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Abstract

Chevron specified the coupling of GNSS and Acoustic PRS sensors to Navigation Grade Inertial Navigation
Systems as core for station keeping on the latest generation drillship, the Transocean Deepwater Titan. The
system is designed to improve stability of the real time MODU positioning and increase operational uptime
in the event of a loss of some or all of the position reference sensors. The presentation will discuss the
results of trials, CAT and IAT testing of the system, with lessons learned during the development and
testing. It will also present a new PRS monitoring system that will significantly aid the DPO in any decision-
making process. The focus of both of these developments is to provide Station Keeping Capability with
zero chance of DP run off due to Position Reference Sensors.

Abbreviation / Definition

ADCP Acoustic Doppler Current Profiler
BOP Blow Out Preventer

CAT Customer Acceptance Testing
DPO Dynamic Positioning Officer
DPCS Dynamic Positioning Control System
ERA Electronic Riser Angle

EDS Emergency Disconnect Sequence
GNSS Global Navigation Satellite System
GoM Gulf of Mexico

HPR Hydroacoustic Position Reference
IAT Integrated Acceptance Testing
IMU Inertial Measurement Unit

INS Inertial Navigation System

LBL Long Base Line

LMRP Lower Marine Riser Package
MODU Mobile Offshore Drilling Unit
MRU Motion Reference Unit

PRS Position Reference Sensors

RAIM Receiver Autonomous Integrity Monitoring
RF Radio Frequency

Ul User Interface

USBL/SSBL  Ultra Short Baseline/ Super Short Baseline
WSOC/WSOG Well Specific Operating Criteria/Well Specific Operating Guidelines
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Introduction

In 2012, Chevron experienced a drive off incident due to Position Reference Sensor (PRS) issues and
subsequent actions by the DPO on shift. The well had been engineered for such an incident, but we
considered that application of a different approach to PRS could be implemented to safeguard against this
risk and in addition the solution could provide the DPO with a better interface to monitor and troubleshoot
PRS events.

Example drive off incident IMCA #1018:

The incident was detailed in 2010 in a report published by IMCA, referred to as #1018 (ref 3), which
described a particular station keeping incident whose primary cause was attributed to position reference
systems and its secondary was human error. It is notable that in that year, position reference systems had
the single largest set of incidents compared to other types of failures.

The vessel was a drillship in operation, on DP with 5 thrusters online, 4 generators, 2 DGNSS and an HPR.
During a heading change the DPCS identified an issue with DGNS 1 due to interference, but due to a
software error its position was heavily weighted. Following that DGNSS 2 and the HPR were rejected from
the DPCS. Leaving only the faulty DGNSS 1 as an input.

The operator attempted to recover the system; however, it was difficult to identify which position source
was at fault. Later the vessel disconnected from the well. This sequence is illustrated in Figure 1 below

Vessel on DP
carrying out Drilling 5 Thrusters online 3 MDGs online
Operations

GNSS & HPR online

|
I

Heading Change
from 310° to 145°

for backloading
Prediction ervor on DGNSS disabled
DGNSS1 I from DP desk —»  Manual control

Prediction ermor on
DGNSS2 and HPR 1

| — 3

Yellow alert Vessel Disconnects

Vessel commences

. .
drive off to SW Drive off continues

- ¥ - ) ¥
Present position Red Alert
function pressed

Figure 1: Flowchart of IMCA DP event # 1018
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The well design was in fact designed for a drive off event, however this significant event has a number of
negative outcomes:

Drill Center shut in.

Found well / tree with a 5 deg inclination.
Damage to equipment

3.5 ft “crater” found behind conductor.

The impetus for this effort to improve station keeping reliability with respect to PRS inputs to the DPCS is
partially a response to the IMCA event #1018 and the need to prevent it or issues like it from re-occurring.
However, with roughly 15% of drive off events being attributed to PRS issues (equipment and/or human
error), solutions like this would further reduce this number.

Section 1 - INS-Centric Concept

Referring back to a 1999 paper (Reference 2) presented at this conference on the integration of inertial
navigation systems into the PRS as it applies to for DP — the concept of INS Centric position reference
systems was adopted for this vessel.

An inertial navigation system contains three axes of accelerometer and three axes of rate of rotation sensors
(gyros) that are sensed and then propagated to provide not only position, but also heading, pitch and roll
(or attitude). The quality of the gyros within an INS tends to define the performance of the system. But for
very low drift solutions the quality of the accelerometers also has an equal impact on the solution.

