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Abstract

Two separation processes are used
to filtrate the produced water in
offshore oil and gas industry. Each
process is occurring in specific system.
Gravity separator model is defined for
the first stage of produced water
treatment. Hydrocyclone model is
estimated for the second separation
stage The two systems are influencing
each other indicating a relationship
between the gravity and hydrecyclone
separator systems The two defined
models are combined formingmulti-
input multi-output system. Control
structure is defined based on the
MIMO model in order to investigate
coordinated control  for  better
produced water treatment.
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List of parameters and variables
List of variables and parameters for Gravity separator system

Notation

}

Ji
Fin(t)
Fout(t)
Vu(t)
Au(t)
L1

R
hw(t)
f(uw)
Po(t)
Pow(t)
SG

List of variables and parameters for Hy@yclone separator system
Notation

Vuy
Vo
V0
Vob
PDR

Description
Water phase density
Density of the inlet flow fowater phase
Inlet flow for water phase
Outletflow for water phase
Water phase volume
Water phase crossection area
Water phase container length
Radius of gravityseparator vessel
Water phase level
Valve opening function
Gravity separator tank pressure
Water phase outlet pressure
Specific gravity of water
System matrix
Input matrix
Outputmatrix
State weighting matrix for LQR and LQRI

Input weighting matrix for LQR and LQRI

Description
Underflow valve opening position
Overflow valve opening position
Operating point for underflow valve
Operating point for overflow valve

Pressure difference ratio

Units
kg/m?
kg/m?
m/h
m/h

3 3 3 3 3

(=}

%o
kPa
kPa

Units
%
%
%
%




List of variables and parameters for MIMO system

Notation
xi1and x2
xzand x4
agsep
oo
i

Description
PDR stateconsidering underflow input
PDR state considering overflow input
System matrix for water level (scalar)
Underflow to PDR system matrix (coefficient)
Overflow to PDR system matrix (coefficient)
Input matrix for water level (scalar)
Input matrix for underflow to PDR system (coefficient)
Input matrix for overflow to PDR system (coefficient)
Output matrix for water level (scalar)
Output matrix founderflow to PDR system (coefficient)
Output matrix for overflow to PDR system (coefficient)
State weighting matrix for LQR and LQRY

Input weighting matrix for LQR and LQRY

Units




l. Introduction

Top side pocessings necessary pafor onshore and offshore oil and gas productiarthe case of
offshore production,a system of valves and pipelines is used to elevate a-phagse flow toan oil rig
processingtation Due to the high complexity of the separation process, control over the processing equ

IpMme

is requiredThe focus of this project is evolving aroutiek first and second stage of the separation processes.

Moreover key point of interest is the investigation ohtrol strategy which allows stable operating conditia

for the first separation stage while maintaingmgssure difference ration (PDRYy the second separation stage

in permissible rangH].

ns

The first stage of separatingthemyth ase fl ow to oil, gas and wat

phase gravity.Bssedpan thadpplicatios gravity separators are classigdirmary phase

separators, test separators, high or low pressure separators etc. Based on the separator tank shar
orientation separators are classifiedcglindrical, spherical, horizontal or vertical separator systems. Small

scale first stage homntal three phase gravity separator system with cylindrical blogdyrated inFig 1.1 is
considered for the scope of this project

Gas phase outlet-flow

- —
inlet-flow ‘"'

Water phase outler-flow l,
Ol phase outlet-flow

Fig. 1.1 Three phase gravity separator systehitp://goo.gl/fymPiJ

The multi-phaseinlet follow is entering the gravity separator system where the velocity of the st
reducesand splis to liquid and gas phases asHig I.1. The liquid phase is enteririge first control volume

allowing buoyancy to take effect under gravitational influerMaintaining steady liquid level inside the

separator tank resuliis the further separation of the liquid phases into oil and water products. The form
layer is pushecdito second control volume by the new amount of liquid entering the separator Veesgds
and liquid phases are almost fully separated during the first stage of the separationtpoveess: thewater
and oil phases cannot bély separatedinder tle slowdynamics of a gravity separator systédi droplets
will remain into the water phase outlet fldeaving the separator vessetquiringfurther treatment of the
producedwvater.
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http://goo.gl/fymPiv

Secondary hydrayclone separat@tageas usually implementetb enhance the separation proce$te
produced wateoutletflow is tangentially injected under pressure to a cyclonic body as illustrakeg.ir2.
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Fig. 1.2 Hydro-cyclone separatofl, 2]

Theinlet flow enteringa hydracyclone isdevelopingavortex system defining two flow patterns. Und
the influence of the created centrifugal forcelibavier water is pushed through the walls of the hggiadone
separator while the lighter oil particles are migrgttowards the centehe water is forced to exit the
separator body through the underflow while the separated oil exits thihwegbverflow achieving further
filtration of the produced water.
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The two systems are cooperating to form a two stage sepamatbcess fothe produced water
treatmentFrom implementation point afiew, the efficiency of the first separation process is not demanding.
Thegravity separatiomprocesss considered efficient, as long as water spills does not occur and onlyeod ent
the second control volumef the systemin contrast thecomplex second separation process efficiency is
heavily constrained and hard to measure. Instead a pressure difference ratiotgRR) the underflow
and overflow side of a hydroyclone sysm is used in practice. Maintaining constant PDR in specified range
ensures thdahe proportionality between the underflow and overflow pressures will be maintained. From whic
follows that the stability of the two flows will be maintained, ensuring tiehiydrecyclone system operates
in efficient range.




l.Il Project Requirements

The focus of this project is evolving around the first and second stages of the separation process use
offshore oil and gas production. The two systersasdare connected in seriaad dependent on eactherin
order to maintain stable separation procggsoducing a hostonventional problem with two main objectives.
The first objective is to maintasteady water level inside the gravity separator ve$bel.second objective
is tomaintainthe hydrecyclone PDR as constant as possibl@rder to obtain solution for the stated problem
several suiproblems with clear goals are defined as follow.

=

Definition of mathematical modelescribing three phase gigvseparatosystem.
Validation of the nonlinear gravity separator model.

Controldesign andmplementation fola gravity separator system

Modeling ofunderflow valveto PDRrelationship of a hydrayclone separator system.
Modeling ofoverflow valveto PDR relationship of a hydrayclone separator system
Validation of thetwo hydro-cyclone models

Coupling of derived gravity and hydayclone separatanodels

Validation of the derivedmulti-input multroutput (MIMO) system

Definition of MIMO control stratgy.

©® N A~ WDN

The defined sulproblems are split intthreecategories defined 84IMO, gravity and hydrecyclone
separator problemsThe first subproblem is critical requirement tapproachthe first main objective
Mathematicalmodelrepresentation of a gravity separator system is necessary as first step before obtaini
control designed. The second suioblem is derived from the first. The required moaeistbe compared
against empirical dateollected from the available small sc@evity separator system located at Aalbarg
University EsbjergAfter a gravity separatanodel is obtained and validatedcontrol structure design and
implementation is considered aswgan to the third requiremendllowing to obtain solution for thgravity
separatocategory osubproblems.

Two relationships for the hydro y ¢ | 0 n eai@ sequiPeld @ pproachthe secondary main objective.
The firstrelationshipconsidershenecessarguantity of energyequired taeach given PDR valu&he secod
relationshipassociaté with the necessary flow spig considered in the fifth syrodem. The require?’DR
modelsmustbe compared against empirical data collected from the available-bydame separator systen
in order to solve suproblem sixallowing to obtain solution to theydro-cyclonecategory of problems.

=)

Proceeding further the three required models must be coupled in order to dA&d@ aystem suitable
for control purposesmplying third validation step before reaching the two nabjectives After solution to
subproblem eight is obtaed,a control structure for the MIMO system describing the first and second stage:
of theproduced wateseparation process consideed, in order to obtain one solution whiclordinateshe
two systems




l.11l Project Specifications

In order to fulfill the stated requirements and solve the main control problem a set of specificat
definedas follow.

1. Derivation of mathematical model describing the water phase level of a gravity separator syst
2. Empirical validation of nonlineaand lineawater phase level model.

a. Basic operating condition for gravity separator system
3. Closed loop design anchplementation for water phase level

a. Proportional Integral (PI) control structure

b. Internal module control (IMC) structure

c. Linear quadratic regulator (LQR) control structure
4. Empirical modeling of underflow valve DR relationship

a. Sufficientoperating coditions for gravity and hydrgyclone separator systems
5. Empirical modeling obverflow valve toPDRrelationship

a. Sufficientoperating conditions for gravity and hydrgclone separator systems

Empirical \alidationof theidentified hydrec y c | oneés model s
Coupling ofthehhydro-cycloneand gravity separator models
Validation of the obtained MIMO system
Definition of MIMO LQR solution

© 00N

The specifications are assigned under the three required setspbbldim categories. Considering that

gravity separatorystems are complex and have at least three degrees of fre8d@R)(is decided to focus

ions

em.

on one phase only. In order to meet the requirement for stable first stage separation process is aexided to
the water phase of a gravity separator system. Ithd@p control objective of interest is to maintain steady

water phase level in order to ensstable operating conditionsrfthe separation of the two liquid phases.

