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Formulation of control and
optimization problems aiming to:

» Ensure Process Stability and Safety

» Flow Assurance (prevent: hydrate, paraffin,
asphaltene, fouling)

» Ensure Quality Specification (oil, water & gas)
» Maximize Production (oil & gas)

» Maximize remaining useful lifetime

» Minimize Losses (flare & T0G)

» Minimize Energy Consumption (heat & power)
» Minimize Operational Costs (maintenance &

shutdowns)

» Minimize Process variability



= Introduction: Subsea Processing

LADES

‘ Accelerates the production during field lifespan.
Makes the production in remote and marginal fields
feasible.

Improves recovery and production rates from the
reservoir by reducing backpressure on wells.

‘ Provides advantages in flow assurance risk management.*

!Kondapi et al. (2017)



¢ Introduction: Subsea Processing ¢

Subsea processing installations

Difficult access
High intervention costs
High complexity

External disturbances LSl

Parametric uncertainties ISiiiEEIRk1F!

SISO RVl IS Simplification in the model

Measurement errors Noise and/or sensor lack

Operation under uncertainty?

2Krishnamoorthy et al. (2016) 7



PEQ™” Introduction: CAPE Tools LADES
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€2  |ntroduction: Digital Technologies .

LADES

Cloud Computing  AJ Deep Learning
Digital Twin Machine Learning

Transfer Learning P S E Reasoning

Big Data
g Quantum Computing 0T

Reinforcement Learning Soft Sensors

Industry 4.0



=" Introduction: Digital Technologies ¢
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=" Introduction: Digital Technologies %
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Remote Monitoring

Process Control

Process Optimization

Downtime prediction

Data-based model 12



Fundamentals
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PEQ = 5D Modeling Approach
My, = f(PE,VM,Ss,DD,CN)3

* Physical Entities (PE): physical laws + uncertainty;

* Virtual Models (VM): first principles, data based,
stochastic, and rules from experts;

 Services (Ss): monitoring, optimization, diagnosis,
prognostics and health management, advanced control,
soft sensor, health-aware control;

 Digital Twin Data (DD): multi-temporal scale, multi-
dimension, multi-source and heterogeneous data;

» Connections (CN): CN_PV, CN_PD, CN_PS, CN _VD,
CN_VS, CN_SD.

3Qietal. (2019) 14



PEQ™ Fundarnentals: 5D Models
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[{PEQ™

PE

Fundarnentals: Data driven e
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4Soares (2020) 16



¢ Fundarentals: First Principles %

PE: conventional and pre-salt platforms, including production well
and riser, topside separation equipment (3-phase and electrostatic
separators, molecular sieves, gas-separation membrane, hydro-
cyclones), gas compression cycle and auxiliary equipment (flash
vessels, heat exchangers, PID controllers, etc.), subsea processing

(3-phase LLV or LLL separators, pumps, heat exchangers, valves).

VM: equipment library implemented in EMSO (Environment for
Modeling, Simulation and Optimization), an equation-oriented

simulator and optimizer, with an object-oriented modeling language.
17
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Fundamentals: First Principles
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0 Digital Technology Infrastructure “w

Data modeling and sytems
interoperability

Industry

Required infrastructure

Human-Machine Interface
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Objective of this Presentation



“@ Objective of the Presentation e

Brief overview of Digital Technologies developments carried out
at LADES/PEQ/COPPE-UFRJ for offshore and subsea O&G

B |

applications.
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Portfolio of Case Studies
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2™ Ss: Short-Term Production Optirization ~*¢

PE: Wells and topside VM: First Principles, Ss: MILP-MINLP

x;,f

Water treatment availability

\;f

Qil treatment availability

Gas lift rate control

Wellhead pressure control

zas flare rate control

e

_

Compression availabiliies

Well open/close control

|:|: i|:|7 DIQItE“ TWIn Ellnd REE' Inection well open'close control
Gas export pipeline availability Time C]ph_mmatmn
algorithm 5Ribeiro et al. (2019)

°Carpio et al. (2020) -,



PEQ” Ss: Short-Terr Production Optirnization a8
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6Carpio et al. (2020)
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Reduction in flowrate (%)

Reduction in flowrate (%)
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*@ Ss: Data-based Self Optimizing Control ¢

PE: Well & Choke, VM: Data-based Linear Network, Ss: SOC’

oo e e s Kot -6, [
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1
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NI Quadratic model

J = Bo+ Py + Bayz + -+ + BusaVi + Brr2Y1V2 + Brin+1Vn
"Jaschke & Skogestad (2013)

1
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*@ Ss: Data-based Self Optirnizing Control

