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What is a Digital Twin? Propulsion Analytics

A digital twin is a digital representation
of an intended or actual real-world
physical product, system, or process
that serves as

the effectively indistinguishable digital
counterpart of it for practical purposes

Metrics:

1. Accuracy

2. Speed of execution

3. Ease/cost of construction
4. Ease/cost of maintenance
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Where are Digital Twins useful?

System Brand-New

Credit: Business Process Incubator L'

What has changed?
- Diagnostics

N

Current Condition

Credit: GE

Where are we now?
- Current performance

Engine Fault diagnostics
Vessel hull/propeller fouling

MARINE

Prognostics

Credit: Aapsky

Where will we be?
- Future predictions

Vessel current performance status
FOC/Speed tables

—

e

Performance predictions - ClI
Maintenance decisions

R

N
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Types of Digital Twins Propulsion Analytics

“Physics-Informed”
Machine-Learning

—

“Physics-based” Machine-Learning

* Analytical e “Grey box” * “Black box”

* Fixed relationships - prescriptive * Partly fixed relationships e Can describe very

* Tuning factors - empirical e Useful for many complex relationships
* Reliable engineering applications * We don’t always know
* Expensive up front — limited need to monitor what happens

Limited flexibility to changes in system operation Can require effort to

monitor
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Why is Al/ML so popular? Propulsion Analytics

The right place at the right time
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“Success with Al/ML is not about algorithms, but mostly about good data”
Mark DePristo, former Group Head Google Brain
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Types of ML Algorithms Propulsion Analytics

Overview
Supervised . . Unsupervised
Learning Machine Learning Learning
Goal: Goal:
Predict outputs from inputs, given Uncover structure within
labeled training data Reinforcement unstructured, unlabeled data

Learning

Goal:
Learn actions to maximize outcomes
in an environment
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ML for Digital Twins Propulsion Analytics
Problem Shape

Things you can measure Things too complex to Things you can measure
(inputs) understand/model (outputs)
A X
Complex process
H x

f(x)=y
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Digital Twin: Physics-based or ML?

(Not so) simple choice

v" Describing the

process
v' Covering all likely _

operating ¥ Reliable under

conditions all conditions

Does a good

Is there enough Is the quality of

o NO
Physics-based < data? 3 the data good? )
solution exist?

YES NO NO
v" Accurate
v Inexpensive
v" Fast to run

“»| Physics-based
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Where does this leave us? Propulsion Analytics

Marine Applications

Continuous Engine Performance Monitoring

20.0 4
17.5 Ii
Does a good i
Physics-based 15.0 i
solution exist? 1
YES =125 ,
s
g
“»| Physics-based £ 10.0r--——-mm g
i 75 /,/’/“
5.0 /,//:.._ o it
—————————— B L
. . 25 r,ﬂ’ e ;‘;\..‘t o2 ) P oot
Characteristics: R et
* Many possible operating conditions 2% - man o S . 7 0
ranksnatt rotational speed [rpm
* Increasing number of parameters
* Requirement for accuracy under all * 3 months operation
operating conditions 3 years operation

—o— Shop test points

i 1 Operating range for thermodynamic digital twin
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Where does this leave us? Propulsion Analytics

Marine Applications

Continuous Engine Performance Monitoring

Construction Maintenance

Accuracy Speed

Cost Cost
pose a sond Mach!ne Low High Low Med.
prvsics used [ Learning

Shop Test Low High  v.Low v.lLow
ﬁ Reference
o Thermodynamic . .
Model High High Med. v.lLow

Characteristics:

* Many possible operating conditions

* Increasing number of parameters

* Requirement for accuracy under all
operating conditions

What can be achieved:
v’ Early fault diagnostics
v’ Differentiation between sensor and actual faults
v’ Estimation of efficiency penalty from fault
v Analysis of trends for prognostics
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Where does this leave us?

