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Abstract

Operating redundant DP systems with connected power systems have become more common. The
incentives are most related to the potential for fuel reduction, compared to operation with separated systems,
and the cost-saving and emission reductions that follow. It is expected that the demand for robust and fuel-
efficient power plants will further increase, both for DP and non-DP vessels.
Over the years, the technical development, the understanding of implications and appurtenant failure modes
that may propagate between connected power systems, and the mitigating actions needed to control the
associated risks, have increased a lot.
To assist the industry in the continued development of more robust DP systems DNV has introduced three
new qualifiers to allow for higher flexibility in DP closed bus-ties design. The rules are supported by an
extensive recommended practice document: DNV RP-0591 “Redundant DP systems with closed bus-ties”.
The paper will discuss:

*  The reason for introduction and the possibilities that lie within the new options.

* The additional technical requirements.

* The additional verification requirements.

* Implications of applying the different qualifiers on existing vessels, and new buildings.

» The application of closed bus-ties and the qualifiers on battery-hybrid and DC distribution systems.
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Abbreviation / Definition

AC Alternating current

APSP Advanced/Alternative Power System Protection

CB DNV DP notation qualifier for closed bus-ties DP systems ref. [5], and [6]
CBS DNV DP notation qualifier for closed bus-ties DP systems ref. [5], and [6]
CBT DNV DP notation qualifier for closed bus-ties DP systems ref. [5], and [6]

Closed bus-tie(s)

Any technical system configuration where electrical power can be transferred
between power systems belonging to different DP redundancy groups.
This includes, but is not limited to:

e main switchboards (see DNV-RU-SHIP Pt4 Ch.8 Sec.l1 Table 3)
belonging to different redundancy groups which are electrically
connected.

e modes with converters connecting power systems belonging to different
redundancy groups.

e modes where power sources are connected to and simultaneously feeding

different redundancy groups.
Guidance note:
Thrusters with multiple power supplies, and dual supply to single consumers, will generally not be
considered as closed bus-tie mode unless such arrangements can be used for the transfer of power
between redundancy groups. However, such cross-connections represent potential failure
propagation paths in the DP system. Rules for the relevant DP class notation provide limitations
and verification requirements for such arrangements.
---e-n-d---0-f---g-u-i-d-a-n-c-e---n-o-t-e---

CT Current Transformer

DC Direct Current

DNV Det Norske Veritas

DP Dynamic Positioning

DP-2 DP system corelating with IMO DP equipment class 2, ref. [2] and [3]

DP-3 DP system corelating with IMO DP equipment class 3, ref. [2] and [3]

DPS(2) DNV Class DP notation corelating with [2] IMO DP equipment class 2, ref. [5].
DPS(3) DNV Class DP notation corelating with [2] IMO DP equipment class 3, ref. [5].
DYNPOS(E) DNV Class enhanced reliability DP notation for redundant DP systems, ref. [6].
DYNPOS(ER) DNV Class enhanced reliability DP notation for redundant and separated DP

systems, ref. [6].

DYNPOS (AUTR)

DNV Class DP notation corelating with [3] IMO DP equipment class 2, ref. [5].
Guidance note:

The DNV notation will have additional requirements compared to [3]. Typically, due being more
specific and more frequently upgraded.

---e-n-d---0-f---g-u-i-d-a-n-c-e---n-o-t-e---

DYNPOS(AUTRO) | DNV Class DP notation corelating with [3] IMO DP equipment class 3, ref. [5].
Guidance note:
The DNV notation will have additional requirements compared to [3]. Typically, due being more
specific and more frequently upgraded.
---e-n-d---0-f---g-u-i-d-a-n-c-e---n-o-t-e---

FMEA Failure Modes and Effects Analysis

HV High Voltage

IMCA International Marine Contractors Association

IMO International Maritime Organisation

Minimum time Minimum required time duration for which the residual remaining capacity as

requirement defined by the worst-case failure design intent shall be available

Guidance note:
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The time requirement will normally be governed by the maximum time necessary to safely terminate
the on-going operations after the worst-case single failure, given the residual remaining capacity.
All relevant operational scenarios which the vessel performs and/or participates in should be
considered when determining the time requirements. This time requirement should be fulfilled by
the design, and the way the vessel is technically configured (technical system configuration) and
operated. In addition to the actual time necessary to terminate the operation, the minimum time
requirement also includes the time necessary for detection and alarming by the system, and the time
needed for the operator(s) to notice, make the appropriate decision(s), and initiate the termination

process.
---e-n-d---0-f---g-u-i-d-a-n-c-e---n-o-t-e---
LV Low voltage
MSC Marine Safety Committee
OEM Original Equipment Manufacturer
WCF Worst Case Failure
WCFDI Worst Case Failure Design Intent