Proceeding further the derived model mustdwaluated undegiven criteria to determe if the

consideredmodel s suitable for control purpose$he validation method chosen is comparison between
empirical data and simulated model output. Experiment under basic operating conditions with minimu

disturbances acting on the water phase level is considered for the nonlinear model validation proced
decided that the following linearization procedure required to obtain linear time invariant (LTI) syste
control purposes must be validatetldwing the criteria applied to the nonlinear model.

Three control structures are considered to finadheespecification$or the gravity separator categor
of subproblems.A PI control structure is considered first as the conventional control oxeitygseparator
systems used in oil and gas industry. As second qtioiMC control structure is considered by utilizing tl
defined gravity separatonodel. The final option consideredhased on optimal control theory and threati
the first main prfict objective as infinite time problem allowing to desiglm e or et i c al ofdro
the water phaskevel.

The second categoof subproblensrequires two modshwhich are considering the flow rate and flo
split influence over the hydro y ¢ | se®?DReTde flow splitrelationship is manipulated by an overflow valv
while the flow rate relationship is manipulated by an underflow valweler consideration of the complexit

ure.
m fc

W



of hydro-cyclone systems is decideduse empirical modeling approaf@j. Two identification experiments
with strict operating conditionsre consideretbr the identification of the required hydoyclonemodel As
part ofa system identification procedutke identified models are validated against experiment sitiiar
operating conditions and different operating psiiot the variables of interest, finalizing the specifications f
the hydrecyclone category of suproblems.

The finalsubproblem categorgfter obtaining control over the veatphase level and estimating the two
required hydrecyclone modelss to couple the systemi.is decided tosalidate the new MIMO model based

on theexpermental data collected during the development of each individual part of thesnTdaetinal step

or

to fulfil the project requirements and specification is to derive a MIMO control structure based on combin

model . Considering the optimal <control theory
of the required MIMO controlleproviding an adequate control design model for the specified problem.

[.Ill.ILaboratory setup description
The following block diagram is used to illustrate the different lab setup components included
scope of this project.

Gas Relief
Valve

Inlet Flow G ra\fitv
Separator
ol|3
] aloe
I Gas Q=
] ! . [-‘.::;‘::. ] fluv\l. rﬂ:\ _g a
Air (.ﬂ';;';"‘_,‘.qor Gas Inlot 3 E ‘E
valve ~ o g
e« Underfl
@ el hiopy Overflow
£
o
Water 2‘ Hydrocyclone
Tloww
Water Tank _"_“—"
/V _
Water

Pump

Fig. 1.3 Lab setup block diagram

in th

A reservoir tank is used to store sufficient amount of water required to run the lab setup. A centrifuc

pumpis used to emulate water phase inlet flow. The produced water flow is injected in time dicdtpipeline

riser which elevates the liquid to the level of the gravity separator system, allowing water to enter the separ

vessel. A gasmlet valve is used to inject pressurized aupplied from a compressor, allowing to pressur

ze

the lab setupA gas relief valve is used to ensure safe operation of the setup under pressurized operat

conditions.The emulated gas phase is also injected in the bottom of the riser, forming asedlptv entering

the gravity separator system when water andlgas are introduced to the setup. The produced water outlet

flow leaving the gravity separator vessel is entering the hggrtone separator using system of pipes. T

he



hydroc y ¢ | o ntéladvss splitnnto @nderflow and overflow directioA.valveis applied from each side of

the hydrecyclone systemallowing to manipulate the water phase level using an underflow valve, while the

PDR is manipulated by an overflow valviéhe two flowspassing through thanderflow and overflow valves

are returned to the water storage tank in order to form a closed loop water circulation in the Bystem.

independent components of the lab setup must be controlled in order to form suitable operatiogsdmdit

all experiments consideten the scope of this project. In order to speed up the process of lab setup preparati

a PDR controller acting on the overflow val
controllers are implemented diug the experimental process.




. Material balance model of water phase level

Density is defined as mass per unit volume, allows to represent the totadfmager accumulated in
the gravity separator system as the difference between flows entering and leaving the seysaedtdynder
the assumption that the density of the water phase accumulated inside the separator vessel does not
position (p&fect mixing assumption) and cadsring the fundamental law fapnservation of masses defing

the material balance equat (1) [4].

depe
2S

—— m& 0 m O (1)

Therate of change in water phagelumeis defined in terms of volumetric flow rates entering a
leaving thegravity separatosystem. By assuming, that the density of the inlet and outlet-plasese streams

is equal to the density of the awculated watephase equation (1) is reduced tp. (2

— & 0 & O 2)

Thewater phase volume in 3 expressed as the product between the area of the circular segment

given water phase level and the length of the water phase container.

w o0 0 Qo0 YAAT-6— Y Q06 c¢YQo QO 0 (3

In order to obtain material balance model expressed in terms of the water phaaae deljestments
required.The circular segment area is derivate with respect to the water phase level variable. Follow
chain rule a relationship betweethe first derivative ofvater phase volume and levslobtained in4) see

Ref. [Al].

ng tl
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By rearranging (#and substituting in (3the general material balance equation is rewritten m ter
the water phase level as follow

o O o (5)

Furthermore, it is decided that the inlet stream entering the separator vessel will be considered distur

input and the outlet stream is definedr@nipulated inputKnowing that the lab setup includes a controllab
valve which can manipate the water phase level inside the separator tank the outlet flow from eqBhatio
is substituted with the following valve equation @) [5].

O 0 —86 Q6 UL TTE (6)

e

n (

The outlet stream leaving the separator vessel is influenced by the pressure difference between the

pressure of the water and gas phases insidectbarator vessel, the outlet flow pressure, a manipulated in
fiu aepresentingthevalve peni ng fracti on G@uwddVhae tha&l ivteeimaguatibnf
(6) is combining the flow area of the valve orifice, the contraction coefficienhaad loss coefficient in one.

The two constants appearing in the used valve equaticscaliaggains handling the conversion between

i mperi al and S| kgfidwhish later ig convetted moehe appropniate diens of cubic
meter pesecond

I1.I. Empirical experiment for validating nonlinear gravity separator model

In order to validate the model an empirical data is requiregreement with the project specifications

Severabperatingconditions are taken into consideratidduring the experimental periodist discovered that

a s i mpcbn&rolleid st be applied to thimlet pumpin order to ensure constant flow entering the

separator vessdfurthermoreit is discovered that the lab setup is sensitive to operatindjtcars of water
and gas inlet streams entering the system simultaneously leadimgdecisionof runningthe first trial of

put

experiments without injecting gas to the water phase inlet flow. The gas and oil relief valves are fully ppen

during the expe@ment in order to ensure that the gas phase presside the separator tamkapproximately

constant and equal to the atmospheric presdure.desired outcome of the experiment is to observe|the

transient response of the water phase level betweestéady states.

A APl cont r ol obtihempidcalwalue for an utmderilaveralve opening which results
steady state for the water phase le8#tady vaterphasdevelis achievedwiti 58 . 40 per cent

in

After value for the undélow valve opening position is obtained the validation experiment is conducted, The
gravity separator tank is filled with water by keeping the underflow valve fully closed. As time evolves th

underflow valve opening position is shifted to the obtainddeyancluding sufficient amount of time to obtain




steady state for the water phase levid.time evolves the valve opening fraction is increased with one percent
with intention that new steady state must be reached after a period of time. The foliguwiaglustrates the
measured water phase level.

Experiment |I: Open loop water level response

024I

0285 F———

o
N
N
a

Water phase level [m]
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0 1000 2000 3000 4000 5000 6000
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Fig. 1.1 Measured water phase level

As expected in the begging of the experimargteady state for the water phase lev@dhievedThe
increase in ta underflow vale opening position is indicated when the water phase level leaves the steady stz
observed around four hundred secorid® transient open loop response of the water phase level is observe
in the time range fronfour hundredo threethousand second¥he desired second steady state in the water
phase level is not reachetthe span of the experiment. Based on the specified operating conditions is expect
that sufficient amount of time is required to observe second steady stagevatén phase level. The measured
data indicates that around three thousand five hundred seconds a second steady statehsdpfioosever,
measurement noisand unknown fluctuations are influencing the water phase leave response and causi
further dran of the separator tankConcluding that the observed water level dynamics are sufficient under the
considered operating conditions and the empirical data will be used for validation the defined material bala
model regardless that second steady $taithe water phase level is not reached.




[1.Il. Nonlinear model simulation and validation

After preprocessing the collected empiridaltg a set for validation purposes of the derived nonlinear

materi al b £hapter d equatiom (6 aid obtdined Filtered measurements of tildet and otiet
flows, separator tank and water phase outlet flow pressures are used as inputs to the defined water p
model The excitation for the modeled relief valve is ideal step cheoggdering on@ercent increase in the
underflow valve opening positiohe following results are obtainethd compared to the measured wa
phase leaven Fig. 11.3.

Measured vs. Simulated Water Level response
0.24 ‘ ‘
Measured open loop water level response
Simulated opeen loop water phase lelve response
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Fig. 11.2 Nonlinear model validation for watgrhase level

The simulated water phase level marked witick curve onFig. 1.3 is following the measured water
phase level in the beginning of the simulation. The modeiamtainingthe first steady state of the water

hase

n

>y

ter

phase level observed in thege between zero arfdur hundred seconds. At the time when the valve opening

of the water relief valve is increased the simulated water phase level starts to decrees in thansenees

the validation data selt is observed that the curvaturetbé simulated water phase level response and the
obtained data tends to be similar indicating that the model is considering the cylindrical shape of the separ

tank. However,several adjustments in the model constants must be taken in consideration in oldemt

the results fronfrig. 11.3. Firstt he v al v éwc arss teasrti mated by rearran

illustrated in ¥) and taking the average value from the produced data set.