The sensors within an INS detect the motion of the INS. For an INS to know where it is it initially has to
be aligned and then it needs to be “aided” or continually told where it is. In this case we use conventional
position reference systems (PRS) to aid the INS, hence the INS centric definition. For this solution we use
multi constellation GNSS and acoustic position reference sensors to aid the INS.

When an INS does not have any external aiding, we refer to the period of time without aiding as “free
inertial navigation”. It must be stated that no matter the specification of cost of the system all inertial sensors
have drift. The inexpensive sensors within cell phones have significant drift (100m drift in seconds) and
the very capable systems used in nuclear submarines drift in the region of 1 nautical mile in 24 hours. The
United States Airforce (USAF SNU84-1) define the quality of and INS as follows (Following a standard
ground alignment at 50 ° or lower latitude):

INS Classification Position Error Growth Rate Heading Errors
Low/Tactical > 2nm/hr >0.2°
Medium/Navigation 0.5 to 2nm/hr 0.05°t00.2°
Precision/Navigation <0.5nm/hr <0.05°

For this application the quality of the inertial navigation system was defined by a free inertial performance
of 20m (1 sigma) after 15 minutes of unaided, free inertial drift. These systems would fall into the
“Precision/Navigation” classification above. Within this discussion we refer to these units as Navigation
grade INS.

Section 2 - INS Centric DP System Design
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As discussed above, the design intent is to provide INS inputs into the DP system. The integration of these
new PRS inputs was done following the design and construction of a more conventional DP3 vessel with 3
GNSS, 2 Acoustic inputs. The product selected for this task was designed, manufactured and installed by
Kongsberg. During our project the product name at the time was ‘ONYX’.

Consideration and alignment with the DNV AUTRO rules were crucial during the design and qualification
phase. External design reviews were performed by DNV and the FMEA provider to ensure the integration
met the intent of the rules and minimized the possibilities of common failure modes.

It is noteworthy that there were two INS configurations implemented (between the 3 systems).

Type 1 ONYX: DPS i6 + MGCR4

Type 2 ONYX: DPS i4 + MGC R5 + Hipap® 501
Both the system types incorporated differential corrections using Kongsberg 3710 demodulators. A
simplified diagram of ONYX 1 is shown in Figure 2 below.

PRS Group 1 PRS Group 2 PRS Group 3 PRS Group 4
ONYX 1 ONYX 2 ONYX 3 GNSS 2
MGC R5 MGC R4 MGC R5

HPR 1 (Hipap 501) GNSS 4 (DPS i6) HPR 2 (Hipap 501)

GNSS 1 (DPS i4) GNSS 3 (DPS i4)

Figure 2: PRS Groups

As you can see from Figure 2 above there are a number of position reference system inputs that can be
utilized by the DP system. The Concern is that by providing an INS solution based on GNSS or HPR that
is interfaced into the DP system, we do not want to also the feed the same GNSS or HPR directly into the
DP fsystem, effectively duplicating these inputs, We had to ensure that if ONYX 1 was in use by the DP
system, then HPR1 and GNSS 1 could not be directly connected to the DP system.

As part of the design, and as this specific integration was being done for the first time on a DP3 drillship,
we ensured there was a method to support the graceful degradation of the system. So that if a MGC or
ONYX component failed, it’s related HPR or GNSS can still be utilized by the DP system. This ‘switch
over’ would not be done automatic and must be initiated by the DPO.

Further to improve the availability of the system, the user interface was decoupled from the integrated
navigation solution. In that the HMI to interact with the ONYX navigation software is executed on a
physically separate computer.

Another key consideration, as this was a new integration, was data logging. In order to tune, troubleshoot
and improve the performance and reliability of the ONYX system, Kongsberg implemented the ability to
log the IMU, GNSS, HPR and differential observables and static configuration data such that it could be
reprocessed on shore. As part of the logging, time synchronization was a pre-requisite so that all
observations across multiple systems could be compared on a common time basis.
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Figure 3: Simplified block diagram for INS Centric integration with DPCS

Figure 3 above provides a simplified view of one ONYX system, as mentioned earlier three were installed.
To ensure a single fault or component failure does not propagate to multiple systems, segregation of the
ONY X systems to align with the preexisting AUTRO design was incorporated. This included, but was not
limited to, system locations, power distribution, cable runs, antenna locations, network connectivity.

PRS Monitoring System

The PRS monitoring system was designed as an independent method of aiding the DPO in decision making
in relations to spatial measurements used and generated by the DPCS. In the delivered configuration, it
aids the DPO by providing a consolidated view of the quality of different aspects of these measurements.
There are similarities between what this PRS monitoring system does and what is inherent in a DPCS.
However, it is the displayed differences between all available PRS solutions that provide the value to the
operator.

