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Abstract
Validating the ability of each main bus to properly respond to a loss of voltage transient in a closed bus
configuration is vital for Dynamic Positioning (DP) vessels.

Historically, on low-voltage DP2 power systems, a circuit breaker is manually actuated open and closed in
rapid succession, resulting in a low voltage transient. High speed data capture during this style of testing
demonstrated that while the vessel continued to ride through, the voltage disturbance did not present in
accordance with the IEEE definition of the undervoltage component of a short circuit voltage transient.

Implementation of an automated controlled-speed switching test system revealed that vessels which had
successfully passed the manual method, failed a controlled duration test. High-speed data for both
methods was captured and highlights the differences in the methods.
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Abbreviation / Definition

Abbreviation Definition

C³EI² Cross-Connections, Commonality, External Interfaces and Influences

DP Dynamic Positioning or Dynamically Positioned

ESD Emergency Shut Down

FMEA Failure Modes and Effects Analysis

FRT Fault Ride Through

HMI Human Machine Interface

MTS Marine Technology Society

OCIMF Oil Companies International Marine Forum

OEM Original Equipment Manufacturer

TECHOP Technical and Operational Guidance Note(s) published by MTS DP Committee

TORT Transient Over-voltage Ride Through

VDRT Voltage Dip Ride Through

VTO Vessel Technical Operator

ZVRT Zero Volts Ride Through

Term TECHOP (D-01 - Rev1 - Jan21) Definition

Cross-connection “1. Cross-connections between redundant equipment groups:
a. Control power supplies.
b. Closed bus-ties.”

Term OCIMF Guidance Definition

Vessel Technical
Operator (VTO)

The owner or any other organisation, such as a vessel manager or bareboat
charterer, that has assumed responsibility for the operation of the vessel,
including all responsibilities as defined by the International Safety
Management Code (ISM Code) or other legislative framework.
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Term Definition for purposes of this paper

Dual Breaker ZVRT
Testing

Validation protocol performed by operation of a succession of breakers.
Industry name is “ZeroVolts Ride Through” testing or “ZeroDip” testing, the
name being derived from the technology used to perform the testing.

Fault Ride Through
Test (FRT)

Generalised term used to describe all tests inducing a voltage dip or voltage
sag followed by a transient over-voltage on a power distribution network.
In terms of this paper, FRT testing always includes a transient over-voltage
component.
FRT = VDRT = ZVRT + TORT

OCIMF Guidance Dynamic Positioning (DP) Failure Mode Effects Analysis Assurance
Framework Risk-based Guidance (2020)

Single Breaker ZVRT
Testing

Traditional validation protocol performed by operating a single breaker as
rapidly as possible. Industry name is “Bang-Bang” testing, the name being
derived from the sound of the mechanical operation of the breaker.

TECHOP D-01 TECHOP (D-01 - Rev1 - Jan21) ADDRESSING C³EI² TO ELIMINATE
SINGLE POINT FAILURES (2021)

TECHOP D-07 TECHOP (D-07 - Rev1 - Jan21) A METHOD FOR PROVING THE FAULT
RIDE-THROUGH CAPABILITY OF DP VESSELS WITH HV POWER
PLANT (2021)

Transient
Over-voltage ride
through (TORT)

Generalised term used to describe all tests inducing a voltage dip or voltage
sag followed by a transient over-voltage on a power distribution network.

Voltage Dip Ride
Through (VDRT)

Generalised term used to describe all tests inducing a voltage dip or voltage
sag on a power distribution network.
VDRT testing generally includes a transient over-voltage component, but may
not in some literature, so has not been used in this paper.

Zero Volts Ride
Through (ZVRT)

Generalised term used to describe tests inducing a voltage dip or voltage sag
on a power distribution network with the intent of reducing the overall voltage
to 0V.
In the terms of this paper, no transient over-voltage is required.
Within the industry this term is generally interchangeable with VDRT, however
in terms of this paper it does not include transient over-voltage component.
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Introduction
Demonstration of fault ride through capability for low voltage power distribution networks aboard
dynamically positioned vessels has been of interest to vessel technical operators (VTOs), charterers,
classification societies, DP FMEA Practictioners and the broader industry for over 10 years.

The MTS DP Committee has two technical and operations guidances (TECHOPs) relevant to this subject:
● TECHOP (D-07 - Rev1 - Jan21) A METHOD FOR PROVING THE FAULT RIDE-THROUGH

CAPABILITY OF DP VESSELS WITH HV POWER PLANT JANUARY 2021, referred to
herein as TECHOP D-07, and.

● TECHOP (D-01 - Rev1 - Jan21) ADDRESSING C³EI² TO ELIMINATE SINGLE POINT
FAILURES (C³EI² - CROSS-CONNECTIONS, COMMONALITY, EXTERNAL INTERFACES
AND INFLUENCES) JANUARY 2021, referred to herein as TECHOP D-01.