Marine Applications

Vessel Performance Monitoring

Characteristics:

* Varying operating regimes

* Very complex interaction of parameters —
different for each vessel

* High accuracy needed

Physics-based models exist
but
Often cannot capture very complex effects
Design does not always correspond to reality
Issue of error summation

Does a good
Physics-based
solution exist?

Weather

Wind

Wave
making

Friction

Propulsion Analytics
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______ | roune O

—

— Resistance Comp. Models

Measured Model based Power

Power

Is there enough

Calculation

Is the quality of
the data good?

Physics-based |=

— Limited data available — Physics-based
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Where does this leave us? Propulsion Analytics

Marine Applications

Power vs STW propeller law comparisons

Data's Propeller's Law for good weather.
A A 140001 ~—- Model's Propeller's Law for good weather. .. v 50
Vessel Pe rforma nce Monltorlng —-— Data's Propeller's Law for bad weather. ';%,.‘ /}’
——- Model's Propeller's Law for bad weather. © ) 'd ,’/
12000 | % N ///
[ § L

Data availability: TR e

3
|
8

: LK e m%
* New technology and competition pushing sensor, e P o
. e * 6000 | LR //fﬁ-qff'i’, ey £
DAQ and data transmission costs down T - o
* Legislation pushing for increased sensor adoption R

_—
—
— -

o
=
=]

STW (kn)

Real Data vs Physics Model Predictions vs ML Model Predictions

When data is available ML models clearly superior

—— Real Data
-- ML Model Predictions
-- Physics Model Predictions

M 10000+
Importance of data accuracy!
Power, FOC and STW most important parameters e ™

- Corroboration of log speed and onboard meteo o]
data with Metocean data
9 Valldatlon for torque and FOC 0 250 500 750 1000 1250 1500 1750 2000

Datapoint
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Who we are

At W we specialize in Performance Management Solutions for the maritime industry

We use Simulation models, Data analytics & Machine-learning to provide:

.‘ Engine Hyper Cube® Engine Performance Assessment & Fault Diagnosis

Q VesselQUAD® Vessel & Engine Performance Evaluation & Decision Support

»va| ADQM Continuous Data Quality Management

2014 2016

Founded Selected by WIN GO

Simply a better different
Athens and Piraeus  f5r the development of their on-board
Greece

Engine Diagnostic System EDS

2020 2022

Ship CBM with Patent EP 3810498B1 - .-

M Remote assessment of
DNV o\ imovatin ship propeller fouling "




Engine Hyper Cube® ."

Engine Performance Evaluation Software

The most advanced

engine performance monitoring solution.

Enables the
continuous monitoring of engine performance
and the

automatic identification of the source of any
underperformance

Fuel Consumption

2888 .

BSFC

185.0 wm

BSFC History
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Core technology Propulsion Analytics

Digital Twin — The Reference Model of each engine

We create the
“Digital Twin”

We don’t just use the engine shop tests
as a reference - we calibrate a full
thermodynamic model.

The Thermodynamic Digital Twin
provides the “reference” values of
all performance parameters

at any operating condition,

leading to more advanced and more
accurate diagnostics and predictions

15
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Engine Hyper Cube® ."

Engine Performance Evaluation Software

Measured data

141.8.. 1103.. 31.5. -04.. 2477 .. 468 ..

(instant) Reference o Sh FERT . TG TeRi. AR

2550w 130w 328.7 4w 79.6., 109.0 . -106.5 ..

ENGINE
THERMODYNAMIC
DIGITAL-TWIN

Engine Hyper Cube® can function with either
intermittent (monthly) performance reports or
continuous data for immediate identification of engine underperformance

Propulsion Analytics
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Engine Health Monitoring and Prognostics

Automatic early identification of faults
Identification of sensor errors
Quantification of effect of fault on FOC
Fault prognostics

<N XX

Engine Performance Optimization

v' Recommendations for engine performance optimization

Virtual Sensors

Torque
Verified Power v ;Ialidatioln of;(ey measurerlne:‘ts
or vessel performance evaluation
FOC (CO,) S valiat
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Engine Hyper Cube® ."