In order to accomplish this, the PRS Monitoring System has access to both the spatial information used by
the DP system as well as the model position processed within the DP solution. With the introduction of the
multiple ONY X systems, the PRS monitoring system’s value was more significant due to the number of
redundant observables in similar spaces. This included absolute geographic positions, heading, pitch, roll
and relative systems such as the electronic riser angle solution. The geographic positions did not only
include GNSS, ONY X and HPR but also DP Model position.

A simplified user interface was provided to the user to indicate if any of the inputs deviated from the
expected performance.
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Figure 4: Screenshot of PRS Monitoring system Ul.

Section 3 — Inertial Measurement Unit Specification

As described above the quality of the gyro and accelerometer within an inertial measurement unit (IMU)
determine the performance. When defining inertial sensor performance two additional critical factors need
to be considered, the operating temperature range and the vibration environment that these sensors will
have to work within. In this case the performance is required through a temperature range (-5°C to +55°C)
and throughout a vibration range described in the standard IEC 60945 (Reference 4). To understand the
performance of the sensors integrated by KM initial bench tests were completed and the Allan variance

plots from these tests reviewed.

For the specified requirement 20m (1 sigma) free inertial drift over 15 minutes. The following sensor

specification can be defined based on simulation:

Gyro*:

Range (Drillship) <+/- 150°/s
Bias Instability 0.0002°/h
Angle Random Walk 0.0008°/~h
Accelerometer*:

Range (Drillship) <8g

Bias Instability 0.5 microg

Velocity Random Walk 3.6 micro g/vhz

Figure 5 Simplitied Diag of an INS

Note that these sensor specifications are theoretical and were used to run the simulated Monte Carlo analysis

as discussed below, they are not indicative of the MGC-R5 sensors
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Figure 6: Allan Variances for the simulated sensors that would deliver the required INS performance

These sensors were simulated, and theoretical Allan variance plots completed — the results are shown above
in Figure 6. An Allan variance for an inertial sensor proves great insight into the performance of the sensor.
Looking at the elements of the Allan variance below in Figure 7 you can see where the Bias Instability can

be determined and where the Angle or Velocity Random Walk can be determined based on the various
slopes within the plotted sensor data:

(M)A
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Figure /7 Allan variance elements

To look at the “free inertial drift” of an INS solution based on these sensors a Monte Carlo analysis is
completed where a large quantity of “free inertial” drift runs are simulated to show what the expected
average performance of the final solution will be. The Monte Carlo analysis below is again simulated using

the sensors specified above, but the inertial propagation is ran for 1,000 consecutive runs and the mean of
the expected free inertial drift is identified.
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Figure 8: Monte Carlo run of simulated INS — 1,000 samples
After the design goals were set based on the simulations the design criteria were fully defined.

KM then developed and prototyped two variants. Initially the MGC-R4 and then finally the MGC-R5. The
R5 would be the variant that was targeted at the 15minute 20m 1 sigma free inertial drift requirements.

The physical KM prototype IMU’s were tested, and the results plotted. The MGC R4 was tested in 2019
and within 8.5m the free inertial drift was found the <=20m and the MGC R5 was tested in May 2020 and
found to be <= 20m in 15 minutes.

A note about the practical aspects of testing inertial navigation-based systems.

When designing the Monte Carlo simulation above it is relatively easy to define a valid sample size to
simulate the performance of the simulated sensors to 1,000 free inertial runs. Even these types of
simulations can take a 24-hour period to run. When testing physical inertial sensors or systems a
consideration for the practical aspects of data collection has to be made. Obviously, we cannot cost
effectively complete 1,000 20-minute alignments and then free inertial data collection for 20 minutes with
a sensor on a bench without expending significant cost.

If we than take this consideration to the complete integrated solution onboard the vessel - it is not practical
to insist on collecting 100’s of free inertial data sets onboard a drill ship. But for type systems accepting a
single, or two or three free inertial runs is not sufficient to test these solutions and prove compliance. In this
case the offshore vessel baaed SAT collected a combined twelve free inertial runs for the MGC-R5 and six
free inertial runs for the MGC-R4. Reviewing the spread of this data provided us with enough data to ensure
the conformance of the physical sensors/system to the stated specifications.

Section 4 - System Trials and Acceptance

As the reader may be aware, the qualification process for a new system can be exhaustive, as was the case
with the ONYX INS for use on a DP3 drillship. Proven in use components were leveraged, allowing the
team to focus on the new integration of these components including the software and the MGC itself.

