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Abstract
Due to the advances in digital modelling capability there is an increased use of digital modelling for
power system design and validation aboard DP vessels. The uses for modelling software, including load
analysis, short circuit simulation, and reaction modelling are vital to a robust and safe design.

But, modelling isn’t the answer when it comes to confirming the as-built vessel. Inverted wires, incorrect
settings, and rotated current transformers are some of the hazards that cannot be modelled. This paper
carries forward the discussion from robust modelling to include whole-vessel integrated validation, using
a range of technologies, with the goal of producing Single Fault Tolerant DP vessels.
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Abbreviation / Definition
Abbreviation Definition
AFE Active Front End
AVR Automatic Voltage Regulator
CT Current Transformer
DP Dynamic Positioning (or Dynamically Positioned)
FMEA Failure Modes and Effects Analysis
HV High Voltage
IMCA International Marine Contractors Association (in this paper the acronym

specifically refers to the IMCA DP Committee)
JDP Joint Development Project
kVAR Unit of measurement for reactive power
LV Low Voltage
MBT Model Based Testing
MTS Marine Technology Society (in this paper the acronym specifically refers to the

MTS DP Committee)
OEL Over-excitation Limit
OCIMF Oil Companies International Marine Forum
PMS Power Management System
SFT Single Fault Tolerance
UVT Under-Voltage Trip
VFD Variable Frequency Drive
Droop Mode Droop speed control is a control mode used for AC electrical power generators,

whereby the power output of a generator reduces as the line frequency increases.
Isochronous Mode Isochronous speed control is a mode that maintains the frequency constant under

varying load.
Governor A governor is a system that is used to maintain the mean speed of an engine,

within certain limits, under fluctuating load conditions
Simulation The act of performing standardized computer aided analysis of a power system.
Model Based
Testing

The act of performing time-domain simulation and secondary injection testing to
consider the impact of faults on a DP system, as an iterative process before and
after physical validation testing.

Physical
Validation Testing

Often referred to as “Live Testing”. As the topic of “Live Testing” regularly refers
to the inducement of a live short circuit on HV DP vessels, the Authors elect to
refer to Physical Validation Testing instead, which includes the inducement of a
range of faults to both primary and secondary sides of the power system’s
protection system.
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Introduction

While time-domain modelling is sometimes perceived as a newer approach in the marine industry, it's
worth noting that this method has been widely used in power systems modelling across various sectors for
many years. Both time and frequency-domain approaches have their merits and applications in different
contexts. For example: older modelling software such as ETap used time-domain modelling, however, it
was designed for modelling stable systems with minimal variability at the time of the fault. Modern
software packages such as Simulink allow engineers to model with much greater complexity and
introduce a much higher degree of variability to the system before, during, and after a fault. The ability to
introduce variability into the model and simulation enables greater precision in the prediction of system
responses on dynamic (as in continually changing) systems.

The maritime industry has witnessed a significant transformation in recent years, with Dynamic
Positioning (DP) systems and integrated power systems becoming increasingly sophisticated. As these
technologies evolve, so too must the methodologies used to validate their performance and safety. The
adoption of simulations adjusted and validated by real-world results is a powerful tool in this context,
offering a range of benefits while also presenting unique challenges.

The strength of creating a model and using it in a simulation lies in the ability to predict problems early in
the design phase, including incorrect sizing and specification of equipment and hardware, incorrect design
settings, and integration issues. The ease of model update and automation capabilities of simulations
contribute to consistent, efficient testing processes that can cover a wide range of operational conditions.

However, the real world presents inconsistencies, failures, and errors that are simply not possible to
identify without testing and inspection. Potential threats to single fault tolerance that cannot be identified
by modelling and simulation can include:

● Wiring and installation errors
● Incorrect hardware
● Hardware failures
● Signal error due to transducer tolerances
● Incorrect firmware
● Incorrect control and protection settings

As with most aspects of safe operations in the offshore industry, a combination of human factors and
equipment integrity directly impact the outcome of single fault tolerance. modelling and simulation, while
essential for the optimal design of complex marine power systems, cannot account for deviations
introduced by these factors.

Given these strengths and challenges, it becomes clear that while modelling and simulation is an
invaluable tool in the development and validation of complex maritime power systems, it cannot stand
alone. This paper explores the nuanced landscape of simulation in maritime applications, examining its
capabilities and limitations.
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Modelling, Simulation, Physical Validation Testing and Single Fault Tolerance.
The UNIFIED APPROACH TO VERIFICATION, VALIDATION AND ASSURANCE OF
SINGLE FAULT TOLERANCE IN DP SYSTEMS (Draft), A Joint Development Project (JDP) by IMCA
DP Committee, MTS DP Committee & OCIMF published in June 2024 aims to integrate the discrete
activities of a vessel’s validation and verification lifecycle into a single guidance document. This
document provides a timeline for the application of modelling, simulation, and physical validation testing.