5 -B ©)
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Furthermorethe length of the water storage container inside the gravity separator tank is reduced f

the simulations, considering the assumed cylinder shape of the gravity separator tank and exclu

ding

hemisphere geometry of the physical syst€oncluding that nder the made assumptions and simplifications
the simulated level response is approximating the measured data and defined model is representing the mo

gravity separator system updertainextend.

[LI1l. Linearization ofhe water phase level model

The defined andlalidatedwater phase level model is linearized using Taylor expad]oifhe chosen
operating point is based on calculated average values obtained from the collected empirical data]
validatethe nonlinear modelThe water phaselet flow is assumed unknown input disturbance and is fi
as constant during the linearizatidfurthermorejs assumed that the pressure inside the separator ves
also constant, allowing to obtain simple linear model relating the underflow vadvengpposition to water
phase level. The state space representation of the obtained LTI system is defined as follow.

PO 06 AOO
Q0 ° v
0 & "

use
xed
sel i

The water phase level @efinedas state variabld'he underflow valve opening position is defined as

input to the linearized model and the produced model output is defined as watdepblagter values for
the three definedoefficientsare obtained thetate space modé implemented in Simulink environmen
obtaining the following block diagram.

)

Y
£

9(\ P dVu dhw
u_w dVu dh_w > hw

Underflow valve opening position

Gravity separator plant model

Vul

u_wo HwO
Operating point for Underflow valve

Operating point for water phase level

Step deviation of one percent increase in the underflow valve opening position is considered in ordel
simulate the LTI system under the scenario of the validation experiment. The input is expressed in devial
terms by subtracting the constant opeapoint obtained after processing the data. The simulated output|level
response is summed with the water phase level operating point in order to reconstruct the full system out

11




The simulated water level response is compared to the simulated nonlowsrresponse and the collected

empirical data in the following figure.

vs. Si Level r

0.245

Measured water phase level
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0

200 400 600 800 1000 1200 1400 1600
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Fig. 11.3 Linear model validation

As expected the linear simulation is even further form the original data as it can be seEiyfokh
Two linear model implementations are considered.clinee marked witlhed color presents the level response
under the form scenario of the validation experim&he curvemarked with magenta color preseatear
simulationwhere the underflowalve opening position is decreased with one percent. Concluding that that th
defined LTI system responds for both increase and decrease in the underflow valve opening Pbsition

simulated linear water phase level is becoming less accurate as timesesad further drift from the define

d

operating point is observedonsidering that the Nonlinear model require slight modifications and| the
nonlinear water phase level response is close but not perfect match of the measured water phase lev

decidedthat the linearization around the given equilibrium point is successful. Leading to the conclusi

On th

the derived in§) linear models suitable for control purposes, providing solution to the first half of grayvity

separator suproblems.
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lll.  Closed loop Gravity separator system

After the successful linearization of the obtained material balance model three different ¢
structures are considered for the task of controlling the water phaseAs\&hrting pointa i P |

structureo i s devel op éutheanordin cadprpol uiilizedhe praduce Imear niodeb
an Alnternal modul e contr ol nsotletbasedcantra ovigrd wWdt€r)phasei

level. Finallybag d on opti mal control theory a ALiIineart
on the physical system.

[I11. Experiments design

ontr
co

S
(

Given the complexity of the lab setup and considering the variety of external and internal disturbanc

occurringin three phae gravity separator systensgdecided that each controller must be evaluated unde
of experiments.

[1I.11. Experiment under atmospheric pressure

The first experiment is idealized scenario in which only one disturbance influenciraydten is
considered. Constant stream of water is injected into the separator vessel for the duration of the exper
order to achieve such flow a #API controllero
produced flow a feedback Ipds obtained and used in order to specify the amount of water injected t
separator vessel. The gas phase and accumulation of pressure inside the separator vessel are negle
pressurizing the separator vessel. This is achieved by keepiat) &inel gas relief valves fully opened durin
the time of the experimenkinally, in order to incorporate the hydmy c | one st age i nt
controllero for the pressure difference ratio

The experiment is dided into two phases. First anitialization phase is executed for the first tw
hundred andifty -five seconds of the experiment. The initialization of the system is required in ord

accumulate water inside the separator tank. After approxintatehty-five percent of the total volume of the

separator are filled with water the second phase of the experiment is beginning. One thousand tree

seconds period of time is given to the system in order to settle down and reach a steady statéheagiedon

reference point. After the system is settled down the same duration of time is used in between all fg
changes in the reference point for the water phase level. All operating conditions for the first experim
presented in the followp table.

Operating conditions Value Units
Fin(t) 0.2 L/s
Py(t) 1 Bar
huwre [0.15, 0.16, 0.17, 0.19] M
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[II.11I. Experiments under seven bar pressure

The second experiment is expandihg first, by increasinthe number of disturbances influencing tt
system during the experiment. By constantly injecting compressed air into the system, a constant g
pressure inside the separator vessel is emulated. In arderstire such condition for the experiment
additional APl controllero is applied to the
in the separator tank is used to form the feedibaag providing constant gas phase during the experimen
order to ensure nominal opging conditions forthe hydroy c | one st age and t he
pressure in the separator tank is fixed to,the
amount ofwater entering the separator is increasedyrder b ensure the accumulation of water given t
formed seHlregulating pressure loop.

The experiment is divided into three stages. The first stage is initialization, in which the sys
prepared for the experiment. The first seven hundred and nightydseamused to accumulate the requir
pressure antiventy-five percent water phase volunkallowed by one approximately twenty minutes settli

ne
as p
a

av
t. In

a)

ev

tem
ed

down period in which a steady state for the water level must be reached. After the system is settled down
second stage of the experiment begins. The reference point for the water level is changed three times w
twentymi n uibten&loThe experiment finalized with a cool down stage. Where the inlet flow of gas and

water are cut off, the gas relief valis opened fully, the accumulated water is slowly led out of the sepa
tank ensuring safe shutdown of the lab sefpoperating conditions for the experiment are presented in
following table.

Operating conditions Value Units
Fin(t) 0.5 L/s
Py(t) 7 bar
huwrer [0.15, 0.16, 0.17, 0.19] m
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[1LI1. Pl control of water phase level
The most common controller used in the oil
structureo. As a start i thglingaizedmbdela illudtiatéd incthe foltowiray
block diagram.

Hw_ref Pl(s) Gp

\ 4

R(s)

Water Level Ref. point Pl Controller Plant model

Hw(s)

Fig. 1ll.1 Closed loop system with Pl control structure

As a standard APl contr ol struct uiteebs uased o foim

Ly

the closed loop system. In order to be consistent a transfer function describing the water phase relief val\
obtained fronthe already developed linear model bilizing the MATLABS ¢ o mma n d A, B,5Cs2)t of (

see Ref.[AIV] Fromobservations and literature notedthat alevel control problem is classified asvers

action problem6]. While the manipulated variable is increasing the process variable is decrddssg

requires correction in the definition of the error sigreaira(1), in order to keep all signs positive.

The devel oped APl control | er o tunirgparametershkandsd a n c

0® v — C

After evaluating the obtained close loop transfer function seeRef[AV] [7] is discovered tbgsibim
is of type Oproducing positive error constant. Concluding thatesady state error to a step change in
underflow valve opening position definedas follow

Finally, after the controller is defined atitesteady st error isconsideredhe following specifications
are defined in order to obtain valwues for the

15
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Rise Time 35 seconds
Settling time 200 seconds

Overshoot 25%

The specifications are chosen as such in order to ensure connections with the developed experime

The key point of interest is tobtaina controller which will follow the reference point as good as possi

ble.

The process dynamics for the first experiinare relatively slow given the atmospheric pressure inside the
separator tankllowing flexible specifications for the designed controller. Given that the integral part of the

controller will accumulate error over timis, concluded that integral anti vdanp must be considered durin
implementation

[11.111. Closed loop system simulation and validation

From the defined specifications and tracki
simulation and implementation of the closed loop eysis performed. The simulatiorsse realized in
Simulink environment following the block diagram from Figl. Thr ee di ff erent
are considered. The first controller is tuned to be aggresskeng the system respond fasterasstep change

g

ng

c a

of the reference point. Trecondcontroller is tuned to be robust making the system response slower but als

removing all possible overshoot. The final versof the controller which ia combination of the first twg
extreme cases, providing a reasonable tr ade
following simulation results are obtained in the following figure.

021 Closed loop system simulation with Pl control

0.2

0.19 /\

0.18

h, () [m]

w

0.17 /\

Water phase level Ref.point H
Aggressive Pl controller Kp = 69.9 Ki = 10.9
Robust Pl controler Kp = 30.4 Ki = 0.008
Selected Pl controller Kp = 58.3 Ki = 1

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (seconds)

Fig. 1ll.2 Closed loop system with Pl control
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It can be seen that the faggressive Pl 0,
two of the three specified requirements. The controller fails to pass the overshoot requireménCfioma p
VI Section 110, considering the high befogseitlihgu
down to the specified reference point value.