Introduction

DNV's development of rules and guidelines related to closed bus-tie(s) operation of DP systems is
motivated by a desire to utilize modern technology to provide the industry with efficient and
environmentally friendly operations without compromising safety. This includes delivery of systems that
are flexible so that the DP system setup can be adapted for different operations.

For many years it has been common practice to run DP-2 class notation systems with closed bus-ties,
originally based on requirements for short-circuit discrimination. As the industry gained experience with
such systems, a few more failure modes were included, such as over-speed, loss of running generator set,
and to some extent AVR failures (loss of voltage feedback). Practical experience with the operation of such
systems indicated that this approach could be inadequate in providing the desired fault tolerance, and in
recent years new and improved technical solutions have been developed to detect and disconnect faulty
systems and components. Based on this, DNV has updated the rules to improve the robustness of DP
systems operating with closed bus-tie(s) and achieve the above-mentioned motivations.

This paper, [1], [5] and [6], and the terminology used therein, are mainly based on traditional AC power
systems with traditional combustion engines (reciprocating internal combustion engines) used as generator
prime movers. Hence, terminology related to this technology, such as generators, governors, and automatic
voltage regulators (AVRs), is used. When applied for other types of power systems and/or technology, e.g.,
DC power systems and batteries, then technical requirements generally apply similarly for equipment with
the same or similar functions. DC voltage control should e.g., meet the same requirements as for an AC
AVR, and the power control should meet the same requirements as for an engine governor.

The intended equivalent safety level may be achieved by measures other than those discussed in these
documents. Such equivalent measures may be accepted provided the arrangement can be documented and
proven (including on-board testing) to provide an equivalent or better level of DP station keeping integrity.

The new qualifiers

In [3] IMO specifies the power system arrangement, including operation with open /closed bus-ties as
follows:

“For equipment class 2, the power system should be divisible into two or more systems so that, in the event
of failure of one sub-system, at least one other system will remain in operation and provide sufficient power
for station keeping. The power system(s) may be run as one system during operation, but should be
arranged by bus-tie breaker(s) to separate the systems automatically upon failures which could be
transferred from one system to another, including, but not limited to, overloading and short circuits.”
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“For equipment class 3, the power system should be divisible into two or more systems so that, in the event
of failure of one system, at least one other system will remain in operation and provide sufficient power for
station keeping. The divided power system should be located in different spaces separated by A-60 class
divisions. Where the power systems are located below the operational waterline, the separation should also
be watertight. Bus-tie breakers should be open during equipment class 3 operations unless equivalent
integrity of power operation can be accepted according to paragraph 3.1.4.”

(The text in [2] is almost identical, but a small change in the specification of the number of bus-tie breakers
required for DP-2 systems could be noted.)

The above IMO paragraphs do not provide technical details on how a DP power system should be arranged
in order to meet the stated requirements, e.g., the requirement for the automatic function/system for
separation in case of failures in a DP-2 power system, or how to ensure sufficient equivalent integrity as an
open system in order to be able to operate with closed bus-ties in a DP-3 system. However, the industry
interpretations of these paragraphs may be observed by looking at more detailed standard, like classification
society rules, and at actual designs aimed at providing DP systems in correlation with IMO guidelines [1]
and [2]. As the IMO guidelines typically will be updated at a much slower pace than classification society
rules and other industry standards (e.g., those provided by IMCA and MTS) it will typically be these
standards that introduce new technologies and industry learnings on a detailed level. In this evolving
industry the new DNV qualifiers for closed bus-ties power systems aim at providing the industry with more
flexible options for specifying new technology to be taken in to use in DP power system designs.

The closed bus-ties qualifiers provide flexibility both in the technical requirements for increased system
robustness, and in the requirements for verification.

