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Abstract— In thispaper aPID controller isutilized inorder to  drag reduction, lift enhancement, mixing enhancementlgkc.
control theflow rate of the heavy-oil in pipelinesby controllingthe  16]. Fadlun et al[17] implemented the concept of [18] to a
vibration in motor-pump. A torsional actuator is placed on the finite-difference methodology where a staggered grid is used. In
motor-pump in order to control the vibration on motor and  [19] a digital pulse feedback flow control system utilizing
consequently controlling theflow ratesin pipelines. Thenecessary  mjcrocontroller as well as feedback sensing element is
conditions for asymptotic stability of the proposed controller is  geyeloped. Surprisingly, even though the flow control method
validated by implementing the Lyapunov stability theorem. The g6 \yidely spread, investigating the stability of the control
theoretlcaJ.conce.ptsarevahdated utllllzmg numerical smulations system is very rare. In [20-21] the P, Pl and PID conficis
?:?hincilr):ts:il v(\)/fh;rgwp:gt\/;;heief;?ﬁté\s/eness of the PID controller proposed for flow over a cylinder with a Reynolds number blow

PP ' the 200. The aim of control in these studies is the attenuation or
annihilation of vortex shedding behind a bluff body. The only
investigation on the implementation of Pl and PID controls to
the flow over a bluff body is carried out in [21]. In the recent

. INTRODUCTION years artificial neural network®\NNs) have become popular

Classic PID approaches as well as controllers are updatesid many interesting ANN applications have been reported in
and expanded during the years, from the primary controllers cengineering fielf22-30]. In [31] the authors have develop flow
the basis of the relays as well as synchronous electric motorsmodeling and optimization methods using neural networks. In
pneumatic or hydraulic systems to current microprocessorf32] a neural network controller approach is proposed in order
Currently, many techniques for the tuning as well as design @b control the pump flow rate. Surprisingly, even though the
PI and PID controllers are propogéddl. The method proposed flow control methods are widely spread, investigating the
in [2] is the most widely utilized PID parameter tuning stability of the control system is very rare.
methodology in chemical industry and is considered as a

; ; " This paper deals with the modeling and control of flow rate
conventional technigue. Basilio and Matos [3] suggested a new R - :
method with less complexity in order to tune the parameters éi’ heavy-oil pipelines. For this aim, the PID control algorithm

h
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PI controllers of the plant with monotonic step response. T tilized to control the flow mechanism in pipelines. A torsional

meiodcogy of el mode principle s nlzed 4y an 5] S’ [ aced on e melopump b oder o conel e
in order to extract the gains of PID and Pl controllers :

Exhaustive investigatiof6-8] revealed that the outcomes of P'using Lyapunov stability analysis. The stability analysis of the

control are very sensitive to the sensing location as wellleas tcontroller results in a theorem, which validate that the system

. ; : ; .1 States are bounded. The theoretical concepts are validated usi
guantity of phase shift. By suitable selections of these vasgabl numerical simulations and analysis, which proves the

the P control can be completely efficient in annihilating the : X X
vortex shedding or minimizing its strength. Furthermore, it iseffectlveness of the PID controller in the control of flovesan

demonstrated that the increment in the proportional gain Caer;ehr:es. F;Jhrther, t't is the .f'rSt gttetmpt tc; pll?r(]:e a_lbto[_sklona

results in the decrement of the velocity fluctuations in the wakg a0 3nh € mo 0r-pl|1n;p :c? order 1o con rol_ € vibration on

and the strength of vortex shedding. Nevertheless, a large g ptor and hence control the flow rates in pipelines.

causes instability in the systd@10]. This paper is structured as follows. Firstly, in Section Il the

ump model system is established. The PID control method is

escribed in Section Ill. In this section, sufficient condisi for

the controller under the Lyapunov stability theorem are

designed. A numerical example is presented in Section IV to
illustrate the results. Finally, the conclusions are provided in
S)ection V.