The Arobust Pl control | &ig.bl2, isiatotd ioppaesitettite aggiedsitie
one. The system response is slowed down. Considering that the integral part for this controller is
negligible it is concluded that the robust controller is tending to the form of proportional control only|
controller satisfiesll specifications but fails to track the reference point perfectly. In the time interval
three thousand five hundred seconds wuntil the
visible. After the range of values for the partional and integral term is bounded, betwiéenaggressive ang
robust APl cont r ol |daringthesinaulationpiocdure & nsed t@ abtaim values forrt
two tuning parameter§ he sel ected dAPI c o nt ramihg fieaft valiies for the twe
tuning parameters as follow.

VU VP XTTIXYPTPOTTP

L PBLEPLOXCUYWOYT P Y

l. Pllevelcontrol under atmospheric pressure

The obtained and tuned API controllero is

from A ChlaSedtiendl.lol.
of the designed controller. The collected empirical data isdtbeparedo the obtained simulation resuits
Fig.I11.3.

Cloosed loop system with Pl control Sii ion vs.

0.195

0.19

0.185

0.18

h,(t) [m]

w

0.175

0.165

Water level Ref. point

Selected P control Kp = 58.3 Ki = 1 (simulation)

Selected Pl control Kp = 58.3 Ki = 1 (impelmentation)

2500 3000 3500 4000 4500
Time (seconds)

2000

Fig. 1l1.3 Closed loop Simulation vs. Implementation, one to two percent step increase

17

]
hie n

i
O n emaia pointtisttcevalidate the reference point tracking performa

mar k

alm
Thi

from

e

nce




. With blue curve on Fig.lll.2 is illustrated the raw measurements of the water phase level after tl

controller implementation. Small overshoot is observed after a new set pmefinisd due to the integral tern
of the controller. The simulated closed loop level response is following the same reference point sigr
in all experiments. Marked with black curve on Fig.l11.3 is the simulated closed loop system respons
observed that the results between i mplementat.
identical. For one percent increasethme reference point, observedthe first step on Fig.lIB, the obtained
measurements and simulation are atmaverlappingConsidering that the rise, settling time and oversh
are almost identical it is reconfirmed that the obtained linear model is accurate within one percent d
from given equilibrium pointHowever,a visible difference is observedtime case of two percent increase

theset point It is observedhat for relevantly small changes in the set point the shaped closed loop sys
performing grate. However, as the increase in the step from given steady state value is growing

implementation and simulation start to differ due to the lack of process delayrierghgion in the designe
model Concluding that the obtained #API cont
reference tracking performance under tperating conditions of the first experiment.

Valve saturation and influence of Pl level control on the Outlet flow

The range from closed to fully opened position of the water relief valve is mapped between the
of zero and one. Considering that thiater phase level must remain in stestdyefor a given reference poin
it is expected that bundesired deviations and fluctuations will be transfer to the outlet flow of the sys

Fig.lll.5 illustrates the water phase outlet flow in comparison with the valve openinguwideeflowvalve.

Water phase Outlet flow vs. Water phase relief valve opening

Valve opening CV04 (water phase reief valve opening)
Water phase Outlet Flow

0.7

I—

0.6
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Fig. Il .4 Underflow valve opening positions. Water phase Outlet flow
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As expected when the referengeint is trackedaccurately the water relief valve keeping almost
constant opening. It must be noted that the observed small deviations in the mealseregdening are micra
adjustments of the valve o0peni nugandand sevhnehundradrsecer
the initialization phase of the experiment is completed. The following three shift of the reference point
water phase level are causing the disruptions in the outlet flow and valve opening. It is concluded tifwat
selected APl controllero the water phase rel.i
reference point value, the valve is completely closed for short instants of time, followed by quick ope
the point where new steadyast for the water phase level is achieved. As a consequence of such act
water phase outlet flow is completely blocked while the transition betwee set points is occurring
providing less flow on average leaving the separator vessel

[I. Pllevelcontrol under 7 bar pressure

After the satisfying results from the firs
conditions of the second experiment. Providing a constant air injection to the system a constant gq
pressurenside the separator vessel is achieved. In order to satisfy the operating conditions for the
cyclone separator the pressure for the second experiment is fixed at seven bar. In order to keep cons
the experiments the sameferencesignalsused for the first experiment are used for the second one as
The obtained results regarding the water phase level are presehigdliré.

Closed loop system response at Seven bar pressure

0.195

Water phase level Ref. Point
Pl control of water phase level

-

500 1000 1500 2000 3000 3500

Time (seconds)

2500

Fig. 111.5 Closed loop system response at Severplessure

The designed APl cont r opbihtwith aninimen efromhdértheropanagng

conditions of the second experimehiie observed overshoot is reducednsidering the gas pressure exert
r e s p o9 §Vih fuothet ircieases

on the water phase leave and¢hge pect ed r obust
in the reference point step the overshoot is eliminated providing even better &sodisidingthat under the
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operating conditions of the second experimentdifned specifiations forthes e | ect ed ndd

C

met. Good reference tracking performance is achieved, with stable closed loop level response, under

operating conditions of the second experiment.

Valve saturation and influence of PI level control orCGb#et flow

The second experiment is bringing the system one step closer to real operating conditions of

atr

phase gravity separator system. The tradeoff between perfect reference tracking and the outlet flow of

separator are presentedHig.ll1.8.

0.6 Water phase Outlet Flow vs. Water phase relief valve opeing
. I I 1

Measured underflow valve opening position

Water phase outlet flow

0.5 r}
) mw\( i Pt ‘ " m. Wittt 1w It WAL .‘uhm LI

04 4& P - WWWN S T uﬂm

(t) & Underflow valve opening position [L/s, 0...1]

out

F

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (seconds)

Fig. 1ll.6 Water phase outlet flow vs. Water phase relief valve opening

The water phase relief valve is again over actuated. The same results obtained from the first experin

are observed in the sewbexperiment also. For onetamo percent increase in the reference poinctirgroller

is fully closing the valve followed by fast opening in order to compensate and stabilize the water phase le

at given steady state valu€oncluding that thappliedtuning procedure for the P | contr oéanl
aggressive response regarding the water phase leave which can be relaxed in order to reduce the e¢on
exerted on the underflow and ensure robust response in situation of varying veseirpét flow and gas
phase pressurd. ndi cating that tuning parameters of t
account for all disturbances and provide adequate control over the considered actuator.
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[I1.1IlInternal module contl of water phase level

Different approach to obtain contrmVer the water phase level is to apply model based control to shape

the closed
par am

loop system is presentedFig.11.9.

Water level Ref. point

Th e
Al MC

1. Check stability of the process.

2. Check stability of process model

3. Check for right hand plan®HP) zeros
4. Consider process delay

5. Derive perfect controller
6. Derive implementable controller

7. Checkclosed loop systerstability

loop system. Using the obtained linear model to relate controller settings and calculated mc
etermsalanmadelt econt r definedard testedt Blockaiagfaim KbCtheccloseds

v

> U(s) Hw(s) e

Separator Plant

+ Gc »> Gp
R(s) - E(s) U(s) Hw_hat(s)

Y
]

IMC Process model

Hw(s) - Hw_hat(s)

Fig. 1.7 Closed loop system with IMC control structure

foll owsngn A p Mabagandthuseteobconditions defined in order to obtaithe
contr@l structureo

a. Process must be stable
a. Process model must be stable
a. Process model must not contain RHP zeros

a. Process model must not include process delay

a. Controller must be proper function

a. Closedloop system must be stable

The water phase level is going to deviate from given set point only under condition that inlet flow |

entering the separator vessel, leading to a conclusion that the physical process iBrgalii@ined process
mo d e j0 e&REf[AVI] contains two model parameters, considetivaj processs modeled by first order
transfer functionlt is found that the pole of the system is in the left hsidd of the compleplane (LHP)

ensuring that the process model is also stabiethermorethe process model does not contain any zeros in
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the numerator satisfying the condition regarding RHP zeros and ensuring thefitleeln | MC ¢ o n
sedref[AVI] is also stableThe process delay is considered unknown and is excluded feoll@ designd.

After the first three conditions are satisfied the controller transfer function is obtained as the in
the process model see Ref[AVI]. The derived perfect controller results in improper transfer function,
a starting pointfot he I mpl ement at i o n Aroaddditional eranster fiyhCtiorcioobtained i
order to modify the obtained Al MC controll era.
with the modification. The filter time constant is ugeddirectly tune the speed of the closed loop syst
response. By multiplying t heapmpgecohtmlettransferfunctiod Il
Is obtainedsee Ref[AVI]

ised

After the process model a ndareseled®e@he closedtlaom dydteenr 0

from Fig.lIl.9 is simulated andmplementedGiven that the process, process model and controller are sta
is concluded that the closed loop transfer functiea Ref[AVI]is also stable satisfying the last coruatit of
t he @Al MC d e s iThe feedpackosigrealdsuconstucted as the difference between measured
phase level and process model outpie definedii | MC control |l ero i s subj
and reference point tracking conditon as t he APl controll er o.