TECHOP D-07 is specifically directed towards HV Power Plant, defined in that document as:
“Note: In the context of this document the term High Voltage (HV) is synonymous with Medium
Voltage (MV). Rules and guidelines for marine systems do not normally define an MV level only
HV and LV. Typically, any voltage equal to or greater than 1kV is classified as HV for marine use.
On shore side installations 6.6kV & 11kV would be classed as MV and it is familiarity with this
type and rating of equipment that is required in most cases.” TECHOP D-07 2021, Page 22

TECHOP D-07 goes on to state:
“7.1.4 LV power plant: There are practical difficulties in testing low voltage power systems
because, unlike their HV counterparts, the fault currents are very high and the switchgear may be
rated for far fewer faults before overhaul or replacement is required. Such vessels tend to have
fewer generators (typically four) and so any test with two generators could be at a higher fraction
of the design withstand level. Although short circuit testing for other purposes has been carried
out on LV power systems, there is no well-established, DP specific, method for proving the fault
ride-through capability of these vessels. Although proposals are being developed by power plant
designers, there is no schedule for publication at this time. It is expected that the same level of
confidence and verification will need to be established even though the means of verification may
be different for those used for HV power systems.” TECHOP D-07 2021, Page 27

As a result of these guidances, the industry has worked diligently to find alternative methods for the
validation of the LV power distribution network fault ride through. This paper compares and contrasts the
common validation method of opening and closing a single breaker, often referred to as “Bang-Bang”
testing, referred to herein as “Single Breaker” testing, with automated “Dual breaker” testing, often
referred to as “ZeroDip” both herein referred to as “ZeroVolts Ride Through Testing (ZVRT).” The paper
will show the results from a system that was tested using both the Single Breaker ZVRT method and the
Dual Breaker ZVRT method.

A Note from the Authors:
Neither the Single Breaker ZVRT test, nor the Dual Breaker ZVRT test should be considered the “silver
bullet” for demonstration of equivalent integrity for closed bus operations, and should be used in
conjunction with a broader testing scope, including earth fault testing, primary injection testing and
transient over-voltage testing; and a robust vessel management system of planned maintenance, change
control and software management.
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Why is Testing Required?

The International Maritime Organization (IMO) issued two Circulars specifically relevant to the Dynamic
Positioning sector. MSC/Circ.645 (1994) introduced the concept of equivalent integrity demonstration in
situations where closed bus-tie operations were being considered. MSC.1/Circ.1580 (2018) clarified the
requirement and expanded on several sections of the guidance. It is generally accepted that
MSC.1/Circ.1580 (2018) superseded the previous circular.

Demonstration of equivalent integrity has been the subject of much guidance and class rules, and these
should be referred to for understanding of the requirements.

The MTS DP Committee’s TECHOP D-07 described a short circuit ride-through event, and identified an
indicative voltage wave-form which is considered the ideal voltage waveform in this paper.

Figure 1. Voltage Waveform, Source: TECHOP D-07 (2021)
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The Ideal Voltage waveform can be separated into four main components:
1. Nominal operating voltage prior to fault
2. Voltage dip approaching zero volts for duration of fault application
3. Transient over-voltage due to over-correction after fault clears
4. Return to nominal voltage

These periods are highlighted in Figure 2 below.

Figure 2. Ideal Voltage Waveform, with highlighted sections identifying relevant time periods
associated with a short circuit fault. Source: TECHOP D-07 (2021), Color added by Authors.

The second part of the voltage waveform above is the subject of ZVRT testing as discussed in this paper.
TECHOP-D07 (2021) requires the attributes of magnitude and duration for a voltage dip test to be
representative of the greatest magnitude and duration which could be expected:

Figure 3. Extract of requirement for voltage dip ride through test (TECHOP-D07 2021,
Highlight added by authors)

OCIMF and IMCA also have relevant guidances which should be considered.
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Methods of testing

Live Short Circuit

The obvious way to demonstrate a facility’s ability to continue operation after a short circuit event is to
perform a live short circuit test.
When applied to LV systems, TECHOP D-07 states:

“7.1.4 LV power plant: There are practical difficulties in testing low voltage power
systems because, unlike their HV counterparts, the fault currents are very high and the
switchgear may be rated for far fewer faults before overhaul or replacement is required.
Such vessels tend to have fewer generators (typically four) and so any test with two
generators could be at a higher fraction of the design withstand level. Although short
circuit testing for other purposes has been carried out on LV power systems, there is no
well-established, DP specific, method for proving the fault ride-through capability of
these vessels. Although proposals are being developed by power plant designers, there is
no schedule for publication at this time. It is expected that the same level of confidence
and verification will need to be established even though the means of verification may be
different for those used for HV power systems.” TECHOP D-07 2021, Page 27

Some LV power distribution network equipment OEMs have successfully performed short circuit testing
on their equipment in situ (Tjong, Barstad, Settemsdal, 2016), however this is the exception rather than
the rule.

Concerns with performing live short circuit testing are well discussed in other forums and are not the
subject of this paper.
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Single Breaker ZVRT Testing

As a result of OEMs and VTOs needing to demonstrate “fault ride through” without using live short
circuit methods, an alternative method was developed. This method, referred to colloquially as
“Bang-Bang” testing, because of the sound made during testing, can be performed by rapidly activating a
single breaker open to generate a collapse in voltage, and then reclosing the same breaker to reinstate the
voltage.

