primary injection testing will either be as a text file, as in the example provided in the figure

below from the CPC-100, or graphically, as per the screen-shot overpage.

Test Cards:
CTRagawski 1

Card Type: CTRogowaki
Dt Tidriss: R0 190842

Ovarlaad: i

Aspoamant N

FLange. CE2 20004

Mominal values:

| prim.: 1000 A

LT 120 1 ey

Fréquoncy nom: 000 He

Frequoncy: 8000 He

| fomt: 500 A

Anbamalee: L]

R Lils:

| prim: 455 40 A QA *
Voeeo: 00 mi

| wa-E, ! & 3 F 57,58
Ratio: 1000 ANBATIA -00E3 %
Podariby: Fafic=d

Fig. 6. Example of CPC-100 output file, note the failed polarity check.
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Fig. 7.

Example of Megger primary injection test report.’

6 Megger (2014) SPI225 Smart primary injection test system. Accessed 26 October 2021
https://embed.widencdn.net/pdf/plus/megger/ib6nb31tdz/SP1225_DS_EN.pdf?u=k67mr7
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Conclusion

While in situ primary injection has always been an important part of a comprehensive validation program,
the increasing complexity of the systems associated with maritime decarbonization mean that it is now more
important than ever. The electronic Rogowski coil/integrator system is appearing on upgraded and hybrid
DP vessels, and these units introduce new failure points. It is vitally important that Rogowski coil integrator
units be monitored and maintained as part of the DP Critical power system aboard the vessel. Maintenance
should be in accordance with OEM specifications and the system should be installed such that it alarms at

the loss of the integrator.

Primary Injection offers a low risk testing solution which can be performed during the regular shipyard
schedule to verify that the protection system aboard dynamically positioned vessels are robust and operate
in accordance with the design. Using Primary injection to verify CTs and Rogowski Coils offers vessel
owners the opportunity to safely confirm a system will react correctly to a fault in service, allowing for

more predictable DP operations.
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