Linear network: | = B, + LW(B{ + IW - y)
NN Ny But database are:
] =B +Z lw; - ziw- + by, OH.Ug?;.
ol & LECR o Significant amounts of useless data;
- o Measurement noise;
NN | o Outliers;
Po =By + Z(lwibli) be = Z lwjiwjr | o Frozen values;
i=1 j=1 o Missing values...
1) Collect and scale data; It is important to select the best subset of
variables
2) Find G¥, G); ﬂ
3) Find H and compute the loss; EVALUATING THE LOSS!
: 111 L
4) Choose the H with the lower loss. Lav = H]iu(HGy)—lH[FWd will
8Dias et al. (2019) F = (;31’ — GV 4 Juu = G;]nyy Jua = Gg'T]nyy
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Ss: Data-based Self Optirnizing Control = v
J = Wpo — 01w, Comparison between Exact Local method (model based)
' and data-based method:
W
Pun p? Wpo No plant-model mismatch With plant-model mismatch
Woe _4 Y 32 | | | | | ;DBS(SC . | | | | | ;Dsséc
T e or | Twesoe 0 ~_masoc]|
Pat l dl Ty i 28 ) |
! ﬂ“' %2# §24’
i
l 'l 22 22
AN 20 20
b L T T T S T
VIr ' l Time [min] «108 Time [min] %108
W
ar DB for SOC can be better than MB and does not
Reservoir | require a deep knowledge about the process neither a

derivative step, but require large set of historical data.

G' & G, from data:
o
‘ Gas lift well =|=
GY =[1.00 1.11 1.01 1.88 2.34]

G) =[0.00 329 3071 -39.12 75.94] 8Dias et al. (2019) 08
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Ss: Remote Monitoring & FDD e

copee

PE. Gas compression system, VM: Hybrid model (first principles +
performance curve + univariate quality control charts)

Ss: Monitoring of performance and Fault Detection and Diagnosis
FDD).
(FDD) EMS O meenne

The Enviroment Normalized Data Residue: Polytrophic Efficiency and Head
for Modelling Simulation 5 T T T
and Optimisation .
5H 7 Residual of the Nom. Poly. Head
— Residual of the Norm. Paly. Efficiency
10 T I T | | ] | 1
300 380 400 450 500 550 600 B0 700 750
time(min)
el RESIDUALS
25 T T T T T

" . REFERENCE
EFFICIENCY

time (min)

PERFORMANCE

CURVE

SMiyoshi et al. (2012) 29



System health

“@' Ss: Rermote Monitoring & FDD -~

P B e P
PE: Dry Gas Seal, VM: Data-based SVM, Ss: FDD. =
67.5 [ J“‘:-" 1 :wl.i -
\ P L =
62.5 i ﬁ s 3
'é \ (BS%congarysSeal‘)
uffer Gas Su =
60.0 + 4y li} i Seal Gas Supply Se(gr?'::mk':?e o | -
- A ;, o
57 % 4 'I' .t + ! .d' L § . E e |
\ + + i
55.0 ~ . e o
% =- % % + i 4 I | \ E. . ] ] ‘ . . h
| + 44 oy . A== B :
52.5 ! ﬁ: - ,I 2 S . ~ (3 W Secondary Seal Leakage
. (To Secondary Vent)
0.0 +—-——-—-— a ______________________________ % Spe— _+_ : - —— Atmosphere
!. } .!. Seal Gas Flow Into Process (Flow Through Labyrinth)
47.5 1 :

» Fault detection model that also indicates the level of “health”
In the system: how close it is from fault or normal operation

 This model helps preventing faulty operation of a dry gas

seal system

4Soares (2020) 30
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C@/ Ss: Rernote Monitoring & FDD -

PE: Water Injection Pumps, VM: DB Random Forest + PCA, Ss: FDD.

ration system

Deterio
=]

MMMMM

| l | Yf Ysl fimestame Varlable contribution

FFFFF

 Fault and pre-fault detection by abnormal vibration

« Use of data clustering!! and dimensionality reduction
method?? for data visualization in a 3D scatter plot

0Souza et al. (2020), 'Xavier & Xavier (2011), ?Xavier (2016)




Ss: Rernote Monitoring & FDD

Web application for remote monitoring and FDD

System monitoring

Deterioration of system

=

Fault region —igndnm Forest

m WWNLM’WW%WW Py o

uﬂ
) r Ireg n'-
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o oo o
fBd e Ch 0D

Detericration system

Timestamp

Projection of clusters

dimensionality
reduction make data

: PoN NN
10Souza et al. (2020) A pL‘.lthOﬂ"' mplotly R

Node-RED

Variable contribution
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Minimize Gibbs energy
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models

Residual modeling
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PEQ™”

PE: Gas turbines, VM: Hybrid model, Ss: PEMS.

Ss: Rernote Monitoring & FDD
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"20- Ss: DTC-MPC in Corpression System

V7753

LADES

PE:. Gas compression system, VM: Data based, Ss: DTC-MPC.