As discussed above the pivotal component in this application was the IMU performance. Based on
Kongsberg and ZUPT’s decades of experience with inertial navigation systems, exhaustive modelling was
done to ensure the sensor selection would be able to achieve the 20m/15min free inertial drift requirement.

Leveraging an existing Kongsberg IMU (MGC-R4) design that was close to the required performance
enabled the system prototype development and then vessel-based feasibility testing. This included lab
testing, near shore testing integrated with the ON'Y X system then installation and field trials on a drill ship
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in operations. The field testing of the MGC-R4 provided some positive indications as it was close to the
MGC-RS5 anticipated performance.

Once available the higher performing MGC-R5 needed to be fully evaluated as well. The R5 had to then
be integrated into the ONY X system. This was further field tested near shore in Trondheim as a system as
illustrated in Figure 9 below. These field trials occurred in 2021, where we integrate the MGC-R5 Inertial
sensor, with GNSS and LBL. The tests included an LBL array deployment and integration into the solution
and then tests where the LBL system was degraded down to a single transponder. The system performed
well with uninterrupted station keeping on a single transponder for an extended period of time (until we
stopped the test). This proved to us the improvements in acoustic coupling compared to the prior trials. This
also proved that the free inertial tests were within specification as well as confirming the importance of an
accurate speed of sound and the absolute array calibrations.

Oct 2019
First Dynamic Trial
Trondheim Monitos

Mar 2023
CAT Testing
Singapore

Oct 2022
Traditional DP FMEA
Singapore

Pagti v ve sty s 1 s vy ey

Once the system had demonstrated that it could mee the required performance specifications through FAT
and Trails the ONY X systems were installed on the Deepwater Titan and integrated with the DPCS and the
PRS Monitoring application. The sea trials to qualify the system for operation were completed over two
separate campaigns in very different operating environments:

1. DP FMEA and CAT for the ONY X system - shallow water, south China sea.
2. Chevron IAT — deepwater — Gulf of Mexico

The “just out of the shipyard” shallow water CAT was completed offshore Singapore early in 2023. This
was our first chance to evaluate the integrated GNSS, INS (MGC-R5 and MGC-R4) and acoustic solution
as delivered and installed on the vessel. Detailed QC of the dimensional control data for the PRS
components was performed. The primary focus was the free inertial performance of the three Onyx systems
and the performance of the DP system with and without aiding. Sallow water LBL performance in the South
China sea was not what we would expect to see for normal deep water drilling operations.

The results of the CAT free inertial tests are summarized in Figure 10 below.

Free Inertial Drift Test Results
Onyx 1 MGCr5 Onyx 2 MGCr4 Onyx 3 MGCr5
15 min test 8 min test 15 min test

Dynamic Static Dynamic Static Dynamic Static
9.49 16.69 3.08 23.03 25.02 10.17
19.48 18.34 19.30 3.47 3.11 6.76
22.23 19.30 15.24

24.94 10.77 24.33
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Mean of above 15.01

Maximum value | 25.02 Minimum value | 3.08

Figure 10: Free inertial test results for MGCR4 and R5.

The Final Sea Trials in the GOM (IAT) occurred During May 2023 upon vessel arrival into the GoM. Final
punch items were reviewed, and the systems signed off. This included the first deep water absolute dual-
LBL array deployment and calibration for the vessel. The final acceptance of the monitoring system was
included within this work. The agreement between the two LBL/GNSS aided Onyx solutions were within
0.35m — this in 1,290m water.

Section 5 - Key Changes to Operations and Lessons Learned

Absolute Calibrations

Until the implementation of this type of a system the DP drilling/diving industry (as opposed to the marine
construction industry) has never really embraced LBL as an absolute referenced positioning solution. The
use of SBL, S/USBL and then later LBL (as water depth increased) as a PRS in the drilling sector was used
purely as a relative PRS as there was no need to know where in the world the LBL transponders had been
deployed. As this INS centric solution integrates GNSS and acoustics into the INS all aiding systems need
to be in the same reference frame. As GNSS systems are an absolute reference system then any acoustic
component has to be in the same absolute reference frame for the system to perform. We received several
comments from the DPO’s as we worked through this education process. But some attention to detail is
required to ensure that the acoustic aiding and the GNSS aiding plays well together within the Onyx
solution.

Attention needs to be placed on regular sound velocity profiles (SVP), a good absolute calibration for the
LBL array, a good S/USBL calibration to provide the best benefit from this system as well as precise
dimensional control of the installed PRS components (acoustic transceivers and GNSS antennas, etc.) on
the vessel. On one of the deep-water tests, we were concerned about a 55cm offset between LBL array 1
and LBL array 2. Ten years ago, we would have been concerned about a 5m offset between the two systems
and delighted with a 55cm offset.