Engine Performance Evaluation Software

Market Success

Forms the basis of the Engine Diagnostic System (EDS) within WiDE - WinGD Digital Expert

Propulsion Analytics
NN N T

WIN Guo

Analysis Part Consolidation OUTUO.; . . . . .
I on-board and on-line system with Engine Hyper Cube® ." inside
Part

o » LENS

wawrre ) BERGEBULK CMACGM COSCO eaglestar
-— NS

3\ N e e 5 S
et cacioc WD oML @ KYKLADES MARITIME SCF \‘ WAN HAI LINES LTD.
= - — 3 LATSCO
KUWAIT OIL TANKER COMPANY t EVERGREEN ’GSI [ Bl NOVA

More than 300 installations on marine engines to date (>150 WinGD, ~100 MAN 2-stroke, ~50 DGs)

Universally applicable condition monitoring system for any engine technology, from any engine maker.
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Engine Hyper Cube® ."

Fault Statistics from Engine Hyper Cube® Service

Fault Statistics for Marine Engines between 2018-2021

Average 3 faults per vessel per year
Even split between ME and AE issues
>50% of faults in the injection system

Increase in FOC caused by fault:
* Average: +1.2g/kWh

* Highest: Compression issue, >+5g/kWh i.e.
>1ton/day @10MW

12% are measurement faults, from wrong reporting
or faulty sensors (often torquemeter out of
calibration)

Propulsion Analytics
N S

O IETRY

Main

Engines Engines

Measurement

fault
Other

component

o Injection

Turbocharger issue

Compression SyStem



Engine Hyper Cube®." Propulsion Analytics

Examples of Faults Detected

Performance parameters chart Bl JValves | Load Diagram Cyl. Compression pressure Values Il ]pif.%
= 20000 : . T #*
SFOC [16.51%] L:-5% He+5% = —crgine bmi 2
. . ° £ 18000 |7\, Shop Tests 46
D O N . . ‘3—? "\ Sea Trizls
° Fuel Consumption [16.81%] L:-5%,H: +5% = 16000 4
2 Measured
Reference 42
Indicated Power [0.00%] L:-4% H:+4% ‘ 14000 /
12000 40
Shaft Power [0.00%] L:-4%6,H: +4% ‘ 1 2 3 4 5 6
Suezmax ME:
. Cyl. Firing Pressure [-17.79%] L4, H:+4% - a000 Cyl. Firing Pressure values L Joittse
=
5
. . -
75
Water contamination of fuel
Cyl. Pfire - Promp [-86.11%] L+-25%, H:+25% 70

caused damages on all injector

TICspeed [-8.45%] L%, Hi+4%

65
0 60
50 60 70 80 90
1 2 3 4 5 L]

Rotational Speed [RPM]

plunger barrels and suction

T/C speed Volves ML 10if%  Turbine Inlet T vewes Mot Cyl. Pfire - Pcomp Volues Il pifr.s
Inlet Receiver Temperature [14.97%] Li-12%,H:+12% & 5900 ‘5 400 g 0
valves S .
O 5200
AJC Air Tnlet Temperature [5.14%] L:-8%,H:+8%
360 30