Before Test Initiate Test End Test
DG1 0 0 0
DG2 0 0 0
DG3 0 0 0
DG4 1 0 1
BT1 1 1 1

Table 1. Truth Table of Single Breaker ZVRT Test (Generic)

Figure 4. Bus Arrangement, before and after test, Single Breaker ZVRT Test (Generic)

Generally, the acceptance criteria of this method is:
1. Ride Through of all DP equipment

Generally, the method has the following drawbacks:
1. Breakers and their protection systems have layers which prevent opening and rapid reclosure,

which may require being disabled or bypassed in order to perform the test.
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a. If breaker protections are removed, there is a risk the breaker can be closed onto a live
bus

2. The timing of the test is difficult to control, and external measurement devices must be used if
data of the test is to be captured.

a. Data capture can be difficult to synchronize with the manual test-method.
b. Method is generally unable to confirm mechanical activation times of the breaker under

test, so there is doubt regarding the duration of the test.
c. The open and close times are limited by the mechanical properties of the breaker

Note: Many OEMs and VTOs can use this method to develop a basis of confidence in their vessel,
however the cautions raised above should be considered prior to implementation of this protocol. It is
undoubtedly better to perform the single breaker test than to perform no test at all, however the risks
must be addressed.
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Dual Breaker ZVRT Testing

The limitations of Single-Breaker ZVRT testing methods led the Authors to investigate alternative
methods for performing a zero-volts ride through test. Expanding on the technology already available
from the Authors’ R&D efforts, a high-speed breaker switching device was developed.

The breaker control device, trademarked as “ZeroDip” can be applied two breakers within a system,
allowing the breakers to open and close based on the electronic signals of the device. By controlling
specific breakers, zero-volts can be induced on a bus for a controlled duration. A simplified arrangement
and testing truth table are presented below.

Before Test Initiate Test End Test
DG1 0 0 0
DG2 0 0 0
DG3 0 0 1
DG4 1 0 0
BT1 1 1 1

Table 2. Truth Table of Dual Breaker Test (Generic)

Figure 5. Bus Arrangement before Dual Breaker Test (Generic)
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Figure 6. Bus Arrangement after Dual Breaker Test (Generic)

The breaker control device used in this paper has a number of advantages over the Single Breaker
method:

1. Inbuilt dead-bus interlocks, ensuring that closing the live portion of the system onto another live
system is not possible.

2. Inbuilt data-capture, synchronizable to the vessel, including markers for test start and stop so
breaker reaction times can be confirmed.

3. Controllable test durations allowing repeatable results for trouble shooting and year-on-year
comparisons.

4. Independent of the system’s protections so no setting changes are required to perform the test.

When performed in a controllable fashion, Dual Breaker ZVRT testing has been demonstrated to identify:
● Thruster drive failures (under voltage trip)
● Thruster drive failures (unable to ride through at operational speed due to kinetic ride through

arrangement)
● Industrial mission drive failures (under voltage trip)
● Loss of distribution switchboards (under voltage trip)
● Loss of cooling fans & auxiliaries (drop out due to loss of control relays/contactors)
● Loss of main switchboards (drop out due to loss of control)
● Loss of main switchboards (under voltage trip)
● Loss of thruster control cabinets (Shutdown due to voltage dip as they were connected to normal

supply, not UPS as required by design)

Note: These are only failures during ZVRT testing and do not include Transient Over-voltage Ride
Through (TORT) testing failures, or other failures identified in a comprehensive validation protocol.
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Case Study Vessel
In 2022, the Authors were able to perform a comparative analysis of the single breaker and dual breaker
test methodologies aboard the same vessel.

The vessel, a 2015 platform support vessel with a recent hybrid upgrade, was performing a
comprehensive validation protocol, including the dual breaker ZVRT test. The vessel was unable to ride
through the dual breaker ZVRT test, despite previously having performed a successful single breaker test
during the hybrid upgrade, and being classed for closed bus operations.

The OEM-approved single breaker ZVRT method was repeated after the dual breaker ZVRT method
failed to ride through, and the system was again able to ride through the single breaker ZVRT test. As
high-speed data capture was possible based on the presence of specialist test equipment and data
acquisition devices, the waveforms of the two tests could be compared.

Figure 7. Single-line schematic of case study vessel

The longest short circuit bus-tie opening time was 500ms, so the facility was required to be able to ride
through a voltage dip of a duration of 500ms. Further, electrical equipment such as motor control circuits,
under-voltage relays, electromechanical relays etc will generally have a drop out voltage of between 60
and 70 percent of rated voltage (Csanyi 2013, Glenn 2020), so the voltage must be below 60% for the
required test duration.
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The order of testing, as it was performed, not as presented in this paper, is below, to provide an indication
of the process undertaken to identify the fault and confirm verification.