Figure 1. Screenshot of Draft Document. Circles indicate location of Simulation and Validation
Testing in the SFT assurance process.

The JDP recognises the value in the physical validation activities, including Fault Ride Through
Capability and Network Storm Testing.
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The timeline as described in the JDP raises some interesting opportunities for the combination of
simulation and validation testing:

1. The simulation outputs are an input into the DP Failure Modes and Effects Analysis (FMEA).
This is important as the simulations and DP FMEA will both have the opportunity to identify
elements requiring physical verification. These elements can be incorporated either into the DP
FMEA proving trials or a Validation Testing program.

2. If deployed as an input into the DP FMEA, simulation also has the opportunity to automate and
support the DP FMEA, providing the analysis with more depth and robustness.

3. Conversely, the Validation Testing is necessarily performed late in the vessel’s assurance
program, meaning that issues identified at this time can have significant commercial impacts to
the vessel. Ideally, identification of significant design failures or configuration errors should be
during simulation, and leaving only small, easily fixable physical or configuration issues during
Validation.

Definition and approach
Zbroński’s 2022 MTS DP Conference Paper “Lessons learned from power system’s dynamic simulations
supporting closed bus operations.” Presented a masterclass of what high-quality power system modelling
could provide to support complex power systems. A 2023 MTS DP Conference Paper expanded on the
subject, suggesting a way to induce a fault condition to the secondary side of the protection system as a
way to confirm the computer model without “Live testing”. (Lichtenberger et al., 2023).

From a literature review of the available material (Zbroński, 2022; Lichtenberger et al., 2023 and the JDP
Draft), there is an inconsistency regarding the starting point for Model Based Testing (MBT). In the JDP,
which considers a new-build scenario, the MBT loop starts with computer-aided simulation, supported by
physical testing, including injection testing as part of the physical testing once the vessel is
commissioned. Conversely, Zbroński and Lichtenberger et al. consider an existing vessel that already has
a suite of physical testing results from which to draw conclusions and validate the model.

The development of reliable DP systems relies on an iterative approach of building or adjusting a model,
predicting outputs and outcomes by simulating with the desired input variables, conducting testing on the
system to confirm or reject the simulated model outputs, making adjustments to the model based on the
measured outputs of the real system. This methodology represented in Figure 2 creates a powerful cycle
of continuous improvement. The model also reconciles the divergent starting points of the cycle for
new-build versus existing vessels as a good model can be built and adjusted at any point in a facility’s
lifecycle

When considering new builds, modelling, and simulation form the foundation, allowing for initial design
and theoretical performance evaluation in a virtual environment. Physical validation testing then brings
this process into the real world, uncovering practical issues through the inducement of faults.

On the other hand, when considering an existing asset, it is possible to use the existing data as the
foundation of a robust model and simulation package. This package can then be used to help identify
possible weaknesses in the single-fault tolerance philosophy.
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Figure 2. An iterative process based on the vessel’s lifecycle stage.

Thus, the natural definition of effective modelling and simulation is confirmed as the iterative process of
computer simulation and physical validation. This process serves as the critical link between a good idea
and a great outcome.

Recent Examples of Physical Testing Findings
Modelling and simulation is a valuable and effective methodology in system validation. However, its
current implementation, with a secondary injection methodology, may have specific constraints in certain
complex scenarios. For example, when a vessel’s power system is upgraded or retrofitted with additional
control mechanisms, the existing simulation model that may have been used to validate during the build
stage will not be representative of the new system anymore and will need to be adjusted (sometimes
significantly). This may pose financial and schedule challenges for vessel owners who already procured a
model and simulation package.

One of the most significant challenges faced during testing and commissioning of DP vessels is the
integration of multiple complex systems by several different vendors that are expected to work in unison
to maintain the integrity and reliability of the power plant. Figure 3 shows an example representation of
these systems and how they may interface with critical machinery such as generators and thrusters.
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Figure 3. Integration of multiple systems in a power plant.

Figure 3 shows multiple systems’ interfaces that, depending on the vessel, may be of different nature,
such as: serial communication, digital or analog. In order to validate such complex systems, specialised
testing protocols may be developed and the secondary injection methodology alone will not be sufficient.

The following examples demonstrate situations where complementary testing methods are the only way to
identify risks to the integrity of single fault tolerance. These scenarios highlight the importance of a
thorough testing program on complex power networks.
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Example 1. Gradual Excitation Testing

During system upgrades or retrofits, new controllers are frequently installed and/or existing settings are
modified to align with updated overall system operation criteria. The following examples illustrate
scenarios encountered while conducting comprehensive power system validation test programs. These
issues were identified and rectified using gradual excitation testing methodology:

1. A single Automatic Voltage Regulator (AVR) was found to have an incorrectly configured
over-excitation limit (OEL) setpoint. This misconfiguration had previously resulted in an
unplanned operational event.