Adding the CB qualifier will:
introduce requirements for equipment and functionality to provide increased robustness as
compared to traditional minimum industry designs. These requirements vary between DP notations,
meaning that the requirements related to the CB qualifier for a DP-2 notation e.g.,
DYNPOS(AUTR-CB) differs from the requirements for a DP-3 notation e.g.,
DYNPOS(AUTRO-CB).

Adding the S or the T to the CB qualifier will:
introduce additional requirements for verification. The S requires simulation testing using built-in
test equipment which enables verification of the power plant protective functions. The testing shall
be performed by injection current and voltage waveforms into the onboard power plant's
appurtenant protective systems sensors to demonstrate the protective functions. The T requires
verification by live short circuit and earth fault testing.

Figure 1 below illustrates the principles in adding the qualifiers using DNV DP notation DYNPOS(AUTR)
as an example. The smallest square “DP-2 Closed bus-tie(s) mode, but no CB-qualifier” indicates the
minimum level for technical requirements (vertical axis) and the minimum level for assurance and test
requirements (horizontal axis). The notation string on the class certificate will then be DYNPOS(AUTR).
The bigger squares then indicate how adding CB, CBT, and/or CBS qualifier will add on technical
requirements (HW and SW functions) and/or verification requirements in form of assurance and testing
requirements. When adding the CB qualifier, the notation string will be DYNPOS(AUTR-CB), adding
CBS the string will be DYNPOS(AUTR-CBS), and adding CBT the string will be DYNPOS(AUTR-
CBT).
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Fig. 1: Adding closed-bus Qualifiers to a notation, DP-2 example (there is no scale in the figure)

The verification required by CBS and CBT qualifiers are complementary. A well designed and proven
CBS system may reduce the need for CBT live testing, but as both methods have pros and cons it is not
considered to be able to fully replace the need for CBT testing in all cases, e.g., in case of a new DP-3
system or in case of major conversions of the power system. When only the CBS qualifier is applied
simulation testing using built-in test equipment can be accepted in lieu of live short circuit testing for
retention surveys. The concept of simulation testing using built-in test equipment (or external connected)
is a good technique to use for testing the efficacy of protective functions regardless of the qualifier. E.g.,
when the CBT qualifier is applied but not the CBS qualifier, simulation test equipment can be used in
addition to short circuit and other testing for testing a greater range of failure modes than its possible to
create using the real power plant as the test set.

When class approval of verification required both by CBS and CBT qualifiers is wanted both qualifiers
may be applied to the vessel DP notation, the notation string may then look like this: DYNPOS(AUTRO-
CBT, AUTRO-CBS).

For further information about simulation testing using built-in test equipment reference is made to [1] and

[7].

Qualifier requirements for different DP class notations

The below tables indicate the additional requirements when applying the different qualifiers to the different
DNV class notations for redundant DP notations. The table provides only the high-level information. For
the detailed requirements please refer to [1], [5], and [6].

DNV notations DYNPOS(AUTR) and DPS(2) corelates to IMO DP equipment class 2. Table 1 below
indicates how application of a given qualifier will add technical and verification requirements for these
notations. Note that for these notations it is possible to have DP technical system configurations based on
closed bus-ties accepted also without applying any qualifier. (This represents the current minimum
requirements for accepting closed bus-ties for these notations. Reference is made to [5] for these details.)
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Table 1: Main additional requirements for adding qualifiers to DNV DP-2 notations DYNPOS(AUTR) and
DPS(2)
Qualifier Description

Even if no closed bus-tie(s) qualifier is assigned, the vessel may have closed bus-tie(s)
mode(s) approved based on the minimum requirements in the DP class rules applicable for
the vessel. A single bus-tie between redundancy groups is accepted.
Any potential closed bus-tie(s) modes shall be described and documented in the required
DP FMEA and supporting documentation.
CB The vessel has approved DP mode(s) based on closed bus-ties. The qualifier will require, in
addition to notations without qualifier:
* additional functionality and equipment:
* APSP (advanced power system protection) will be required (single barrier
system).
* 2 bus-ties between redundancy groups.
* the protection system shall ensure bus-tie discrimination upon arcing faults
and other relevant failure modes in the overload range.
* synchronisation functions must be designed with very high reliability.
Typically, this can be achieved by arranging two sync check barriers in
series.
*  Transformer pre-magnetization.
*  PMS robustness, including automatic blackout recovery function of DP
system (45 sec.).
* additional documentation, testing and inspections, to verify the additional
requirements.
Live short circuit and earth fault testing and simulation test capabilities are not required.
CBS The qualifier will require, in addition to qualifier CB:
* simulation test capabilities by a built in test system.
Live short circuit and earth fault testing is not required.