5000

AJC Pressure Drop [-9.10%] L:-25%,H:425% 0 ' 20
. - T T i ey N R
* No temperature deviation - . - : ‘ S

b etwe e n Cyl i n d e rs Cylinder Exhaust Gas Temperature veives MLJ0i% | Indicated Mean Effective Pressure Valves L Joiff.%
O . 8 7 [l 2 . 1 lg/kWh]

e No limits exceeded 0.87 0.8

Reference Reference

Cyl. Compressionpressure [7.90%] L:-4%,H:+4% - 6000

9

8
7 - I | -
6

1 2 3 4

[bar

- Inability to detect fault without digital twin




Engine Hyper Cube®." Propulsion Analytics

Examples of Faults Detected

Cyl. Compression pressu.. |¥| | Cyinder 7 v
Importance of Reference Accuracy: Cyl. Compression pressure
= 150
VLCC AE: = 140
130
May-June 2020: 20
Detection of slight compression issue on cylinder 110 o I I l T
#7. Instruction to limit use and power of AE. e
g0
L
80
October 2020: -
Test showed severe underperformance of cyl. #7. 60
50
. 40
November 2020 06/03/2020  29/04/2020  12/05/2020  23/06/2020  28/10/2020

Overhauling showed cracked piston bushings and
debris causing damage to piston and liner

— Early detection allowed unloading of engine,
improved planning




Engine Condition-Based Maintenance

Methodology

We integrate 5 established CBM methods:

o
N

Engine Hyper Cube®

Cyl. Qil
scrapes

Vibro data

Component
wear
measurements

Use-based RUL

CONSOLIDATION

CBM MODULE

Diagnostics /\

* Component condition
« Effect on FOC

* Combination of methods
* Machine learning
* Expert insights

111

PMS

Propulsion Analytics
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Spares

ERP

*Remaining Useful Life
Prognostics

Informed decisions to
extend TBO
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Engine Condition-Based Maintenance

Methodology

-

\_

Letter of Professional Opinion from DNV on
Engine Hyper Cube® accuracy and use
“as an additional tool towards CBM for marine engines.”

N

Propulsion Analytics
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Propuision Anaiytics IKE DNV Hellas 5.4
atzikyriakou Ave Mariime R&D and Advisory
9537 Piraeus 5 Aiolikou st
Grece 8545 Praeus, Greece
hane: +30 210 41 00 200
Date: Our reference: rour reference:
04 11320031 senvice assessment
LETTES OFESSIONAL ROPULSION ANALYT
DNV Mariime R&D and Advisory (DNV) has particpated in ajoint project with Propulsion Analytis (PA) under the funding
of EEA and Norway Gran

e ;
- The PA Engine Hyper Cube (EHC) methodoiogy Uses an engine process simulation model to create 3 digital
win of any engine in cperation.

2 wide range of

used for enge power 5
- The EHC methodelogy and appiicaion can be used io create reference for engmne health and performance
HC met: : = e e

DNV Maritime Advisory acts independently and autonomously from other omganisaiional divisions whin DNV. DNV
Mariime

Altoikou 5, Piraeus 185245, Greece,

Successful pilots on 7 vessels (M/E, A/E)

DNV

Ongoing pilot on 1 vessel

WIN GD




Engine Hyper Cube®." Propulsion Analytics

Component TBO Extension Examples

Vessel main engine piston overhauling extended:

2019 2020 2021 2022
- @ ® @ >
16000 hours 23'000 hours 32'000 hours
Recommended Overhauling One cylinder checked Drydock

Extended TBO by 16’000 hours

At 16’000 hours all pistons overhauling delayed based on
good performance reporting from EHC and oil analysis

- Savings in spares and maintenance costs

At 23’000 hours only one cylinder checked, no issues -> Savings in maintenance costs

At 32’000 hours vessel into drydock, no issues with pistons
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Engine Hyper Cube®." Propulsion Analytics

Vision

»

ENGINE HEALTH
MONITORING &

PROGNOSTICS
Data =
Validation
ENGINE
*" PERFORMANCE
“ OPTIMIZATION
VIRTUAL
ENGINE | ; SENSORS
THERMODYNAMIC 0.
DIGITAL-TWIN
EHC @ CBM
CONNECTION TO
SPARES
PROCUREMENT
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Optimal
Engine
Performance