1. Dual Breaker Bus B 400ms test - Fail
a. Stbd 120/208V Swbd and Main tunnel thruster dropped offline
b. Test was repeated with same result 3 times for troubleshooting

2. OEM Single Breaker tests were performed - Pass/Pass/Fail/Pass
3. Rectification works performed
4. Dual Breaker Bus B 400ms test - Pass
5. Dual Breaker with transient over-voltage testing Bus B 850ms test - Pass
6. Dual Breaker Bus A 400ms test - Pass
7. Dual Breaker Bus A 850ms test - Pass
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Single Breaker ZVRT aboard Case Study Vessel

The OEM-approved single breaker ZVRT method was performed by OEM technicians and witnessed by
the Authors. Additionally, high speed data acquisition was arranged to trigger on the detection of the fault
and capture the data at the main bus. The OEM performed the test without removal of protections, by
manually opening a generator breaker, then manually closing the breaker.

Figure 8. Single-line schematic of case study vessel - single breaker ZVRT test configuration

Before Test Initiate Test End Test
DG1 1 0 1
DG2-A 0 0 0
DG2-B 0 0 0
DG3 1 1 1
BT1-A 0 0 0
BT1-B 0 0 0
BT2-A 0 0 0
BT2-B 0 0 0

Table 3. Truth Table of Single Breaker ZVRT Test (Bus A Test)
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Acceptance criteria:
1. Ride Through of all DP equipment

The high-speed data acquisition unit captured the voltage waveform, allowing the duration of the test, and
the magnitude of the voltage drop to be confirmed. The test was repeated 4 times, and the data presented
in the following pages.

Test ID Bus
Affected

Gen CB
Operated

Approx
Test
Duration

Duration
@ <60% V

Duration
@ <10% V

Result

1 A 1 0.157 sec 0.125 sec 0 sec Pass

2 A 1 0.232 sec 0.192 sec 0.073 sec Pass

3 B 2-B 0.67  sec 0.63 sec 0.50 sec Fail

4 B 2-B 0.145 sec 0.111 sec 0.031 sec Pass

Test #3 did not operate as rapidly as the other 3 tests and DP equipment, specifically thruster control
cabinets, was observed to drop offline in this test. This was consistent with the results from the Dual
Breaker ZVRT Testing. The test was repeated, with no changes made to the system, and due to faster
activation, passed in Test #4.

As stated in the previous section, the required ride through period of this facility was 500ms. None of the
single breaker tests were able to demonstrate the facility’s ability to ride through a fault with this duration.

Observations on scaling
It should be noted that the voltage measurement in the data presented, is based on the instantaneous
waveform, and so measures approx 975V. The Root-Mean Square (RMS) values presented in The Dual
Breaker ZVRT testing examples measure 690V.
The time-scales also vary in these graphs as they are captures from the data acquisition units and scaled
according to the data available.
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Test 1: Bus A Gen#1 Manual operation, Open Bus
The first test was performed by manually opening and closing the breaker for Gen#1. The bus A voltage was immediately observed to drop below
90% of nominal, and was below 60% of nominal for a approx 125ms, however voltage did not drop below 10%. Bus B was unaffected by the test.

Figure 9. Bus A Run #1 Tested in Open Bus. Annotated version over page
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Figure 10. Bus A Run #1 Tested in Open Bus, Annotated Major grid: 0.032s Minor grid: 0.0053s

Breaker Open Bus Voltage <90% (864V) Voltage <60% (567V) Voltage <10%
Times from graph ~3.281-3.441 ~3.281-3.441 ~3.316-3.441 ~3.441
Duration of Test 0.157 sec 0.157 sec 0.125 sec 0 sec
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Test 2: Bus A Gen#1 Manual operation, Open Bus
The second test was performed by manually opening and closing the breaker for Gen#1 again. This time the bus A voltage was quickly observed
to drop below 90% of nominal, and was below 60% of nominal for approx 192ms. This time voltage was observed below 10% for approx 73 ms.
Bus B was again unaffected by the test.

Figure 11. Bus A Run #2  Tested in Open Bus.  Annotated version over page
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Figure 12. Bus A Run #2  Tested in Open Bus,  Annotated Major grid: 0.063s Minor grid: 0.0105s

Breaker Open Bus Voltage <90% (864V) Voltage <60% (567V) Voltage <10%
Times from graph ~7.377-7.609 ~7.380-7.609 ~7.417-7.609 ~7.536-7.609
Duration of Test 0.232 sec 0.229sec 0.192 sec 0.073 sec
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Test 3: Bus B Gen#2 (Breaker B)  Manual operation, Open Bus
The third test was performed by manually opening and closing the breaker connecting Gen#2 to Bus B. This time bus A was unaffected by the test.
Bus B voltage was quickly observed to drop below 90% of nominal, and was below 60% of nominal for approx 630ms. This time voltage was
observed below 10% for approx 500 ms. Test #3 did not operate as rapidly as the other single breaker tests and DP equipment, specifically thruster
control cabinets, was observed to drop offline in this test.