2. Multiple layered reactive power (kVAR) sharing monitoring systems were improperly integrated.
This included inconsistencies between the Power Management System (PMS) and auxiliary
protection systems. The lack of coordination among these systems had led to an unplanned event
during normal operations, underscoring the importance of holistic system integration and testing.

These examples emphasise the necessity of thorough validation testing, particularly when implementing
system changes, to ensure proper functionality and prevent operational disruptions. The gradual excitation
testing methodology proved effective in identifying and addressing these complex integration issues, and
we believe it would be a very strong methodology to pair with any validation program.

Example 2. Gradual Fueling Testing / Load Step Testing

Power systems utilise governors and Power Management System (PMS) controllers for active load
control and load sharing among paralleled generators. The control of governor actuators may alternate
between systems depending on the configuration (droop or isochronous). The following examples
illustrate power system failures identified and rectified using a gradual fueling testing methodology:

1. Overly narrow droop curve setpoints caused the auxillary protection system to erroneously
identify multiple generators as unhealthy during a load transient, resulting in an unplanned
blackout. This issue was initially detected through load-step testing. Subsequently, new droop
settings were established and validated using the gradual fueling testing methodology.

2. During the fault-finding process for the aforementioned system using gradual fueling testing, the
team discovered that the PMS setpoints for load share fault actions were improperly layered with
the auxiliary protection system. This misalignment led to multiple generators being incorrectly
identified as faulty, triggering their replacement with a single standby generator.

These scenarios highlight the complexity of power system interactions and the effectiveness of gradual
fueling testing in identifying and resolving intricate issues related to load control, protection systems, and
PMS configurations. Such testing proves crucial in ensuring system reliability and preventing cascading
failures during operational transients. Like the gradual excitation testing method, gradual fueling testing
may be an excellent protocol to incorporate in all complex systems.
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Example 3. Primary Injection

Current transformer (CT) installation errors are prevalent in power plants, potentially leading to
inaccurate power measurements and improper operation of protection relays. The following CT-related
issues have been identified during primary injection testing aboard DP vessels:

1. CTs installed with incorrect orientation: This misalignment can significantly distort readings and
protective functions. Figure 4 provides a visual representation of the effects of this issue,
illustrating how reversed polarity moves the current readings 180 deg out of phase, which may
cause misleading phase imbalance trips.

2. CT secondary windings wired to incorrect phases of the protection relay: This miswiring can
cause phase angle errors, leading to improper relay operation and potential system instability.

3. Improperly sized Rogowski coils and incorrect/inoperable integrators have been used.

These findings underscore the critical importance of proper CT installation and integration in complex
power systems. Primary injection testing has proven to be the only effective method for detecting all of
these issues, which might otherwise remain unnoticed until a system failure occurs. Addressing these
problems is crucial for ensuring the reliability and safety of power plant and distribution network
operations.

Figure 4. CT positioning
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Example 4. Zero-Volt Ride Through

The integration of diverse system controllers and protection philosophies from multiple vendors presents
a significant challenge in achieving unified power system operation. Figure 5 illustrates the
inter-dependent components (colour-coded for clarity) that must remain operational for a single thruster to
function and remain available during power disturbances.

The following examples demonstrate how the failure of a single component during a zero-volt ride
through test can result in position loss due to multiple thrusters failing to maintain operation:

4.1.High-voltage (HV) feeder protection relay under-voltage trip (UVT) delays found to be
non-compliant with class requirements, being shorter than specified.

4.2.Low-voltage (LV) switchboard UVT delays are either absent or shorter than specified by class
requirements.

4.3.Thruster drive settings discovered to be incorrectly configured, preventing the drive from riding
through a 0V event or automatically recovering during a blackout.

4.4.Wiring discrepancies identified where power for auxiliary control systems critical for Dynamic
Positioning (DP) control signals were incorrectly routed to distribution boards not designed for
ride-through capability. This resulted in associated thruster(s) being deselected from DP control,
leading to position loss.

These scenarios underscore the complexity and criticality of proper system integration and configuration
in maintaining vessel stability and positioning during power disturbances. And more importantly, the
effectiveness of the selected testing methodology.
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Figure 5. Interdependent components in DP Propulsion
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Conclusion
Modelling and simulation are a vital part of high-quality engineering for complex power system design.
Without sufficient modelling and simulation tools, optimising a power system becomes a very daunting
undertaking. Having said that, it must be understood that modelling and simulation are, at their core,
prediction tools and as such limitations and assumptions cannot be avoided. Limitations and assumptions
on input variables and system reactions are ever-decreasing with more complex software and greater
computational power. What is not decreasing is that all models and simulations must start with the
incorrect base assumption that the system has been installed correctly and has no defects.

So while we expect and welcome a greater application of modelling and simulation in the future,
modelling and simulation cannot replace testing of the primary power system components no matter how
much secondary injection testing is undertaken and how many model adjustments are made. Integrated
testing of the power system coupled with a good model and simulation is the only way to achieve safe and
single fault-tolerant vessels.
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