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Abstract

Studies have shown that the satisfactory operatia@il wells with sucker rod pumps is due to thehteiques and
methods able to control the performance of the .vilgle Polytechnic School of Federal University athiz,
through the Artificial Lift Lab (LEA), has nowadagsreduced model of a plant of sucker rod pumpesystith an
artificial well of 32m of height fully instrumentedvith full access and visible of the downhole wellkind of
resource of the LEA is a laboratorial support tbdade existing models and to base experimentadly studies.
Among some studies already performed with this suokd pump, there is the use of a dynamic modebidrol
the fluid level in the annular well with PID conlliey (that is directly associated with oil prodwity of the pump
unit). However, there are in literature, severahteques for tuning PID controllers (e.g.: Zieghichols, Cohen
and Coon, IMC, Integral Criteria, Pole placementje objective of this paper is to use an optimairtg method
to PID controllers presented in [1] and to applthie control of the fluid level in the annular weflthe pump unit.
This optimal tuning method is based on solutioambptimization problem through the minimizatioraaglobal
objective function, that is composed by local otijecfunctions. Thus, this method may incorporatme model
uncertainties, PID control algorithms, processyrbdtions, manipulated variable restrictions (iis tipplication
the manipulated variable is the downhole pump owifland overshoot. Finally, the results with a Rtitroller
using this optimal method were compared with o€ tuning methods available in the literature.
Keywords. Sucker rod pump; Optimal tuning; Process contdificial lift; Petroleum lift.

1. Introduction

The rod sucker pump system is the artificial liftthiod most used in the current on-shore petrolewiusitry due
to the simplicity of its equipments and installasd?2]. This method is also considered as the tirsnique used
to lift oil up from wells. Studies show that hismpdarity is related to low costs of investments amaintenance,
deep and outflow flexibility, good energy efficign@and the possibility for operating in differentifi
compositions and viscosities in a wide range ofperature [3].

Although this lift method is already well-known anddely used, there are some opportunities of imjmg the
operational conditions, especially, to deal witbdurction control strategies of the pump unit farr@asing the
system productivity. The development of low costvdbole fiber optic sensors turned possible the nreasent
of downhole variables that assists the productionitoring and the application of new control stgggs [4-5-6].
In this context, The Polytechnic School of Fedéhaiversity of Bahia, through the Artificial Lift La(LEA), has
nowadays a reduced plant of a sucker rod pump avithrtificial well of 32m of height fully instrumésd, with
full access and visible. All components of thislsrcrod pump system are industrial and the plasa &bs a
supervisory system to data acquisition and conittolvever, in terms of production control of the gummit, the
presence of some uncertainties in parameters idythemic system model may jeopardize the good paefnce
of a conventional controller (e.g.: PID). These entainties, in the case of the sucker rod pumpmatly are
related to or fluid characteristics in the welheit associated with the electrical and mechangsdmably.
Among some studies already performed with this suoéd pump, there is the use of a dynamic modebirol
the fluid level in the annular well with PID conlliey (that is directly associated with oil prodwity of the pump
unit). However, there are in literature, severahteques for tuning PID controllers (e.g.: Zieghichols, Cohen
and Coon, IMC, Integral Criteria, Pole placemefitBf9-10-11]. The objective of this paper is to aseoptimal
tuning method to PID controllers presented in fid & apply in the control of the fluid level iretinnular well of
the pump unit. This optimal tuning method is based solution of an optimization problem through the
minimization of a global objective function, whid$ composed by local objective functions. In thiaywthe
tuning technique developed here could add in th@nigmation problem the model uncertainties, PID tcoh
algorithms, process perturbations, manipulatechtégirestrictions (in this application the manipethvariable is
the downhole pump outflow) and overshoot.

In section 2 the sucker rod pump system is brieflylained .The necessary mathematics to the daweloipof the
optimal tuning method is presented in section 3 $imulation and analysis results are discussegdtion 4.