Figure 13. Bus B Run #1 Tested in Open Bus.  Annotated version over page
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Figure 14. Bus B Run #1 Tested in Open Bus,  Annotated Major grid: 0.12s Minor grid: 0.02s

Breaker Open Bus Voltage <90% (864V) Voltage <60% (567V) Voltage <10%
Times from graph ~0.89-1.56 ~0.89-1.56 ~0.93-1.56 ~1.06-1.56
Duration of Test 0.67 sec 0.67 sec 0.63 sec 0.50 sec
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Test 4: Bus B Gen#2 (Breaker B)  Manual operation, Open Bus
The final single breaker test was performed by manually opening and closing the breaker connecting Gen#2 to Bus B. Again, Bus A was
unaffected by the test. Bus B voltage was quickly observed to drop below 90% of nominal, and was below 60% of nominal for approx 110ms. This
time voltage was observed below 10% for approx 31 ms.

Figure 15. Bus B Run #2 Tested in Open Bus

MTS DP Conference - Houston October 11 - 12, 2022 Page 22



Whiteford Power 1
Zero-volts ride through on

low-voltage DP power systems

Figure 16. Bus B Run #2 Tested in Open Bus,  Annotated Major grid: 0.032s Minor grid: 0.005s

Breaker Open Bus Voltage <90% (864V) Voltage <60% (567V) Voltage <10%
Times from graph ~1.009-1.154 ~1.009-1.154 ~1.043-1.154 ~1.123-1.154
Duration of Test 0.145 sec 0.145 sec 0.111 sec 0.031 sec
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Dual Breaker ZVRT aboard Case Study Vessel

The dual breaker ZVRT method was performed by OneStep Power technicians with OEM and vessel
owner approval. High speed data acquisition is included in the test equipment and arranged to measure
and capture the voltage at the main bus. The test was performed without removal of protections, on first
the B bus, then the A bus.

Why not test both busses simultaneously?
It is acknowledged that the best way to operate this test would be to use two generators and take the full
system in one test. As the vessel was required to be in open waters and on DP for the testing, the crew
and the testing team agreed it was safer to perform as separate busses. The Case Study Vessel’s
arrangement could be tested in two tests rather than risking a complete loss of propulsion by
performing as a single test.
Further, a zero to high load step on the second generator can result in turbo lag which may distort the
generator’s response.
For clarity, both Single breaker and Dual breaker ZVRT  tests were performed on each bus separately.

Figure 17. Dual Breaker ZVRT Test Arrangement.
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Before Test Initiate Test End Test
DG1 0 0 0
DG2-A 0 0 0
DG2-B 0 0 0
DG3 1 1 1
BT1-A 0 0 1
BT1-B 1 1 1
BT2-A 1 0 0
BT2-B 1 1 1

Table 4. Truth Table of Dual Breaker ZVRT Test (Bus A Test)

Acceptance criteria:
1. Ride Through of all DP equipment after voltage dip below 60% of nominal for 500ms

The result of the test was initially a fail as the Stbd 120/208V Swbd and Main tunnel thruster did not ride
through, causing the loss of DP-critical equipment. The test was repeated with same result 3 times for
troubleshooting purposes.

The testing performed in the following data series was after the single breaker voltage dip ride through
tests which were witnessed by the authors and captured in the previous section, and the rectification
works. This testing was successful, with all DP-critical equipment riding through the range of tests
presented below:

Test
ID

Bus
Affected

Approx Test
Duration

Duration @
<60% V

Duration @
<10% V

Result

1 Bus A 0.40 sec 0.33 sec 0.27 sec Pass (short test)

2 Bus A 0.85 sec 0.76 sec 0.59 sec Pass

3 Bus B 0.40 sec 0.34 sec 0.12 sec Pass (short test)

4 Bus B 0.87 sec 0.81 sec 0.61 sec Pass

The in-built high-speed data acquisition unit captured the voltage waveform, allowing the duration of the
test, and the magnitude of the voltage drop to be confirmed.
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Test 1: Bus A Dual Breaker, Open Bus
The test was performed by automatically opening the 1st bus-tie breaker, and then closing the second bus-tie breaker connecting Bus A to Bus B.
Bus B was unaffected by the test, and Gen #3 remained connected to Bus B. Bus A voltage was quickly observed to drop below 90% of nominal,
and was below 60% of nominal for approx 330ms. This time voltage was observed below 10% for approx 270 ms.

Figure 18. Bus A 0.4s test - Pass
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Figure 19. Bus A 0.4s test - Annotated
Breaker Open Bus Voltage <90% (864V) Voltage <60% (567V) Voltage <10%

Times from graph ~0.15-0.55 ~0.15-0.55 ~0.22-0.55 ~0.38-0.55
Duration of Test 0.40 sec 0.40 sec 0.33 sec 0.27 sec
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Test 2: Bus A Dual Breaker, Open Bus
The test was performed by automatically opening the 1st bus-tie breaker, and then closing the second bus-tie breaker connecting Bus A to Bus B.
Bus B was unaffected by the test, and Gen #3 remained connected to Bus B. Bus A voltage was quickly observed to drop below 90% of nominal,
and was below 60% of nominal for approx 760ms. This time voltage was observed below 10% for approx 590 ms.