In order to implement the control law, the primary step is td
determine a desired output response of a particular system to
arbitrary input over a time interval, that can be carriedbgut
system identification [11]. Generally, it is feasible to gatea
model on the basis of a complete physical illustration of th
system. Nevertheless, this model contains complexity, also h
high calculation costs [12]. The secondary step is to define the

parameters of the PID controller. There exist various tileza Il.  MATERIALS AND METHODS FORMODELLING OF THE
associated with the methodologies for tuning of PID controllers SYSTEM
applied in various controller structures [13]. Flow control loop system is basically a feedbacktxs

Flow control is a major rapidly evolving field of fluid system. The structure of the pump model systenmasvs in
mechanics. There have been various concepts of flow control Fig.1. which is an open loop system. If there isvamted
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vibration in the motor, the stability of the floate will hamper.
Therefore, it is important to change the open leggtem to a
closed loop system by implementing a controlleasto control
the stability of flow rate by controlling the vibia in the motor.

Motor

Flow meter

@()ulpm

(‘) nl'\n

[nput pipeline

Pump

Fig.1. Scheme of open loop model

A Modelling of the pipeline

The proposed model consists of induction motorctvbauses
a rotation in pump and consequently can lead to 8bheavy-
oil in pipelines as shown in (Fig.1). This flow deb can be
illustrated in the form of partial differential eqicat (PDE) [33]

The linear global theory associated with flow dihis rooted
in eigendecompositions of the linearized flow opmm The
direct as well as adjoint eigendecompositions assatiwith
these kinds of operators generate information eéldb the
stability of the operator, the acceptance of inidiahditions as
well as external forcing, also the sensitivity patgally localized
disturbances.

From the viewpoint of incompressible, constant-dgns
constant-viscosity flows associated with Newtorfiards, the
nonlinear NavierStokes equation is defined for
nondimensional velocity fiel@x,t): R® x R - R™ , pressure
field p(x,t):R™ x R - R™ and Reynolds numbde > 0 as
below equation,

du

Jt

a

\Y

1
=—?p—u.Vu+Ff (1)

Where,
p is the density i%
u is the flow velocity in’sﬁ,
V is the divergence,
is the pressure k%
p_ ) p m.s2’
t Is time Ins,
Fy is termed as the summation of external force awy b
forces

By implementing the mass balance into the Equatigrihe
following is concluded34],

Vu=0 (2)
Equation (1) can be rewritten as,
ou 10p (3)
—_— = ———4F
at pox +hr

du _ 1 (4)

- —p—L(Pi—Pi—1)+Ff, i=1,..

whereL is taken to be the distance between two sections. No
let,

,n

ap; = pi—1, i=1,..,n 5)
wherea is termed as the coefficient of pressure changes i
sections
aui

ot
The loss of the friction under the conditions ahiaar flow
conforms with the Hagefoiseuille equatio35-36]. For a
circular pipe having fluid of density (p) and Kinematic viscosity
v, the hydraulic slop€&; can be described as,
64 u? 64v u
7" Rezgd """ 2gp2 "
whereg is the gravity D is the diameter of the pipes aRgis
the shape force vector in pipes. By substitutiofdin (6), the
following equation can be extracted,

1
—p—L(l—a)pi+Ff, i=1..,n (6)

(7)

ou; 1(1 Yor + vu+F
ot~ pL- YPiTogpzTThr (g
i=1,..,n
The pressurg(x, t) in the pipeline can be described as,
_F )
P=12

where F is the force inside the pipeline, also Ahis cross
section in the pipe.
2 dx

By taking into consideratioA = ma = m%,and u=—,

also by substitution of (9) in (8) the following weion is
extracted,

00x;, (1-a)d’x 64v Ox L F (10)
at ot pAL ot2 ' 2gD%2 ot P
Therefore,
(1—a) + pAL3%x; 64v 0Ox; (11)
- —+ Fb = 0
pAL at?  2gD? ot

If an external forcef, generates by pump, (11) can be
rewritten as follows,
Fi+®x+f,=f, (12)
where x € R? , T € R?*?2 ,® € R¥? | f) =[fy1 [zl €
RZlefp = [fp1 fp2 " € R
Since in this work two pipelines are used, (12)manewritten
as,

V1% + X + fr1 = fp1

Yo¥1 + @2X + fp2 = fr2

Since the pump is supplying pressure to the pipeshie

maintaining the flow rates, so the pipes will hake same
external forcef,; = fp2.