Closed loop simulation and validation

The @Al MC cont rdefinedand mplemenied e thei physical lab setup. The same

experiments and associated operating conditions are used as basis for validating the model base
structure. In order to compare the different control strategies all specifications and coraditained in
AChapter VI lusSeed tfioorn tlhled calroesed | oop system w

IMClevelcontrol under atmospheric pressure
The obtained Al MC contr ol structureo is te

from frChvalplt eS @he mairogoal i$ to validate the reference tracking performance of the secon

controller. The simulated and measured closed loop system response is presented in the following fig

Closed loop system responce with IMC control

0.16 ‘F
0.155
——— Water level Ref. Point
IMC control of water phase level (implementation)
0.15 —— IMC control of water phase level (simulation)

1500 2000 2500 3000 3500 4000 4500 5000
Time [s]

Fig. I11.8 Closed loop system response with IMC control
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The simulated closed loop response is perfectly tracking the given refe@nteconsidering that the
process model is simplified and the inlet flow entering the system isdraatunknown input disturbande.
must be noted that for oraad twopercent increase in the reference point the simulatedhaadurealosed
loop responses have similar characterisics observed during the devel
Furthernore,af t er t he | mpl ement a titiisoobsereed that thes closed BOP systemm |
responsdiasa steady state errdreading to conclusions thaite o bt ai ned #fAl MC cont
the boundaries of the defined specifications, fhils to meet the reference tracking requiremémticating
that the made model assumptions and simplifications are directly influent the IMC performance and sensiti\
to disturbances.mpaling thatan addition to thé | MdoGntrol stucture must be mplemented in order ta
remove the observed steady state eamaime et al | specifications and
Section 110o0.

IMC with PI error correctioior level control

A modification to the existing Al MC contr ol
Al MC controllero by intrdidglildi ng second feedbalck

u(s) Hw(s)

Hw(s)

Separafor Plant

Hw_hai(s)

+ + >
R(s) =/ E(s)=R(s)-Hw(s) =/ E(s)= Upi(s) - (Hw(s) - Hw_hal(s)) |
Water level Ref_point

PI Controller IMC controller

HW(s) - Hw_hat(s)

Hw(s)

Fig. 111.9 IMC/PI control structue

The wo feedback loopgom Fig.lll.11 are used to remove the observed steady state groduced by
t he Al MC c oonter feedbackdaomis comstructed by using measurement of the water phase lev
and appl yi ng,moviding bfineccornedtian oflthe steady state error regarding the water phase
levelPr oceeding further an inner f e edbkinedasikefdredleepwvof or
feedback | oops are interconnectfelf sy @airal dggeatome w
the Al MC controll ero.

The designed i P Ifirstbysmulation] td abtaid rangesof values ®rdhe two tunable
gains. Followed byrial and errotuning method, for thpracticali mp | ement ati on of t he
struclTthureee0 cases of APl cdoenvterlod pl eedr sfiol MG es tianplatidrii uerd
of the closed loop system. The results are presented in the follbguing
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[

Water level Ref. Point
IMC/PI control with Kp = 1 Ki = 0.1 (simulation)
ul

IMC/PI control with Kp = 0.1 Ki = 0.03 (simulation)
IMC/PI control with Kp = 0.01 Ki = 0.009 (simulation)

Closed loop system p il with IMC/PI control structure

025
\ A
/

0.15 F
/ \ \
/ \ / \ f
\

hw(t) [m]

0.05 [
/ y
5000

4000 4500

/
1500 2000 2500 3000 3500
Time (seconds)

ol
500 1000

Fig. 111.10 Closed loop system simulation with IMC/PI control structure
structur e

As first choice the Al MC control
onFig.ll.12. It is observedhatby introducing ofy an integral term the system response is overshooting for

more than two thousand seconds failing to reactirsteset point for the simulatiof.he second simulation
[ of fortlepuder feedbaak Ddp.

executed with the addition
The obtained closed loop system response is marked with yellow cur¥egadi.12. The oscillatory
a APl contro
thi

i s

overshooting is reduced by wusing

compensated by small grortional term. Based on the results of the first and second simulation a
ero is simulated. Th etcuwveis cossitlerdd the

controll
best choice as a starting point for the implementation phaseavEnghoot is reduced in tradeoff of sluggish

AIMC/P |
closed loop response, with consideration that the closed loop gain is less than the open lodpgsys{éin

Several iterationgfter the implementation are requiredfind final values for the two tunablgains of the
consi der ed Thevhluemfdhepdrapartioraleamd.integral term are presente¥)n
X

0 T8t p
0 T8 T @ X®
t hat

It is concluded that the new control structure must satisfy all mentioned specifications and requir
Considering

in order to obtain control over the water phas | e v e |
developed as consequence of the first experiment the modified closed loop system is directly tested a
experi mentSectioniblm AChapter | ||

operating conditions of theseo n d

I

D P

eme

gains
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IMCPllevelcontrol under 7 bar pressure
Proceeding further the new fAl MC/ Pl c otiors ofahe
second e x peCGhaprarellhSectidndlldm @® compari son between |
closed bop system response is presented in the following figure.

Closed loop system responce under 7 bar Pressure

0.2

~

0.17

(t) [m]

hwi

0.16

0.15

Water level Ref. Point
IMC/PI control of water phase level (implementation)
0.14 IMC/PI control of water phase level (simulation) ||

2000 2500 3000 3500 4000 4500 5000 5500
Time [s]

Fig. 1l1.11 Closed loop system response with IMC/PI control structure

The results are promising. The observed steady state error is correctédl TMeC/ PI con't

ro

is following the given reference point with minimal error. Furthermore, it is noted that for both one and twc

percent increase in the reference point the simulated and measured system agspvmestapping, indicating
that thedefined closed loop system withl MCd d’r t rioalcHieeing good accuracy during simulation

in

trade off of slow water level response. Observing that an IMC control approach can be obtained basec
simplified model in trade off of introducing morentable parameters to the closed loop system in order to

compensate for mismatch between the process and the processiudbermoreis observed that the closed

|l oop response with dampfelnM@/ RIn ccoomttrraalsite rwd tihs t h
indicating thata tradeoff between the tuning of the two control structures must be considered in order rea

the range of controller specificationSoncluding that good results are obtainekigher implementatiooost,

by assuming that the water inlet flow and gas phase pressure as unknown disturbances acting on the v

phase level.

25




Valve saturation and influence of IMC/PI level control on the Outlet flow

The derivedI|IiAlsMC/uRIt ucertne capabl e of maint

point, considering some tradeoffs. The influence of the applied controller over the outlet flow leaving tt

separator vessel, subjected to the signal drivingitickerflowvalve are presented Fig.lI1.15.

IMC/PI control

7 Ml\ll ‘ : Outlet FI(LW
06 ]
)
N
0.5 IW 1
I
- *‘h w ] '
Co4 qlw“ MIW”‘“ i huM.“ i mﬂiiu\..u\‘ww, vl e gy Ml AL A il T el \r. ‘wm N
@’ [ Jan v jH I
: W ek g - i e ¥ b i e il I il
Zos !
0.2
0.1 W
o -
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

Time (seconds)

Fig. 1ll.12 Water phase relief valve opening vs. Outlet flow

The water phase outlet flow froRig.ll.15 is constant on average, considering the operating condit
of the ®cond experiment. The applied control strategy successfully drivesiniherflow valve with

ions

significantly less control effort. The valve istrsaturated allowing reference tracking of the water phase level

without great intact on the outlet flow leavirgetseparator vessdlhe choice of this particular values for th
three tunable parameters of the Al MC/ Pl contr

directly influences the amount of valve opening required to follow giveneraterpoint. The controller is

e
ol

forcing theunderfowv al ve t o readjust the Vobper oprind n gmavi

smalldrop deviations in both valve opening and water phase outlet flow Fignhil.15. Indicatingthat the

added Pkontroller is dominant in the considered cdsectly influencing the obtained closed loop system

response.Concluding that a tradeoff between the tuning of the two control structures must be consid
order to modify the closed loop system respamset h Al MC/ Pl contr ol stru
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lIl.IVLinear quadratic regulator (LQé®ntrol of water phase level
Third approach considered to obtain control over the water phase leteluse optimal control

techniqueBYy finding an optimal controlgaifb ¢ whi ch mi ni mi8 esotshe fdafc|

Quadratic Regul ator (LQR)O sol uflo,®tth to the in
0'Q M QOQ 6 YO Qo P

Thef Quarameteis a scalar value considering that the only state of the system is the watdepélas
Theunderflowvalveopening positioms thedefined systeminpt e f i ni ng a scal arasy
part of the LQR solutionThe values foi Q a nid(8) &*échosem ase on ABryanos
[12].

al

Both parameters in the cost function are chosen arbitrarily, implying that the chosen design proced
is at best partially optimal, in tradeoff fachievingcompromise between control effamd system response
speed guaranteeirige stability of thesystem.

According tothe theory{10]t he cont r ol gvarying opfinkalbconirad solationt wihereea
portion of the sol utti®@n Pwodmuetelso &s cfomrstcamrhpmgéjaiir
gancatbe considered. The first met ho Backwardsindmneaidti ao n
steady solution is reached. Where a drawback for this method is the substantiabhtiomgduygower required
to obtain the desired solution. The second appr
equationfARE)0 s ee Ref [ AVIII1].

After the cost function and values for both weighting matrices are defined a solutitwe foptimal
controb ogadiasmeddl on the derived | inear Thefdlewing
constrains are satisfied and compared againstthened function output in the talidelow.