Reduced
Troubleshooting

Measurement
Validation

Reduction in
Maintenance
and Spares
Cost



Engine Hyper Cube®." Propulsion Analytics

Engine Performance Evaluation Software

Measurement Quality Index Fuel Consumption

2888 i

Value for the customer:

92 % i 79 %

Avoid engine underperformance and
downtime . . * s o+ . = 5 1850 Lokl

Reduce troubleshooting time
Optimize engine performance

Validate key measurements for vessel
performance analysis
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VesselQUAD ©

The most accurate
vessel AND engine
performance assessment
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. : Propulsion Analytics
Q Combined engine, vessel and Aropuision Anafytes

il -V g

lf”:elemi;ry ™, fleet performance evaluation
) i VesselQUAD®

'

EngineHyperCube’

’ Engine

Filters

telenor | marit > o~
,( elenor | maritime performance & emissions
evaluation
Torque,
FOC
verification
KONGSBERG Engine
Underperformance?
Ship View I
Management View I
Operations View I
Technical Dept. View
@ Vessel & Fleet = - 3o
performance evaluation MR =
QUAD :'ﬂ ﬁ)n |.| I |'C\?\ T
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VesselQUAD® @ Propulsion Analytics

Combining Engine and Vessel Performance Evaluation

Measurements

Data Analytics/Al
on continuous vessel data

Performance Evaluation Performance Prediction

H Clean Vessel Mode/ ) H Current Vessel Model

v" Underperformance evaluation and v v' Up-to-date speed-FOC tables — input
quantification — fouling/weather/engine for chartering

v" Hull/Propeller cleaning suggestions v Input for vessel optimal routing

v’ Past cleaning event evaluations v Cll projections

v’ Evaluation of vessel adaptations/paints
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Cll Evaluation & Prediction { Q Propulsion Analytics

PN N
VesselQUAD®
Historical ClI Future ClI
Understand the past Predict the future
E E
.ié Current Cll % _______________________ D
: 2| T c
éﬂ B § --------------------- B
A A
v’ Understanding of contribution of different trips v’ Study of different scenarios:
(idle, ballast, laden) on ClI * Operating profile
v’ Detailed analysis of source of underperformance * Speed
(weather, fouling, engine) v’ Study of effect of timing of cleaning events —
v’ Detailed understanding of effect of adaptations help with decision making
v’ Forward look on performance in future years

(performance devices, hull paints etc.) on Cll
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Vessel

QUAD® <8~

Examples from Vessels Monitored

% Power Change

15

10-~-
5
D_ J—
_5-- ==a
L]
—-10 b A o n 5, 2, & A o
o & S y , & . [ &
ﬁ@' o b 5? e &> ) o o
P 1= A T "y 1 A= 4 1

- Importance of data quality/validation!
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Fesaling Lirear Tremd - Messured
Fenaling Lirar Tremd - HC Carrecled
Power Changes - Meatured

Power Changes - HC Cormectad



VesselQUAD® 8. Propulsian Analytics

Vessel & Engine Performance Evaluation Software

Value for the customer: aadalciiAB

Key measurement data validation

Real-time identification and analysis of
vessel & engine underperformance

Detailed engine fault diagnostics

2019-09-05 Subsea Global Solutions

Hull/propeller fouling analysis and
cleaning decision support

Accurate current vessel performance
for chartering and weather routing

Detailed CIl analysis and projections
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Digital Twins Propulsion Analytics
for Marine Asset Performance Monitoring

Summary

Digital Twin applications are available today — can help with:

Engine fault diagnostics and optimization — retain high availability and reduction in troubleshooting
time and FOC/emissions

Vessel performance monitoring — improvement in performance-related decision making and
FOC/emissions management

Physics-based approaches are established but not always feasible or viable

ML models are emerging, but not ideal for all applications; they require:
 Continuous, high quality data — increasingly available, cost-effective
* Detailed understanding of processes involved

Different solutions are appropriate for each application
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