CBT The qualifier will require, in addition to qualifier CB:
* live short circuit and earth fault testing. Required both at the initial testing for
issuance of the qualifier, and for retention survey.

DNV notations DYNPOS(AUTRQO) and DPS(3) corelates to IMO DP equipment class 3. Table 2 below
indicates how application of a given qualifier will add technical and verification requirements for these
notations.

Table 2: Main additional requirements for adding qualifiers to DNV DP-3 notations DYNPOS(AUTRO),
DPS(3)
Qualifier Description

If no closed bus-tie(s) qualifier is assigned, the vessel does not have any approved DP mode
based on closed bus-ties.

CB The vessel has approved DP mode(s) based on closed bus-ties. The system integrity shall
be documented in the required DP FMEA and supporting documentation. The qualifier will
require:
* additional functionality and equipment:
*  APSP (advanced power system protection) will be required.
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* All protective functions shall have dual, independent primary and
secondary barrier functions (to mitigate the effect of hidden failure).
* the protection system shall ensure bus-tie discrimination upon arcing faults
and other relevant failure modes in the overload range.
* synchronisation functions must be designed with very high reliability.
Typically, this can be achieved by arranging two sync check barriers in
series.
*  Transformer pre-magnetization.
*  PMS robustness, including automatic blackout recovery function of DP
system (45 sec.).
* computer simulations.
* additional documentation, testing and inspections, to verify the additional
requirements.
Live short circuit and earth fault testing and simulation test capabilities are not required.
CBS The qualifier will require, in addition to qualifier CB:
o o simulation test capabilities by a built in test system.
* live short circuit and earth fault testing at the initial testing for issuance of the
qualifier.
Live short circuit and earth fault testing will not be required for retention survey.
CBT The qualifier will require, in addition to qualifier CB:
* live short circuit and earth fault testing. Required both at the initial testing for
issuance of the qualifier, and for retention survey.

Table 3 below indicates how application of a given qualifier will add technical and verification requirements
to the DNV DP notations for enhanced reliability DP system DYNPOS(E) and DYNPOS(ER).

Table 3: Main additional requirements for adding qualifiers to DNV enhanced reliability DP notations
DYNPOS(E) and DYNPOS(ER)
Qualifier | Description

Even if no closed bus-tie(s) qualifier is assigned, the vessel shall have approved DP mode(s)
based on closed bus-ties. The system integrity shall be documented in the required DP
FMEA and supporting documentation. The basic functionality and equipment requirements
are as for DP-3 notations with the additional CB qualifier.

Computer simulations are required.

Live short circuit and earth fault testing and simulation test capabilities are not required.
CB The vessel may be assigned the qualifier CB without any additional requirements.

CBS The qualifier will require, in addition to vessels without qualifier:
* simulation test capabilities by a built in test system.
* live short circuit and earth fault testing at the initial testing for issuance of the

qualifier.

Live short circuit and earth fault testing will not be required for retention survey.

CBT The qualifier will require, in addition to vessels without qualifier:

* live short circuit and earth fault testing. Required both at the initial testing for
issuance of the qualifier, and for retention survey.

MTS DP Conference - Houston October 10 - 11, 2023 Page 7



Aleks Karlsen DP Power System New DNV DP notation qualifiers for
Design Updates closed bus-ties

Application of the new qualifiers on existing vessels

For upgrading of existing vessels some of the requirements may be challenging/resource demanding to
Implement. Typical examples of this may be:
e new equipment needs to be fitted and there may be lack of space, e.g., in existing switchboards or
switchboard rooms.
e the original installed technology may not be suitable for the additional test requirements.
e the original installed equipment may not be suitable or sufficient for adding the additional
functional requirements.
Due to this it is recommended that a feasibility study is carried out before an upgrade is commenced.
The operational impact, over the vessel operational life, of the additional required survey, testing, and MOC
requirements should also be considered.