Figure 20. Bus A 0.85s test - Pass
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Figure 21. Bus A 0.85s test - Annotated
Breaker Open Bus Voltage <90% (864V) Voltage <60% (567V) Voltage <10%

Times from graph ~0.15-1.0 ~0.16-1.0 ~0.24-1.0 ~0.41-1.0
Duration of Test 0.85 sec 0.84 sec 0.76 sec 0.59 sec
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Test 3: Bus B Dual Breaker, Open Bus
The test was performed by automatically opening the 1st bus-tie breaker, and then closing the second bus-tie breaker connecting Bus A to Bus B.
Bus A was unaffected by the test, and the generator connected to Bus A remained connected. Bus B voltage was quickly observed to drop below
90% of nominal, and was below 60% of nominal for approx 330ms. This time voltage was observed below 10% for approx 120 ms.

Figure 22. Bus B 0.40s test
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Figure 23. Bus B 0.40s test - Annotated
Breaker Open Bus Voltage <90% (864V) Voltage <60% (567V) Voltage <10%

Times from graph ~0.15-0.55 ~0.15-0.55 ~0.21-0.55 ~0.43-0.55
Duration of Test 0.40 sec 0.40 sec 0.33 sec 0.12 sec
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Test 4: Bus B Dual Breaker, Open Bus
The test was performed by automatically opening the 1st bus-tie breaker, and then closing the second bus-tie breaker connecting Bus A to Bus B.
Gen #1 was connected with a voltage transient device. During the voltage dip section of the test, Bus B voltage was quickly observed to drop
below 90% of nominal, and was below 60% of nominal for approx 810ms. Voltage was observed below 10% for approx 610 ms. Bus A was
unaffected by the zero-volts test, and the generator connected to Bus A remained connected, with the main bus undergoing a significant transient
over-voltage after the test duration elapsed. For the purpose of this paper, the transient over-voltage is not discussed.

Figure 24. Bus B 0.85s test with transient over-voltage - Pass
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Figure 25. Bus B 0.85s test - Annotated
Breaker Open Bus Voltage <90% (864V) Voltage <60% (567V) Voltage <10%

Times from graph ~0.15-1.02 ~0.16-1.02 ~0.21-1.02 ~0.41-1.02
Duration of Test 0.87 sec 0.86 sec 0.81 sec 0.61 sec
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Comparison of Results
It has long been the belief of the authors that the Single Breaker ZVRT test, while less predictable, would
provide similar assurance to the Double Breaker ZVRT test. The evidence to the contrary presented in this
paper appears to be due to the manual manipulation of the breaker:

1. A long duration Single Breaker ZVRT test may exceed the time for the breakers to open,
therefore the failure to ride through should be expected on tests with slightly too long duration.

2. This causes the test operator to aim to perform the test as rapidly as possible.
3. Therefore, the test duration on successful tests tends towards being well under the required ride

through duration of the system.
4. Successful tests are observed as a result of insufficient ride through duration, and, as was the case

in test 1, failing to reach a sufficiently reduced voltage.
Thus, the manual execution of the test can trend towards too short a test duration.

The Double Breaker ZVRT method, which is run via an algorithm inside the test device, is fully
configurable to the test duration required for the facility, and the graphic results of the test are displayed
immediately upon test completion - allowing the testing team onboard immediate access to confirm the
duration and magnitude of the test.

All the OneStep Power generated results presented adhere to the two important factors of short circuit
validation: magnitude of the voltage drop and the duration of the voltage at the reduced level. The voltage
drop slope is a function of the system under test and it’s relevance is explained in greater detail in the
following sections.
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Voltage Dip Waveforms: ZVRT vs live short circuit
The ZVRT test protocols provide a waveform which fits into the IEEE definition of a voltage dip as
associated with a three-phase short circuit. While the wave form does conform to the definition, it is noted
that the first transition period is extended and the rate of change of voltage is less than that which would
be experienced in a short circuit.

Figure 26. Representative Short Circuit result from OEM HV system test. Source: ABB, 2017
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Explanation of variations
The decreased rate-of-change of voltage of the Single Breaker and Dual Breaker ZVRT waveforms is the
result of using an interrupt of source style fault instead of a high current short circuit. The reason a
short circuit results in a faster decline of voltage is that the low impedance of the fault causes high current
leading to a voltage dip and consumes stored energy in the system. Instead, the ZVRT methods
showcased in this paper remove the source for a short period, allowing the stored energy in equipment
such as electric motors, transformers, capacitor banks, etc, to feed back into the system. This behaviour is
described in IEEE 1159-2019.

“An interruption occurs when the supply voltage or load current decreases to less than 0.1 pu for
a period of time not exceeding 1 min. Interruptions can be the result of power system faults,
equipment failures, and control malfunctions. The interruptions are measured by their duration
since the voltage magnitude is always less than 10% of nominal. The duration of an interruption
due to a fault on the utility system is determined by utility protective devices and the particular
event that is causing the fault. The duration of an interruption due to equipment malfunctions or
loose connections can be irregular.