Notation Constrain Numerical Value
Q State wéghting matrix must be positive definite0 11.11
R Input weighting matrix must be positive semi definitey 1t 0.0014
Ik Solution to falgebraic Ricdati 225.5855
L
J(hw,Uw) The cost function must be positiveo L1 -

The first three constrains are satisfied. The cost function constrain is not checked numidowadixer,
the constrain is satisfied implicitly from the first two constrains. The value for the optim@ablcgain is
presented in9)

0 WBIC CU W
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The final step in order to design practically implementable LQR controller is to introdference
tracking input with ful state feedback. The new control input is defined as the difference between the
state value of the manipulated input and the steady statesealed bythe bt ai ned st ab &
see Ref[Alll][13]. The value for referencedackinginput is presented in (30

0 WT p T

stea
f e

After a reference input gain is calculated the final block diagram for the closed loop system with LQ

control is designed aslifow.

X" =Ax+Bu
y = Cx+Du h w

Hw_ref

v

Water level Ref. point Separator plant model

L
)

K_inf - optimal contol gain
Fig. 1l1.13LQR control structure

The c¢cl osedlLQRulslw medealesitri bed byFidllihlg. Thelredfecckce
point for the water phase level is scaled by the obtainedrefere i n p wt. dgaien fUNI s
serves the purpose to bring the system statero leading steady state for the water phase. level

Closed loop system simulation and validation

After the derivation and simulation of the obtained Ldtrol structure, a practical implementatic
on the physical system is achieved. The new controller is tested against the tsafmexperiments from
AChapter lLIOI Secti on

LQRevelcontrol under atmospheric pressure

As a starting point the LR controller is implemented under the defined operating condiiothe first
experiment consideredhe main goal is to validate the reference tracking performance of the controller,
on simulated and measured closed loop system response praséindek.18.
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Closed loop system responce with LQR control

Water phase level Ref. point

LQR control of Water phase level (simulation)

LQR control of Water phase level (implementation)
T T

0.15

1500 2000 2500 3000 3500 4000 4500 5000 5500
Time (seconds)

Fig. Ill.14 Measured vs. Simulated closed loop system response

Three step changes in the reference point are considéreded line onFig.lll.18 is indicating the
water phase level referem pointsignal with one and two percent increase from givesteady state. The

simulatedclosedloop level responsgillustrated withblack curve is agreeing with the theory. The simulated
LQR is providing perfect control, with consideration that the rhddes not include any disturbance acting

on the system during the simulation. The measured water level response obyafo#dwing the same
reference input used in the simulation is indicated with blue curve. The transient reggdhsesimulated
and implemented LQRre almost identicalHowever,the implemented version of the LQR is producing
steady state error causing an offset from the actual reference, failing to match the required reference

a
trac

performancelndicatingt h at the obtained tduaanteeethat theacbst fanctiQuRis s

minimized, but there is no evidence that the minimization is resulting at zero. Concluding that a modif
to the theoretical solution is required to eliminate the olesesteady state error.

LQR withHntegral control over the water phase level

icati

The choioceeqfuifidd to i ntr odsussutingrinezére steady stae etrar a

given ideal operating conditionslowever,in the case of disturbancedgluencing the system any change
the model parametecsaiusesionzero error as observed in the LQR implementadworeover,considering
that the control signal applied to the water relief valve is bigger than zero at any positive referenc
regardng the water phase levdt,is decided that suitable correction for the LQR control is the applicatio
LQR with integral contro[14].

Introducing an integration of t he seeRejAVBIfi4]¢or
the derivel linearmodel, provides the following closed loop system with integral control of the water
level.
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x' = Ax+Bu
y=Cx+Du Hw

v

Xi

Water Level Ref. point Integrator1

Separator Palent

State Feedback

Fig. Ill.15Closed loop system with integral control

The two control gains required solvefor the integral controlrom Fig.111.19 arecalculated based on
pole placement procedure SeeRef[AV|l\lith pole values defined in L The system error is defined as the
difference between system output and reference point input. The error iswedegnd scaled through the
obtained control gain before being summed with the calculated control law.

n T8t P PP

no @ P&

Three factors are considered in the chewafevales in (11 It is considered that the three phase gravity
separator system operates in low frequencies range, indicating slow output reSpherd®ice of value for|
the system state pole is considering the pole location of the derived linear model. The rodtaofsfiee
function is locatednear the originand initially chosen for the pole placement procedure, considering
atmospheric pressuia the tank. In case of gas phase pressure disturbance acting on the watetr ishase
expected that theystem dynamic will be speedeg requiring a modification of the origihgystem pole
which leads to (11 Finally based on the results obtained tiydu e x p e r i memdtIMC/PWavdl |
control structures |, is decided that the integratipon giinat e

order to ensure stable system pole and escape saturatiomoéidréiowvalve. The midpoint from theefined
range is used astagrator state pole value in (11

-

After values for the two poles are selected two methods for obtaining values for the two control gai
from Fig.lll.19 are used and compared. Manual calculation following the described Irtegna| definition
[14]i s compared to the produced output of predef]
the already obtained LQR problem formulation to compute $ta@backand integration control gains in
agreement with the constructed model. The results from both calculations are presented in the following ta

Manual calculation LQI() Function
0 -106.3635 -106.7381
0 0.887 0.9

30




Both methods are obtainirsgmilar solutionfor the required control gains considering the chosen values
for the weightingna t r i x A QO . I't must be noted that with
Igi() function will produce different results which may lead totéresolution. Concluding that theanual
calculation is used to understand the procedfidefining integral control and the software calculated gain
values will be used for the implementation.

LQRI control und&rbar gas phaspressure

The derived irggral control is simulated and tested against the operating conditions of the secor
experimentas continuation of the LQR tests. The measure and simulated water I@helseesponse is
compared in the following figure.

Closed loop system responce under 7 bar pressur

0.19

7

0.18

hw(t) [m]

o
J

0.15 Water phase level Ref. point L
LQRI control over water phase level (implementation)
LQRI control over water phase level

2000 2500 3000 3500 4000 4500 5000 5500
Time (seconds)

Fig. 111.16 Closed loop system response with LQRI control

The observed steady state error is removed. The measured and simulated closed loop system respt
with integral control are almost identical. A diffecenin the rise time betwesmmulation and implementation
is negligible.After the integral error correctiols introduced the closed loop system response is dampened
causing increase in the settling tin@bserving hat t he obtained ALQRI cont
closeal loop level response. Indicating that retuning of the considered weighting matrices must be perforn
in order to ensure faster closed loop system resp@useluding that the for small implementation cost the
theoretical ALQR satutcahoiAL®RmModofFutedonho, pal |l c
theory to control the water phase level of a gravity separator system.
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Valve saturation and influence of LQRI level control on the Outlet flow

The final step in validating that the derived LQRI control structure is to evaluate the control |effor
exerted on the water relief valve and the influence over the outlet flow leaving the separatoiFigdse?l
Is comparing the measured water relialve opening position and water phase outlet flow.

Water phase Outlet flow vs. Water relief valve opening position

0.8 ‘
|y et e
%Mﬂl |
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Fig. 1l1.17 Water phase relief valve opening vs. Outlet flow

The obtained results are similar to the results obtained during the IM@gRImentationThe water
phase ougt flow is constant on averagéhe control effort required to compensate for step transition in| the
reference point regarding theater phase leves minimized. For small deviations from given steady state
valuetheunderflow valveopening position is readjusted in small range, exerting less influence on the outle
flow leaving the separator vess€loncludingthat the obtained LQRI controller provides suitable control
performance under thepecified operating conditions.
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lll.VComparison between RMCPI LQR control of water phase level
After the three fALevel control structureso
collected from the closed loop experiments with seven bar pressure. The closedtidevel responses to
one percent increase in the water level reference point are presented in the following figure.

Closed loop Level response

0.162

G

mmmlm«wwww

" (JM il
m&mmww e R m\\“\"‘M‘mw‘}“w"‘ U i

ity

0.16

pplia ;
et i vWm,‘,m»mw'n"W""’W'“‘

[,;‘V‘“

0.158 T L
Pkl
) !1””“”\‘\“”"{""”‘\“. il
- ."‘l‘\”"‘l Tl
Y
i

—

°© o o
G o @
g 2 8

Water Level Ref. point

Meassured Closed loop level response P! control
Closed loop level response IMC/PI control
Measured Closed loop response LQRI contol

Water phase level [m

015 F‘wmwv‘ﬂ\!‘ —

Mt

T
?ﬁ‘wmv‘w‘rw

0.148
0

100 200 300 400 500 600 700 800 900 1000

0.4

il—ﬂfﬁ%ﬁ\,w

0.35

0.3

0.25

0.2

0.15

0.1

Measured Underflow valve response Pl control
Measured Underflow valve response IMC/PI control | |
Measured Underflow valve response LQRI contol
[ [

800 900

0.05

Underflow valve opening position [0...1]

200 300 400 500

Time (seconds)

600 700 1000

Fig. 111.18 Closed Loop controller comparison .

The PI control structure is satisfying thesired specifications. Minimum overshoot before settling da
to the specified reference point is observed, in tradeoff of expensive control. The underflow valve is s:
at the point of transition between the two steady states forcing huge actmmefpercent correction in th
water phase | evel Concluding that the obtain
response, in tradeoff of robustness.