Finally, some remarks about the controller perfarogaare presented in section 5.
2. The Sucker Rod Pump System

2.1. System Description

In this artificial lift method a rotatory movemeot or an electric motor either combustion motoralazed on
surface of the pump unit is converted in alterrativovement of the rods column. This same colummsiréts the
alternative movement to the pump components tleatoaated in downhole well, that are responsiblelévate
the fluid from reservoir to the surface. The sucdlaa pump system could be divided in downhole amdiase
elements, (see Fig. 1)
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Figure 1: Components of a rod sucker pump system

The rods column is the link between the pump waialized on the surface and the downhole pumpdbkhole
pump is a kind of alternative pump of positive disement and simple effect, in other words, thielfisidisplaced
in a one way direction of the alternative movemditte function of the downhole pump is to providemy
(increasing the pressure) to the fluid from reserid®-13].

2.2. The Fluid Dynamic Model in the Annular Well

The production performance of a rod sucker pumpesyss directly associated with fluid level in afaruwell
[14]. Thus, it is necessary to obtain the fluiddedynamic-model in annular well and his relatidpshith some
of variables of entire system. As follow in Fig. 2
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Figure 2: Downhole well scheme with sucker rod puaygtem



It is possible to obtain the volumetric balanceegivby an ordinary differential equation of the deaje of the
annular well as follow in Eq. (1)

Qun (1) + Qrl(t) = Qs t) 1)
whereQg(t) is the outflow from the reservoir to the annulathv@an(t) is the outflow from the annular well to the
production well (where is localized the downholenm) andQg(t) is the downhole pump outflow. The outflow
from the annular well to the production w8llx(t) is given by

Qan t)= Aanhlt) @
where h(t) is the level ratio of tha(t) in the annular well and,y is the transversal section area of the annulag. Th

. Vg . . .
annular area is calculated as follofyy, =Z((D&5rs 2 —(DEROD 2), whereD55is the internal diameter of the

casing pipeDEPQPDis the external diameter of the production welle utflow from the reservoir to the annular
well Qg(t) is given by

Qr(t) = PI(Ps = Ry (1)) 3)
WherePl is called Productivity IndeXsis the static pressure and is the static presmdB,¢ is the well flowing
pressure (also called downhole pressure). The gtedssurds is given by

Ps =Pcas+ Ve AB @)
WherePCSAS is the casing pressure in statics conditions (tlresystem is down and there is no productigr)is

the specific weight of the fluid (that may be a gasition of water, oil and gasﬁ is length between the static
levelhsand the casing. In this work the pressure of teaplumn on the fluid level in annular well wibtrtake in
count. The reference point is the point whisseccur. The well flowing pressuf&y is given by

Rvr (t) = POs+ 76 [AB- h(t)] ()
wherePcDAS is the casing pressure in dynamics conditionsthrap system is on and there is production) fad

is the level as indicated in Fig. 2 in the titn& will be assumed he PCSAS U PCDAS

Aanh(t)+ 1Py h(t)= Qg (t) (6)
It could rewrite Eq. (6) as follow in Eq. (7)
v Plye 1 (7)
hit)= - hit t
(0= -2+ - Qul)

It could be observed that the dynamic model in &J.is a linear relationship given by a first oraedinary
differential equation.

3. The Tuning Method

3.1. SISO Systems

In this work will be presented the developmentheftuning method formulated in [1] only to SISOtsyss, since
that is the case of the sucker rod pump system.métod was formulated by using as a start poiypeal
feedback control loop. Consider the diagram indidanh Fig. 3
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Figure 3: Feedback control loop diagram



whereG, andG; are, respectively, the transfer function of thetoaller and the transfer function of the procéss.
the same ways; andG,, are, respectively, the transfer function of theaficontroller element and the transfer
function of the measurement element. The biGgkefers to the transfer function associated todistrbance.
From a generic point of view, a tuning method haes dbjective to determine the parameters valuethef
controller that optimize a determined criterion.ushthis criterion (denoted here By is a function of the
parametersR) and it could be expressed, for example, by

minJ® (8)
P

In terms of tuning methods of process controllérsre are criteria to the optimization, such as,|I’MEE, ITAE
and ITSE. In this case, it is possible to use a&gerriterion that is comprised by the linear camation of these
well-known criteria [15-16]