Consideration when applying CB qualifier:
The application will add requirements to equipment and functionality which must be considered both for
new buildings and for conversions. Examples of some potential challenging item can be:
For DPS(2) and DYNPOS(AUTR):
e the requirement for two bus-tie breakers between redundancy groups, and for two
semiconductor based current interrupting devices with isolating switches used in DC systems.
e the requirement for an APSP system.
e the protection system shall ensure bus-tie discrimination upon arcing faults and other relevant
failure modes in the overload range.
e the requirement for automatic blackout recovery function of DP system (45 sec.).
[ )
For DPS(3), DYNPOS(AUTRO):
e the requirement for an APSP system.
e the requirement for an independent alternative protection function for all relevant failure
modes, including APSP.
e the protection system shall ensure bus-tie discrimination upon arcing faults and other relevant
failure modes in the overload range.
e the requirement for dual fed thrusters (and switchboard without power sources) to have dual
protection on each side of the separating bulkheads (as one hidden failure shall be considered).
e the requirement for automatic blackout recovery function of DP system (45 sec.).

Consideration when applying CBS qualifier:

This kind of functionality is new to the maritime and offshore industry. Hence, the ability to deliver the
required built-in simulation test functionality will vary across the industry, and the OEM's ability to deliver
should be verified before a CBS qualifier is requested. It must also be noted that any approval of any new
design of such a system will require acceptance through a system qualification (SQ) process involving the
class society. For DP-3 and Enhanced Reliability notations, LV AC systems has not been accepted due to
technical integrity and as there shall be an initial live short circuit test.

Consideration when applying CBT qualifier:
A prerequisite for applying the CBT qualifier will be to have a system suitable for the required live short
circuit and earth fault testing. Typically, LV AC systems are not well suited.
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For DP-3 and Enhanced Reliability notations, LV AC systems has not been accepted due to technical
integrity and as there shall be an initial live short circuit test and regular 5-yearly renewal tests.

DP closed bus-ties DC systems

DC power distribution systems has been increasingly used over the last few years. The advantages of DC
systems include possibilities for fuel efficiency by utilizing prime movers running with variable rpm,
more compact installation, and greater suitability for the use of semiconductor-based current interrupting
devices for the ultra-fast separation of connected power systems which minimizes voltage transients
during failure scenarios. Another advantage of semiconductor-based current interrupting devices is that
the fast reaction time limits the short-circuit currents so that components are less stressed during testing.
This can increase the possibility for verification by live short-circuit testing in DC systems.

The application of closed bus-ties qualifiers to DC DP power systems will, as applicable to DC systems, in
general be subject to the same requirements as described for AC systems when it comes to additional
functionality and equipment, computer simulations, additional documentation, testing and inspections. This
includes but is not limited to:
* An APSP system is also required for DC systems. However, some functions which are typically
implemented when applied to AC may not be relevant for DC.
*  The switchboard design shall follow the same requirements as for AC systems. I.e., a minimum
robustness against short-circuit will be required.
* Discrimination shall be documented for all current levels up to the maximum short circuit current,
i.e., including arc short circuit.
*  For semiconductor based current interrupting devices:
*  There shall also be a switch giving physical separation.
*  Two breakers are required for all qualifiers.
*  Such components are seen as a system which shall be analysed in the FMEA, including
internal failures.
* Ride-through shall be evaluated in a ride through analysis.
* Ride-through are to be demonstrated by testing when the CBT qualifier is applied.

Battery hybrid closed bus-tie(s) DP systems

Hybrid battery systems will typically allow for more energy efficient DP operations by enabling reduction
of running combustion engines for redundancy during DP operations. Typically, the most fuel-efficient
mode is when the system is designed for running only one combustion engine during DP operations. A
condition for this is that the vessel is operating with closed bus-ties, and a consequence of this is that a
battery may be the (single) power source in the case of combustion engine failure, or loss of a redundancy
group with the running combustion engine. In such a case, the battery must have sufficient capacity
(power and stored energy) for safe termination of the ongoing operation in the prevailing conditions. The
minimum time requirement for safe termination of the operation must therefore be specified. When such
specifications are done uncertainties are required by the DNV DP requirements to be compensated by
using conservative estimates to ensure a suitable safety margin. (Connection of stand-by power sources
will not be accepted unless when accepted for DYNPOS(E) or DYNPOS(ER). Reference is made to [6].)