The | evel response with Al MC/ Pl ers, gpedifieddiltel tene
constant required to obtain proper controller transfer function and the two tunable parameters of the a
PI correction term. Concluding that the closed loop IMC response is reasonable, based on the slo
dynamics oldined during the modeling phase of the gravity separator system. The control action exe
the underflow valve is minimized significantly in trade off of slow response in change of the water phas
reference point Congltudiicngrtetbati st henpit levh@ nd am
the six tuning parameters required to modify the closed loop system response.

Finally, the ALQRI contr ol structureo i C
responseobti ned with Al MCPI contr ol structureo. Th
of minimum control action required to compensate for one parent increase in the level reference
Concluding that the #fAL@RIt hcaonn ttrhoel Ified rMC/iPsl 0a bceo

weighting matrices required to modify the closed loop system response.

S
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Under the formed experimental conditions all controllers are having similar reference trackin

performance, implying thatallofhem ar e good candidates for fALe

V €

The significant difference in the responses is caused by the different tuning approaches. However, the re:

from a worst case scenario experiment in which oscillations imteeflow are introduced is considered In

order to extend the evaluation of the implemented control structures. The following results are presented in

\ IS 1R RN
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Fig. 111.19 Closed loop response urrdgorst case scenario.

The fAaggressive Pl controllero is heavily

i n

significantly faster closed loop response time of the PI controller, is implying high saturation in the lower lim
of the underflow walve causing reaction only when the water phase leave is increased, explaining the obsen
drift from the specified reference point. The heavy disturbances in addition with errors accumulated in the mo
caused by the assumed simplifications are cleamyf | uenci ng t he c¢cl osed [IPojop

contr ol structureo, indicating that the obtaijn
Concluding thafPltkcentdeoi Vedofir ®Gui r e sseparator mbdel in t
order to achieve better results. Only the ALIQR

considered worst case scenario. Indeed, the reference tracking performance is decreased, but the closec
system response @scillating around the specified reference point for the water phase level. Concluding th:

the derived ALQRI contr ol st r ucdsider@dhe infiaite gain marg s
of the ALQR solutiono
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[11.VIConclusions overlosed loop gravity separator system

Two experiments are designed to evaluate the reference tracking performance of the considere
structure. The first experiment considers simple operating conditions under atmospheric pressur
separator v&sel. The second experiment expands the first by pressurizing the system and including
constant disturbance for the duration of the experiment.

d col
P in
sec

Three control structures are designed and implemented in order to obtain control over the water ph

level . The first control structure is a APl <co
probl em. The tuning procedure of the APl con
for tuning @ Pl Dofcaluestor theltwodunablé pammetess s @ldained by simulation.
obtained range of values between aggressive and robust Pl controller are used for a trial and erro

during the implementation phase in order to find suitable gains for theotvimlter parameters. The obtained

results under the conditions of the second e
the specified reference point with minimum error in tradeoff of demanding control action exerted
underflov valve. Furthermore, considering a worst case scenario in which the water inlet flow is oscil
concludes that the obtained APl controllero i

The derived linear representation of the gravity separat system i s wused t
structureo in order to control the water phas
the operating conditions of the first experiment are unsatisfying. A steady state error is¢ddabdp system
response is observed, indicating that all simplificatinpdassumptions considered during the derivation of
|l i near gravity separator model are directly i
introducedtoth&d | MC control structureo in order to el
procedure is executed in order to obtain starting values for the proportional and integral term of t
observed steady state error is eliminated aft
of reduced control action i n comparscseomarwiot,h
control structured also experience failure, I
derivation of the IMC structure must be retuned and expanded for more accurate model respons
considerioguanonbMCSecond the i mplementation

nt
tr
The
r me

p ¢
on tf
lating
S

Al MC/ PI contr ol st r u cetuted @udng thd-implemanetion of thé eomirdllergThe

higher than the two other solutions considered. Six tunable parameters are required to obtain closed |

response similar to thresponse obtained with LQRI controlwstture

The final controller considered is a ALQR gor

on optimal control techniques is expected that the derived controller must provide better results in con
to the two other implementeambntrol structures. However, the results obtained after the first experimert
associated with steady state error in the water phase level response. Concluding that the consid

pari
nt are
ered

function is minimized, al |l owitisingtgia@nteedthadthe minimiaapdn i

is fixed at zero leading to the observed steady state error. An integration tetnodsiced to the control
structure forming a ALQRI controll ero. T h ef the

e w

second experiment. The steady state error is eliminated after the application of integral state for the error si
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providing better results. Furthermore, t he ¢
under the conditions afiorst case scenario. The reference tracing performance is strongly influence
oscillating around the defined references poi
point for developing a water phase level controller, but from ime ment at i on poi nt
structureodo must be ¢ ons iretbemcesdracking pedarntaece antl presexve
ALQRO properties.
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IV.  Empirical modeling of hydro-cyclone separator system.

The second category stibproblems requires two models describing a flow rate and flow split to PDR

relationships of a hydroyclone system. Under the conditions of the available setup, the first relations

manipulated by adjusting the underflow valve opening positioriewihe second relationship is manipulated

by adjusting the overflow valve opening position, allowing to relate the combined action of the two
with the associated hydwy c | onedés PDR. Under consideration
and the complex dynamics occurring in hydry c1 one syst ems, it i's de

p r o c e[dnwrder to obtain a black box model of the hydyalone system as in Fiy.l1.

PDR wrt Vu
U P Valve Opening position Vu P Vu PDR

Underflow valve opening position

Underflow Valve Hydro-cyclone Flow Rate
PDR wrt Vo

PDR

U P Valve Opening position Vo P Vo PDR

Overflow valve opening position

Overflow Valve Hydro-cyclone Flow Split

Hydro-Cyclone separator plant

Fig. 1V.1 Hydro-Cyclone black box model.

The defined black box hydroyclone model is divided into two separate stages. The first sta(
describing an inpubutput (I/O) relationship in terms of underflow valve opening position and PDR.
second stageonsiders overflow valve opening position to PDR /O relationship. The combination of ou
from both relationships is forming the total PDR of the hycrdone system, creating the requirement for {
identification of a MISO system. However, by tregtithe two hydrecyclone stages of the black box mod
as LTI systems, allows to use the superposition principle reducing the MISO identification requirement
SISO cases in tradeoff of increasing the amount of identification experiments. Four exgeiimtotal are
designed to obtain sufficient amount of data for identification and validation purposes of the two s¢
stages of the hydroyclone model

IV.l.Identification experimerst

The four designed experiments are divided into two grodeBned as identification and validatio

hip i
valve

Ci

je is
The
itput:
he
el
to t

epar:

>

experiments. The two identification experiments are designed to reach identical operating conditions, un

the consideration of the two required SISO identification cades.first case is considering the unétesf
valve opening position to PDR relationship. Two sets of data are considered. The input data set is obt
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recording the reference input signal passed to the underflow valve. The output data set is obtained by

log

the associated PDR calculatidBy manipulating the underflow valve opening position while the overflow
valve maintains constant opening, the overflow valve influence to the PDR output is excluded, allowing

obtain informative data set frothe first identification experiment.

The second case considers the relationship between overflow valve opening position and the associ
PDR. Following the same approach, an I/O data set consisting of recorded reference signal driving the over
valve and PDR calculation, is consideréd.order to obtain the desired data, the operating conditions for the
underflow and overflow vales are interchanged. The overflow valve opening position is manipulated, whi

the underflow valve opening position remains constant, highlighting the desladidnship and providing
informative data set from the second identification experiment

The two identification experiments are divided into four stages. The initialization stage defines speci

set points for each operating conditions required to ensiable operation of the gravity and hydselone
separator systems simultaneously

Initialization phase:
Gravity separator:
Water phase inlet flow™© 0 1O i O
Water phasegvel- Q 6 m° & w
Tankpressure 0 0 TIO X® QM|
Hydro-cyclone separator:

Pressure difference rati@d O 1° p®

Considering that individual operating condition have different time constants, is decided to handle t

initialization phase under closed loop configuration. The water phase inlesfleaching the defined stead

y

state value -Daakstl ooApofi Pdonftereod | i ng the avail abl
constant flow entering the gravity separator vessel. The second operating condition which reaches the spec

setpont i s the water phase | evel. The designed
steady level, by controlling the underflow valve opening position. After the inlet flow entering the sep
vessel is stabilized and the water phasellis fixed at the designed set point, sufficient amount of pressu
accumul ated in the separator vessel all owing
controllero is wused to maintain st @paldipg the owerflosy
valve opening position. Finally, the gas phase pressure has reached the defined set point, requiring to
addi tional APl feedback | oopo to the avail abl
specifed gas phase pressure. By providing twenty minutes settling time for all controllers, it is ensured
four operating conditions are maintaining steady values. This is done while approximately constar
opening positions for the underflow andeoflow valves are achieved, allowing to create the followi
operating conditions for a ASteady. state phas

Steady state phase:

Gravity separator:
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Constant Water phase inlet floww@ 071
- Pl control over inletlbw pump
ConstanSeparator tank pressg® o 6 i
- Pl control ovelgravity separator gas relief valve
ConstanWater phaseelvel- 1@ ux
- A L e goattob maintaining constant underflow valve opening position
Hydro-cycloneseparator:
ConstanPDR - p&®

- A PDR c onaiftainmd constant overflow valve opening position

The ASteady state phaseo is achieved by flor
category maintains steady water phase inlet flow and separator tank pressure, evbdeotid maintains
steady water | evel and PDR. I n order to perfor
category of closed | oop systems is transitionec

off, allowing to drive he underflow and overflow valves based on-gakeulated equilibrium opening

positions. The following two cases of operating conditions are used to collect the required identification d:

sets.