Because a large part of the work for this vessel is production drilling at defined drill centers Chevron has
pre-installed and pre calibrated LBL frames. These pre-installed frames allow for the vessel to arrive on
site — populate these frames and go to work faster than the vessel deploying and calibrating their own array.
It also means that drilling will be working in exactly the same reference frame as the rest of the field
development. The vessel has also already operated at a location where the full LBL array had to be deployed
without the use of frames and the array absolutely calibrated.

Well Specific Operating Criteria (WSOC)

The WSOC also referred to as the WSOG or for other vessel types ASOG, is used to provide instruction
the vessel’s marine operation team and in particular the DPO defining in this case the equipment
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performance limits considered for safe DP operations. The WSOC also provides operator action as these
limits are approached or exceeded. Consideration of INS Centric DP was necessary to update the actions
and criteria. This is illustrated in the example shown in Figure 11 below.

[Well Specific Operational Criteria - DPO ]

Definitions & Notifications
Condition Green Advisory Yellow
Defintons => Normal Operations Roqures Risk Assessment, | Propare for Disconnect Disconnect
continue operations with (csplace nser if time aliows).
mitigations returning to Green,
or escalate 10 Yellow.
Sensor R
Condition Green Advisory Yellow
Position Reference Al systeems working, 3x Loss of 1 ONYX systern A) Loss of one principle No reference systems
ONYX enabled. ONYX 1and reference group (all DGPSs or |available + LFJA warni
3 aided by DGNSS and HPR. al HPRs) and unable to >2°) of imm
ONYX-2 is alded by DGNSS. reinstateB) Poor performance Jconfiumation
C-Nav is in monitor. PRS in all enabled systems e controied
Mondoring system is enabled

Figure 11: An example WSOC specific to INS Centric PRS inputs

Section 5 - Next Generation and the Future

Integration of Inertial Navigation Systems for DP operations

We collectively see the future of capable INS systems being directly interfaced to the DP desk, rather than
remaining within the PRS sub-system. A high specification IMU is not only invaluable for integrating
positioning systems and providing long term aiding system outage coverage in free inertial. It is also a very
accurate heading and attitude sensor. These IMU’s also supply high update rate, low latency velocity. Today
we could describe exists as a Kalman (GNSS receiver) feeding data into a Kalman (INS centric solution)
feeding data into a Kalman (DP model). In the future the IMU needs to be directly interfaced (fused) within
the Kalman or adjustment that is running within the DP desk to replace the equations of motion that are
developed within the system today. These IMU’s precisely measure directly the vessel motion in real time.
This will allow the control within the DP solution to significantly improve based on immediate highly
accurate velocity/acceleration feedback once thrust controls are demanded.
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Monitoring system — needs to be more intelligent:

If we assume the INS is more closely coupled into the DP system as described above then the monitoring
system also needs to advance to the state where the solution is suggesting where issues are arising, not just
displaying data.

A receiver autonomous integrity solution (RAIM) type integration that predicts issues within one of the
constellations of the GNSS solution (spoofing, or issues with corrections) or within the acoustic positioning
solutions (LBL beacon failure, movement or transceiver SNR problems) will be able to unload the DPO
and provide them with the reason for any issues with the PRS’s or system. The current solution provides
time series plots of data to allow the DPO to dig into the various system components and discover the reason
for any form of PRS degradation. It is a start — but this solution really needs to provide answers to DPO’s
not just data.

Conclusion

After an extensive development and test program we have deployed the first INS-Centric DP system. This
system was found to be a very capable Inertial Navigation-Centric approach and has been installed and in
operation on a state of the art, deep water drilling vessel. Along with the INS Centric solution an
independent Monitoring System has been developed and is included to assist DPO’s. These combined
systems have been approved by Class

Improvements have been made to the Electronic Riser Angle monitoring system that has added resolution,
update rate and data accuracy.

The impact of these developments:

Improved stability of PRS information in DPCS.

Improve the monitoring of Satellite v Acoustic systems — the INS knows which system is good.
Monitoring System Assists DPO’s in making decisions early.

The ERA system provides ground truthing to where the well is.

INS approach allows 15 minutes of DP operation after all GNSS and Acoustic systems fail.
Revised WSOG assists DPO in procedures in event of a problem.

We are an order of magnitude closer to our aim of providing Station Keeping Capability with zero chance
of DP run off due to Position Reference Sensors.
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