I"v{.'-.'i:ill ;ﬂ'.l. EXP Ol"t
Compression Compression
System System
f—h—'l 1
I 1
. . Gas pipeline
c, Gas C; — C, P
Feed p— treatment —— .
N Y. ¥s H. Y. Yio ¥a¥n Gashift
d H, and CO2 - ? o
u, C, separation I, Cs | Cg H. d c. 111,1:'31»11011
¥2 ¥ ¥s. Y12 ¥g Y13 u; V7 V14
................................. Injection
Constraint Objective . Cmm:ressiﬂn
onsiramis -
Function \ { } S}'_‘:-t’:lll

w(k) . u(k) y(k)

Optimizer ] Plant .
.f r /— \ !
k) A | |
Free Response | * G(z) Ykik) -+) |
Calculation !
] G,(z) !
ok +d;|k) /E{Hd,m i
) F.(2) s
DTC-GPC \__Predictor e

MPC with dead-time
compensator strategy
to provide setpoints
for the regulatory
control layer of a gas
compression
system, which aim to
avoid excessive
energy consumption,
decrease variabllity of
the plant, and
guaranty a stable and
safe operation against
load disturbances.
13Giraldo et al. (2020) 35



COPPE

"2~ Ss: DTC-MPC in Compression Systern

Lok
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— — -Open loop A PC
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B3Giraldo et al. (2020) .



Ss: MPC in CO, Subsea Separation

LADES
PE: PETROBRAS'* subsea CO, |
. ] Increase Provides
separation process, VM: First Density AP Injection
Principles, Ss: MPC. A A System
Co,
Rich Ph —
Lower IC ase " :) %
Pressure B_ : Control
Cooler Injection Valve
4 Pump
Heater X
N & EE 5; | Vessel ™
- 3-phase
Depressurization .
Valve
3 '
Increase = - Injection
Reservoir Temperature _ DX >/ /= |_Topside Well
Oil + Aqueous ~ Control
75% SOZ Phases Valve
150.103 bpd
F_egd : l4passarelli (2017)
Conditioning Production
System System 15Souza et al. (2019)
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*@ Ss: MPC in CO, Subsea Separation

400
@ 1% H,0 70% CO,
300 LLLE
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§ 200
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15Souza et al. (2019)
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15Souza et al. (2019)

>~ Ss: MPC in CO, Subsea Separation
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*@ Ss: Health-Aware Control & Prognosis N

PE: liquid CO, pump, VM: Stochastic, Ss: HAC
PROGNOSTIC MODULE: a pump wear stochastic model was proposed

Including dependence with pump operating power. Particle filters were

employed to estimate states and predict Remaining Useful Lifetime (RUL).

HEALTH-AWARE CONTROL (HAC):

Multivariable
Pump Control
Health ~ ™\
Ny ?’"P , Ny N1
Juac = %”’HACRUL}FZ 9" (Viksj — Vi ﬂ' + Z Z (At )
szj:l =1 j=0 y

.
16Bernardino et al. (2019) 6 mim
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*@ Ss: Health-Aware Control & Prognosis

As health and control objectives compete against each other, the

obtained solution is a compromise between these objectives.

0.5
—_— M PC
10.4 —
59 HAC
£ 10.3 -
= —_
ENER E 5.0 1
[-% o]
=
1.1 4 = |nternal model “:
— Process |:3 4.8
o0 ——_ 5p o
0 250 500 750 1000 1250 L1500
t(s) 4.6
10.6
105 a 0 200 400 600 800 1000
_ 10.41 HAC t(s)
S 1034 Flash pressure set-point change
£ 102 4
. # [nternal model
1.1 —— Process
10.0 - i ) . - :
5 2w a0 60 800 1000 Caulmm 16Bernardino et al. (2019)
t (s)

41



- V2
(PEQ™” oy
\G~ Ss: Adaptive MPC control of ESP A
PE: ESP, VM: Data based, Ss: AMPC __ . @)

. 10 T
The adaptive MPC control was ~ _ D - St
capable of dealing with process <. ° Ve ) e
nonlinearities and lack of I P 4 (- =) EKFMPC ]
measurements enhancing the ‘0 10 20 30 10 50
control performance within a o A
wide range of operation of an i S——— o reference rafectoy
Electrical Submersible Pump. g '
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C@ Ss: Flow Assurance Control <

PE: Flowline + riser, VM: First Principles, Ss: Flow assurance control.
Drift-Flux model to predict the location of wax (WAT) or hydrate (HAT)
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Ss: Virtual Flow Meterin a5y
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Ss: Virtual Flow Metering

PE. Choke Valve, VM: First Principles, Ss: Soft Sensor.

The proposed method presented good agreement with fiscal
measurement and Daily Operation Report (DOR), with relative errors

below 3.5%.
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PEQ™ Final Remarks o

Implementation of first-principles models for topside and subsea
environments are relevant in many stages of DT developments;

The hybridization of first-principles model with data-based model
enhances its predictive-adaptive capabillity;

Data treatment and analysis are important and time consuming.
Feedback from operators is beneficial in machine learning projects;

Identification of the real starting moment of the fault (pre-fault)
before system power off occurs is highly relevant and challenging;

The Digital Technologies need an integrated and standardized
cyber-physical infrastructure for effective application (e.g.: OPC-UA

and https://www.opengroup.org/).
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