In order to ensure a robust system, the battery system design must take into consideration the battery
system characteristics and properties. The battery system must be able to provide the intended power and
energy when needed, including post-failure situations. Important items that need to be considered include:
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* the design philosophy and the intended technical system configurations during operation

* the size of the converter, including short-circuit capabilities and the ability to provide sufficient
current to start big consumers.

* the size of the battery.

* the availability of continuous power.

* c-rates and the ability to deliver over time, typically in relation to the specified minimum time
requirement.

* auxiliaries in relation to the redundancy design intent.

* avoid unintended tripping during operation, including high power utilization during safe
termination after failure.

* ensure that the relevant failure scenario is covered by the FMEA, current, voltage and frequency
control.

Generally, the following applies when introducing batteries as a spinning reserve in redundant closed bus-
ties DP systems:
*  Requirements to switchboard protection and discrimination applies. The battery is both a
“generator” and a consumer.
*  Minimum time requirement applies.
*  When qualifier is applied an APSP system is required and shall also monitor the batterie(s), as
relevant.
* Battery space: Thermal runaway with subsequent off-gassing shall be considered as a relevant
failure mode, see below: “Arrangement of battery spaces”.

Note: Batteries are typically not arranged for performing blackout recovery and/or standby start

Arrangement of battery spaces:

Thermal runaway with subsequent off-gassing must be considered as a relevant failure mode for all DP
class notations requiring redundancy. Hence, the physical location of batteries will become relevant also
for class notations not requiring separation between redundancy groups. This means that for class
notations requiring redundancy but not requiring separation, battery systems belonging to different
redundancy groups cannot be located in a common compartment when a thermal runaway with
subsequent off-gassing from one battery system will affect battery systems belonging to other redundancy
groups. The following will be required:

* Dbattery systems belonging to different redundancy groups shall be arranged in separate gastight
spaces, due to the risk of gas leakage and subsequent shut-down of other battery systems in the
same space. Failure modes potentially exceeding the propagation test scenario relevant for the
batteries, e.g., an internal short circuit within the battery system, shall be considered.

* there shall be gas detection with an alarm for each gastight battery space (automatic
disconnection of the battery will typically also be required).

* single failure in the gas detection systems must not cause disconnection of batteries belonging to
more than one redundancy group.

The DP FMEA must cover the above elements and relevant tests included in the DP FMEA test program.
It is recommended that gas detection trigger the automatic stand-by start of additional power sources.

Conclusion

Examples of motivation for running with closed bus-ties are less fuel consumption and a lower
environmental footprint, fewer engine hours, and fewer consequences for some failure modes (due to a
'stronger’ system and the possibility of active and reactive power sharing across bus-ties). In addition, closed
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bus-tie(s) provide higher flexibility (e.g., when generator sets or thrusters are unavailable due to failures or
maintenance) and allow for more optimized power sharing between DP redundancy groups.

In the offshore and maritime industry, both the technical development and assurance competences evolves
in an increasingly fast pace. This includes to a high degree also closed bus-ties DP power systems. For
standardization organizations, e.g., IMO and class societies, it is a challenge to evolve their standards to
include this rapid development. This is especially true for industry standards specifying the minimum
requirements level. With the introduction of qualifiers users are provided with an opportunity to specify the
inclusions of such advancements, stepwise and in a flexible way, based on their needs and risk profile.

The RP can be applied also to non-DP vessels where cost and carbon efficient redundant power systems
with increased availability and robustness are wanted.

The RP may also provide guidance for the design and verification of systems where thrusters (and other big
consumers) are simultaneously supplied from more than one main switchboard/redundancy group.

Although an equivalent integrity level is considered to be achieved by documented analysis and testing, it
should be understood that there will always be a residual probability of failure propagation. For operations
where a loss of position may result in unacceptable consequences, a risk assessment should be performed
by the parties responsible for the operation to evaluate the system operational modes, including open or
closed bus-ties. This principle is relevant for all redundant DP class notations and operations. As the
industry evolve and experience is gained, the list of relevant failure modes should be expanded to reflect
the increase in knowledge.
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