[Figure 27] shows a momentary interruption during which voltage drops to zero for about 1.7 s.
Note that the upper plot depicts the rms variation of the entire event over a range of approximately
2.5 s, whereas the lower trace depicts the instantaneous voltage during the initiation of the event
only. Furthermore, notice from the waveshape plot of this event, the instantaneous voltage
might not drop to zero immediately upon interruption of the source voltage. In this example, the
residual voltage is due to the back-electromotive-force effect of induction motors on the
interrupted circuit.” IEEE 1159-2019 [Emphasis added]

Figure 27. Momentary interruption during which voltage drops to zero for about 1.7 s. Source:
IEEE 1159-2019
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Analysis of compatibility of waveforms

The MTS ideal voltage waveform is supported by IEEE Std 1159-1995 and EN 50160, which address
different events in a typical power system. The voltage dip, or voltage sag as defined by IEEE Std
1159-1995, and the highlighted sections, “Momentary” and “Temporary” events, are associated with what
is commonly known as short circuit.

Standard Definition Magnitude Duration Applicability
EN 50160 Short interruption < 1% Up to 3min LV and MV (Up to

35kV)
IEEE Std
1159-1995

Momentary
interruption

< 10% 0.5 cycles to 3 sec LV, MV, HV

IEEE Std
1250-1995

Instantaneous
interruption

Complete Loss
of voltage

0.5 cycles to 0.5
sec

LV, MV, HV

Momentary
interruption

0.5 sec to 2 sec LV, MV, HV

Table 5. International Standards defining voltage dip faults

Figure 29 provides a graphical representation of the table above, describing the voltage amplitude and
duration for events in the power system. It can be seen from the IEEE standards that the fall time of the
voltage is not considered in the definition of a short circuit waveform.

Figure 28. Definition of voltage magnitude events based on IEEE standards. Sources: Bollen
(2000), EN 50160(2011)
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IEEE standards categorize a short circuit by:

1. IEEE Std 1159-1995: a voltage drop of ≥90% for a duration of 0.5 cycles (8.33 ms) to 3 s.
2. IEEE Std 1250-1995: a “complete loss of voltage”, for a duration between 0.5 s to 2 s.

It can be concluded that for a short circuit definition the two important criteria, according to IEEE, are the
magnitude of the voltage drop and the duration of the voltage at the reduced level.

Extensive studies into the properties and effects of voltage dips and sags on electrical equipment has been
conducted by groups such as Conseil International des Grands Réseaux Électriques (French: International
Council for Large Electric Systems; CIGRE), Information Technology Council (ITIC), Semiconductor
Equipment and Materials International (SEMI) and other international power standards organizations.
Review of the multiple studies from these organizations show that the two biggest factors that affect a
system’s ability to survive a voltage dip event are the magnitude of the dip and the duration of the dip.

The CIGRE/CIRED/UIE Joint Working Group C4.110 Voltage Dip Immunity of Equipment and
Installations is an extensive study into voltage dip effects, costs and classifications on all types of
electrical equipment. The study used statistical analysis, data modeling, and real world fault event
analysis. This data is directly relevant to any power system, including vessels. The following is extracted
from the 250 page study which should be reviewed in its entirety as a thorough analysis of voltage dip
immunity in electrical systems.

CIGRE/CIRED/UIE(2010) defines a typical voltage dip as being composed of five components:

Figure 29. Source: CIGRE/CIRED/UIE(2010)
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“The description of voltage dip recording in Figure 2-1 and Figure 2-2 is a combination of five
different “segments”:

1. The “pre-event segment”, with balanced voltages of about nominal magnitude.
2. The first “transition segment”, during which the voltages rather abruptly change from

being three-phase balanced and having about nominal magnitude to being unbalanced
and with lower than nominal magnitude. For fault-caused dips, the first transition
segment includes the instant of fault initiation.

3. The “during-event segment”, with, in the most general case, unbalanced voltages of
lower than nominal magnitudes.

4. The second “transition segment”, during which the voltages rather abruptly change back
to being more or less balanced and of more or less nominal magnitude. For the
fault-caused dips, like the one shown in the Figure 2.2, the second transition segment
includes the instant of fault clearing.

5. The “voltage recovery segment”, during which the voltages are balanced and with close
to nominal magnitude, but they may show a trend towards a steady state.”
CIGRE/CIRED/UIE(2010)

McGranaghan (2006) advises on what aspects of a voltage dip event have an impact on the associated
equipment:

“According to the book Electrical Power Systems Quality (ISBN 0-07-138622-X), there are three
categories of equipment sensitivity:

1. Equipment sensitive only to the magnitude of a voltage sag. Here, the important
characteristic is the sensitivity to the minimum (or maximum) voltage magnitude
experienced during a sag (or swell), with the duration of the disturbance usually being of
secondary importance. Devices in this category include undervoltage relays, process
controls, motor drive controls, and many types of automated machines, such as
semiconductor manufacturing equipment.

2. Equipment sensitive to both magnitude and duration of voltage sag. The important
characteristic of this group is the sensitivity to the duration of which the rms voltage is
below a specified threshold where the equipment trips. This group includes almost all
equipment using electronic power supplies.