MiNJ® = Min@wIAE(P) + a,.ISE(P) + a5 ITAE(P) + @, ITSEP)) )
P P

whereay, 0, 03 anda,are weights for each integral criteria.
There are some processes that the oversli#ti§ not desired. It could be minimized by addingeatra term in
the functionJ

MiN(@.1AE(P) + @, ISE(P) + a3 ITAE(P) + @, ITSE(P) + a5 OS(P)) (10)
P

In most of processes, it could be desired thathaipulated variableuf behave smoothly. In other words, it is
desired that the movements of the manipulated mgriare restricted. In this case, it could be acdefrom the
minimization of these movements

MiN (@1 1AE(P) + @, ISE(P) + a5 ITAE(P) + a, ITSE(P) + a5 OS(P) + a.Au(P)) (11)
3

Equation (11) is a function not only of the conlgolparameters. The processes present differepbmess
according to the changes in set points and loaskgahnd, moreover, different results are obtaireu flifferent
types of input signals (pulse, step, ramp, eta.dhis case, it could be defined each combinatfaigmal input and
the type of problem (servo or regulator) as a @dmroblem (CP), it is possible to write

Min (@.AE(P,CP) +a,.ISE(P,CP) + a3 ITAE(P,CP) + 12)
b
+a,ITSEP,CP) + a5.0(P,CP) + a5 Au(P,CP))

In the same way the objective function could bergef as a combination of criteria, this conceptlddue
generalized to the combination of control problemghis case

. ZN:(alj IAE(P,CP)) +a, ; ISE(P,CP,) + a3, ITAE(P,CP)) + (13)
MINL. 4, 1TsEP.CR) + a5 OS(P.CP)) + a5 AU(P,CP))

In order to reduce the notation, it could be defiaegeneric criterio€, composed by several control problems,
linearly weighted by using weights

N L
min2_»i 2 4 Ci(P.CR)
P j=1 i=1

whereC; are the criteria of evaluation adopted (integraéda, overshoot, manipulated variablR)is the number
of control problemsl. is the number of criteria used. The constgnése weights for each control problem. The
presence of the weighysis to facilitate the tuning design. Because itlddae attributed clearly a weight for each
control problem, and still turning possible to dke weightso;; in normalized form. In others words, for each

control problem one has
L
Da;=1 (15)
i=1

It could be observed that the objective functioE@m(14) may incorporate the model of the prockBs (

N L
minX_» 2., C(P.CA.M))
P =L =L
An important question in tuning controllers is tipgarantee that the parameters obtained will progicéable
system output. Other question is the presence afeimoncertainties. Furthermore, these uncertaintiethe
phenomenological model can commit better resutiolid be observed that the solution of the fumciioEq.(16)

(14)

(16)



will guarantee a stable response only if the moeekrtainties are within the range of the chosedetmof the
process. In case of instability, the value of thgotive function will tend to infinite and, theoeé, it will not be a
solution.

3.2. Numerical Aspects
The tuning problem, as it was presented in [1]characterized as a non-linear programming problath w
restrictions. In order to the solution of this peyh was used a SQP (Sequential Quadratic Prograghimin
algorithm. To the solution of the differential etjoas to the simulation of the transfer functionsLliaplace
domain was used the fourth order Runge-Kutta. Tit&lization of the tuning method depends on thigal
estimates of the controller parameters. These pEmare automatically normalized by the progrdrthe
tuning method to facilitate the convergence ofrttethod. One must provide the maximum and minimulmesga
for these controller parameters, or to use theultefalues of the program. One could face some migale
problems of instability by the use of non-normaliz@lues. However, with the normalized parametaesanuld
obtain good results even with not so refined ihggtimates. The default values of the progranaartoliow

*  Weightsaij: 0yj=0,;=03;=04; =1 €0s; = 0g;= 0;

¢ Initial EstimateX. = 0,1, = 15, €1p = 15;

e Minimum parameterk. = 0,7, = 0.01s, ap = 0.01s;

e Maximum parameter€, = 1000,T, = 9999s, ap = 9999s;

As will be presented in the next section, the tgnimethod described here shows good results touttiees rod
pump system even if the default values of the tyipirogram are used.