Identificationphase:
Disturbances
Constant Water phaselén flow - i 071

- Pl control over inlet flow pump
ConstanSeparator tank pressg® o o i

- Pl control ovelgravity separator gas relief valve
Operating conditions

Case |

Underflow valve opening position

- Inputsignal:wee 3w
Overflow valveopening position

- Input signal:wee
Case |l
Underflow valve opening position

- Input signal:w
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Overflow valve opening position
- Input signalwee 3w

By keeping the two main disturbances acting on the hggctone separators constant, whi
manipulding one of the valves at a time, allows to observe a clear influence over the PDR. A step s
increments of 1, 2, 3 and 4% up to 10% devi at

le
gnal
o)

used asexcitationfor the first identificatio case. For the second case the point of interest is shifted to the
overflow valve. The same input signal is used to record the PDR response, while maintaining const

underflow valve opening.

After the identification phase for each experiment is fiaisa finalization stage of the two identification

experiments is reached. By slowly releasing the accumulated gas and water pressure, the gravity-and hy

cyclone systems are prepared for shutdown

IV.1l.Validationexperimens

Two validation experimés are designed in order to proceed with the identification of the toydione
system. The two validation experiments are executed under identical operating conditions with respe

ctto

underflow or overflow valves. The validation experiments are dasgg the same approach applied for the

identification experiments. Four stages per experiment are considered in order to obtain validation d
initialization phase for the required validation experiments is designed to reach the following gmeiatis

Initialization phase:

Gravity separator:

Water phase inlet fow™© 0 1© 1@ OFi
Water phasegvel-"'Q 0 0 & w
Tankpressure 0 0 TIO X® @O
Hydro-cyclone separator:

Pressure difference rati@d O 10 p8&

ata.

The threeoperating points from the gravity separator side are adopted from the identificatior

experiments design. By selecting the same values for water phase inlet flow, level and pressure is ens
the hydrecyclone system will be in sufficient operatingnge. In order to obtain validation data set which
differing from the identification data set, a change in the operating point value for the PDR is ma
selecting different PDR set point, it is ensured that different operating point values foo trezgjtwred valve

surec
S
de. |

opening positions will be achieved. After the initialization phase is executed, the two validation experimer

are transitioning to a second stage.
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I n order to ensure that al/l oper at i n goftheotwmod
validation experiments is executed under closed loop conditions. The four selected controllers dur
Il dentification experiments design are applied

It
ing
t

After the gravity and hydrayclone systems have settled down an underflow and overflow valve opening

operating points are calculatede experiments are transitioned to the third stage.

Il n the AValidation phaseodo, the closed | Rag

S

switched off. The constructed deviation signals applied during the identification experiments are reus

allowing to obtain validation data sets which are similar to the identification data but in different ope

ratin

point. Finally, the two systenase transitioned to finalization stage of the two validation experiments, ensuring

the safe shutdown of the two systems

IV.Ill.Underflow valve model identification

The results obtained from the first identification experiments are used to form thieeded/O
identification data set. The identification d

at

the experiment. A lowpass filter is applied to the raw calculation of the PDR. Pass band of 0 to 5 Hz is select:
to reduce the aesiated nonlinearities and measurement noise influence. The first thirty seconds of data
used to calculate average equilibrium point values for the input and output data sets. The calculated value:

subtracted from the recorded data, allowing togsgnt the I/O data set in terms of deviation signals

Input-Output Data
Output Data Set
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Fig. V.2 Underflow valve identification data set

Correlation in the I/O data set is observed under the provided step excitation. The I/O relaison
falling under the revers action problems. By increasing the underflow valve opening position the §
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decreased and vice versa a decrease in the valve opening position causes increase in the PDR. The pre
identification data set is introducedioMATL ABO6s i denti fi cati on themmodelb o x
identification procedurgl6].

Different model structures are evaluated during the model identification procedure fiiting

validation against thealidation data set is used to select the best model candidates. The identification of ea
model uses the following specifications.

Estimation specifications:

- Model structure: Transfer function model
- Initial condition: zero

- Initialization method: All

- Iteration steps: 20

The initial condition for the selected ideni
identification data set 1Is expressed in terms
the software compaseall predefined methods and chooses the one that yields the smallest value of predicti
error norm. It is decided that the default choice of twenty iterations per one identification cycle is sufficient
obtain an estimation for the specified model. #rd seventy percent fit is achieved with second and fourth
order transfer function models. The transfer functions are evaluated based on step resparese, pale and
bode diagram as follow

Step Response Pole-Zero Map 10
6 10 T T T T
R 0.56 0.42 0.32 0.22 0.14 0.07 8
5 7 —g 0.74 % o
g2 5 4
4 8 0:9
@ @ 2
] L
2 %
53 % 0F *
£ <
<, =y 2
© 0.9
y £ 5. 4.
/ — =)
1 Vu'to PDR 2nd Order TF g 0.74 x Vu to PDR 2nd Order TF
Vu to PDR 4th Order TF = 056 042 03 Vu to PDR 4th Order TF
0 10 & e L 1 o o T SN PO —

0 5 10 15 -8 7 -6 -5 4 3 -2 a4 109
Time (seconds) Real Axis (seconds ™)
System: Vu to PDR 4th Order TF
Gain Margin (dB): 4.56
At frequency (rad/s): 2.75
?
N %.f/'osed foopistablcTYes Vu to PDR 2nd Order TF

I E— - Vu to PDR 4th Order TF

-50 System: Vu to PDR 2nd Order TF — —
Phase Margin (deg): 31.3
-100 Delay Margin (sec): 0.275

0 At frequency (rad/s): 1.99
: Closed loop stable? Yes
-180 |
System: Vu to PDR 4th Order TF ———— |
Phase Margin (deg): 13.2 I . S
-360 Delay Margin (sec): 0.108
10 15 20 25 30

At frequency (rad/s): 2.13
Closed loop stable? Yes Frequency (rad/s)

Bode Diagram

Magnitude (dB)
|
|
|
|

Phase (deg)

Fig. IV.3 Estimated transfer functions analysis.

The two transfer function models are stable. All poles are located on the left hand side of the comp
plane. The obtained step responses have settling time of twelve seconds, in agreement with the fast dyna
oft he PDR. Based on the amplitude of the step]| r
both transfer functions is higher than required and additional tuning must be considered after the first trial
simulations. Finally, the two bode pdoare compared. The two transfer functions are closed loop stable. The
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fourth order model is limited by low gain margin in contrast with the second order model. Based
obtained results is concluded that the two estimated transfer functions askeduoitaimulation purposes

Underflow valve model simulation

The estimated transfer function models are validated based on three criteria during the identi

procedure. The first criterion of curve fitting the validation and simulation ofEf $/stem response is used

on tl

ficati

to reduce the number of estimated models. After the model candidates are narrowed down a LTI analys
performed in order to investigate the open and closed loop stability of the obtained models. Finally,

comparison betweerhé¢ validation and simulation of the PDR responses is considered as third vali

datio

criterion. The following block diagram is created to simulate the estimated models based on the recort

validation data set

num(s) - num(s)
den(s) avu den(s) dPDR

Low Pass Filter 2nd Order Transfer Function model

num(s)
den(s) dPDR

Underflow valve opening Eq.Point 4th order Transfer function model

PDRO_Vu_Val

PDR EqPoint

Fig. V.4 Underflow valve opening position to PDR simulation

The input signal used for the simulation of the estimated models is formed by subtracting a cal
operating point from the measured valve opening position of the underflow valvierifieel deviation signal

culaf

is passed through the piitering stage used in the identification procedure. In order to keep the consistency

the low pass filter applied to the identification data set is used in the simulations also. To reconst

ruct

origind output and exclude the filter influence on the simulation, an inverse of the applied filter is requiret
However, during implementation, it is discovered that the inverse filter transfer function is unstable, direct

influencing the simulation resulttt.is decided to exclude the filter inverse stage in trade off of introdu
delay to the simulated output response. Finally, a calculated PDR operating point value is summed
produced model output, forming the final simulation PDR response. ifthdason and validation PDR
responses are compared in.Rg5.
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Fig. IV.5 Simulated PDR step response

The simulation results are split into two parts by dividing the data into two portions for bette

representation. The first graph from top to bottomFig.IV.5 presents the measured and simulated P
responses under the influence of positive step deviation of the underflow valve opening position. The
graph presents the PDR responses under theentféu of negative step deviation of the underflow val
opening positionThe pair of solid dash lines of yellow and red colors are reserved for simulation res
of transfer function models with original parameter estimates. The pair of green ankihelsick reserved for
simulation responses with tuned transfer function parameters.
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Both second and fourth order transfer function models are producing similar output responses. T

performance of the selected linear models is decreasing as the PDReid &hither away from the initial
state. The best step responses obtained with the original transfer function models are associated

with

percent increase or decrees in the underflow valve opening position. In contrast with the results obtained \
tuned transfer function par amet e-segen peiicdnefor dadhctrangferi |
function, extending the accuracy range of the models up to three percent deviation in the underflow va
opening position. The following detaildeg.IV.6 illustrates the PDR step response for two present step

deviation in the underflow valve opening position
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