3. Equipment sensitive to characteristics other than magnitude and duration. Some devices
are affected by other sag characteristics, such as phase unbalance during a sag event, the
point-in-the-wave at which the sag is initiated, or any transient oscillations occurring
during the disturbance.” (Emphasis McGranagan’s)

McGranaghan’s work does not detail the impact of the third style of characteristic, however the
CIGRE/CIRED/UIE(2010) study did assess the impacts of these other characteristics, and through
analysis, found that the biggest impacts to the ride through of equipment were:

● The magnitude of the dip in the event section
● The duration of the dip in the event section

The research also found that the following had less of an impact on the response of the system:

● Point-on-wave (at what angle of the supply waveform the fault is initiated)
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● Phase-angle jump (The phase shift caused by a sudden change of reactive load when a fault
occurs)

● The rate-of-change of voltage for the initial transition
● The rate-of-change of voltage  for the recovery transition

Of the second list of factors, point-on-wave and phase-angle jump were considered to have the biggest
impact on system ride through however the following statement was made in relation to further testing of
these characteristics:

“The Working Group recommends that compliance testing includes only two dip characteristics:
residual voltage (magnitude) and duration. Based on the presently available knowledge, the
Working Group does not see sufficient justification to perform additional tests covering
characteristics such as phase-angle jump and point-on-wave.” CIGRE/CIRED/UIE(2010)

In addition to the impacts of the waveform on specific equipment, CIGRE also studied how the fault
would propagate through a system, and if this would have detrimental effects on ride through capability.
The CIGRE/CIRED/UIE(2010) study found three phase voltage dips propagate through a distribution
network without undergoing significant change to the characteristics of the waveforms of the fault.

CIGRE/CIRED/UIE(2010) goes on to confirm that not only is the type of sensitivity important, but that
consideration should also be given to consider what happens on a network with transformers. The study
shows that on a three phase dip, the transformers have no impact on the dip, however on the other faults,
transformers may have a significant impact. The implication of this, is that the application of a three phase
voltage dip does not suffer any changes beyond the transformer, and it can be translated to voltage dips
downstream of the transformer. While not relevant to the discussion of voltage dip waveforms, this is a
good illustration of how earth faults may cause greater problems than expected, including over-voltage
events.

CIGRE/CIRED/UIE(2010) also discusses the effect of harmonic components within sections of the fault
waveform. While the effects were analysed as being minor and not significant enough to warrant further
analysis and testing, it was noted that premature tripping could occur with some equipment due to
incorrect firing times in circuits using phase lock loop, such as SCR drives and switch mode power
supplies not using closed loop control. The implication here is that a slower decay, containing harmonics
due to transformer and motor components, are more likely to cause equipment to trip offline, than a sharp
decline. Therefore, although it is highly unlikely that any impact would be observed, the outcome of a
decayed waveform would be an equipment tripping offline, not equipment riding through, essentially, a
false fail result, not a false pass result.

As a result of the research above, and with a review of the contents of the testing presented, it is possible
to reach the conclusion that ZVRT is a necessary component of fault ride through testing, and a repeatable
method which allows controllable duration and magnitude. This method is suitable for demonstrating
ZVRT, with  demonstrated benefits over single breaker ZVRT testing alternatives.
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Comprehensive Testing
While the bulk of failures associated with ride through testing are observed during ZVRT, there are a
number of failures associated with a short circuit or earth fault failure which ZVRT does not test.

It should be noted by the reader that the authors do not condone the use of a single test method, or “silver
bullet” to verify a vessel’s suitability for closed bus operation. Demonstration of equivalent integrity
requires a significant commitment to validation, including the following as a general guideline for
minimum requirements:

1. “Protection setting audit (inc. version control)
2. Fuelling Testing
3. Excitation Testing
4. Over-Voltage Testing
5. Earth Fault Testing
6. Relay  & Protective Device Testing
7. Current Sensing Testing
8. Load application & Rejection Testing
9. Phase Failure Testing
10. Blackout Recovery Testing
11. Harmonic Distortion Testing
12. Fault Ride Through Testing for voltage transients” Craig (2022)

Finally, while the requirement for voltage dip testing on vessels is most relevant to closed bus vessels,
safe and repeatable methods for voltage dip ride through testing should not be overlooked on open bus
systems. A suitable voltage dip ride through test can provide confidence that commonly occuring failures
in an open bus may also be isolated to only the faulty node, offering increased reliability and predictable
DP operations.
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Conclusion
While the Single Breaker ZVRT test method does provide some evidence of ride through capability, the
dual breaker method, in conjunction with suitable data capture, provides a more realistic and repeatable
test, meeting the IEEE definition of a short circuit transient under-voltage.

Neither a live short circuit, a single breaker ZVRT, nor a dual breaker ZVRT test should be considered the
“silver bullet” for demonstration of equivalent integrity for closed bus operations, and any voltage dip
ride through test method should be used in conjunction with a broader testing scope, including earth fault
testing, primary injection testing and transient over-voltage testing. All testing should be supported by a
robust vessel management system of planned maintenance, change control and software management.
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