4. Simulations and Analysis Results
The Matlab Simulink was used to simulate the tumimgthod presented for the level control of thedflun the
annular well of the sucker rod pump in the presemk. The transfer function of the nominal modethw# plant is

_ 1 _ _
M (s)=by, S+am:>bm—62,1am—3,1 (17)

The data used here were obtained from real tesitstia¢ sucker rod pump system (physical systertharn_EA.
The values to the model in Eq.(7) dfe= 4,96527x10°m®s *Pa, A,y =0,0161m, andy: =980(Nm 3. By

considering an unfavorable situation for the precésom the standpoint of stability, one uses 1@) of
uncertainties in the parameters of the model

M, (s)=b, S+1ae — b, =68,31a, = 341 (18)
Thus, it could be used two control problems. IneotwordsN = 2 in Eq.(16). One of the problems will use the
nominal model of the plant in Eq.(17), and the othree will use the model with uncertainties of 10r#&q.(18).
Since there is no restriction in the manipulatedaide and in the overshoot (here the manipulatathile is the
downhole pump outflow) the weights associated wigtse two terms are set@s; = 05, = 0g1= 02 = 0. The
other weights are set @g;=0;,=0,1= 0, =031 =032 = 041= 04,= 1. The weightg; could be chosen to give
more importance to the nominal transfer functionEq.(17) and less to transfer function in Eq.(18hw
uncertainties in the parameters. The weights weosen ay; = 0.8 andy, = 0.2. The PID controller equation was
used as follow

(r-y) , 7oS(=y)
u(s) =Kcl (r—y) + +
(9 [( e (19)
By following the same methodology used in [17] t@leate the performance of the tuning techniqueB|BX
controllers available in the literature, was udeel Ziegler-Nichols methodZ(N) as reference, and the objective
function (o) below as a measurement of this performance

Eo= (Fiae + Fise + Firae * Firse)
o =

4 (20)
where
Fo- IAE
IAE |AEZ—N (21)
_ ISE
ISE_E (22)



ITAE

F =
ITAE |TAEZ_N (23)
__ITSE
TSETITSE, (24)

This objective function was chosen to allow the panison between the methods used in this paperclear that
the objective function is only a criterion to eatie the tuning problems and it could assume othfiguration.
Figure 3 shows the comparison between the four masttested: I1AE, IMC, Z-N, and the method propdsgl]
(here will be used only the word Method for it).el§imulations were performed regarding the infsjtas a unit
step signal with amplitude equal to 1.
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Figure 3: Comparison between the methods tested.

Table 1 shows the controller parameters for eagimgumethod used in the test and the correspornvadun of the
objective functiorf.

Table 1: tuning parameters of the PID controllet e value of the objective functiip.

Method used Z-N Method IMC IAE
Ke 9.677 8.513 9.933 7.648
T 0.970 6.847 5.060 6.612
L0 0.243 0.010 0.247 0.219
Fo 1.0 0.545 0.763 0.642

According to Eq.(7) the reference signal to bekea is the downhole pump outflow (that is the ipalated
variable). It could be observed in Fig.(3) thattéierence was tracked by all tuning methods. Thegss variable
that is the fluid level in annular well could besebved in Fig.(3) with oscillations in transitobyt stable in steady
state for all methods tested.

It could be seen from the values of the objectirecfionF in table 1 that the method proposed in [1] prestra
best performance in tuning the controller paransefi@rthe PID controller of the sucker rod pumpteys It also
shows the fast response with little overshoot antbeguning methods tested.

5. Conclusions

In this paper the optimal PID tuning method wasliggpin order to control the fluid level in annulaell of a

sucker rod system. It could be observed througlsithelations and analysis results that the referevas tracked
by the tuning method presented in this paper veth bscillations (little overshoot) in transitoryitbstable in
steady. For future work this adaptive controlleswld be implemented in the real physical system.
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