(13)

B. Modelling of the actuator
In order to reduce the vibrations of the motor edulsy the

Let‘;—p be the change of pressure in two different pointsexternal forcesf},) a torsional actuator is placed on the motor,
X

moreover for achieving a numerical stability of gartation, it is
essential to partition pipeline into various segm@enerally
identical), hence the flow in pipeline can be stats,

see Figure. 2.
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Fig. 2. Torsional actuator with motor-pump arrangement

The motor and the pump are interconnected witiéte of a
shaft. The main purpose of the motor is to driveghmp. The
pump with the help of the motor initiate a flow fafid in the
pipe. Any unwanted vibration in the motor will résin the
vibration in the pump, which will result in improp#ows in the
pipe. Therefore, it is important to control the wtion in the
motor, so as to control the vibration in the pumprfaking a
stable flow of fluid in the pipelines. For this purpose, a ool
actuator having a motor and disk arrangement asrshofigure
3 is placed on the top base of the pump The maéntioh of the
torsional actuator is to control the vibration oroton and
consequently controlling the flow rates in pipelines

The inertia moment of the torsional actuator isrufias,

Je =myr? (14)
wherem, is considered to be the mass of the discyargithe
radius of the disc. The torque produced by meanbeotlisc is
defined as

ug = Jo (6, + 6) (15)

T (tp — nxp) (19)

X, =
T

Where %, is the flow acceleration of the pump. Since
7,T,7p,and n are known quantities of pump &g can be
estimated.

The external force generated by the pump is

fo = mpiy

where ¥, is the acceleration of the motor

volumetric mass of the pump.

(20)
anth, is

The shape force vectfy can be modeled as a linear or a

nonlinear model.
From (12), by considering shape force ve€jas non-linear
model, the following analysis is illustrated:
In simple non-linear case, (12) becomes
TX+®X+f,=f,
where f, is taken to be non-linear.

(21)

[ll. THETUNING METHOD BASEDONPID CONTROLLE

Since 1700’s the control of continuous process has been
carried out by utilizing feedback loop. System wigedback
control contains drawback which is related to tstahility of
the system. In order to resolve this problem anrgpjate
controller should be chosen and also it must bal it the
monitoring system. The proportional feedback cdnti®
uncomplicated and relatively easy to implement. éfheless,
its outcome is completely sensitive to the senkiogtion as well
as feedback gain. It is concluded from the corttiebry that
these drawbacks of the P control should be overtxymadopting
| as well as D controls. Nevertheless, there exist few studies

whered is taken to be the angular acceleration of the moto'p”nvestigating the application of the PID controlr fuid-

andd, is taken to be the angular acceleration of thecoas
actuator.

In order to reduce the torsional response, thetitirecof 6,
as well adl are taken to be different. The friction of the tonsil
actuator is defined 487],

fa = cB, + F.tanh (86,) (16)
wherec is taken to be the torsional viscous friction cioéfht,
B is the motor constank; is taken to be the coulomb friction
torque, also tanh is considered to be the hypertatgent which

depends org and motor speed. The final torsion control is

expressed as,

ug =Ji(6: +8) ~ fa (17)
C. Modelling of the pump
The general equation of the pump supplying pressutbe

pipe for flow control can be demonstrated38],
Tw=1—- (1, —nw) (18)

where,

w is angular velocity,

T IS motor torque,

T, is frictional torque of the motor,

n is load constant,

T is rotations inertia time constant.

The equation (18 ) can be modified as follows,

mechanics problems. In addition, there are a vaniydd number
of studies dealing with the P control and PI cdtgrofor
pipeline. Due to this lack of investigations, th@per aims to
develop a PID control for flow rate in the pipeline

The control mechanism is demonstrated in Fig. 3 hvbimws
the entire control process of the flow rate of keavy-oil in
pipelines.

Fig. 3. Structure of system

The PID control is considered as a control law ficl the
existence of output for feedback is essential. Tractical
control method is widely utilized in the controlcgety. In the
PID control, the controller is made of a simpleng@® control),
an integrator (I control), a differentiator (D cai} or some
weighted composition of these possibilitid8], see Figure 4.
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Fig. 4. PID controller

The PID control is expressed as,

t
Y(t) = —er(t)—icif e(t)dt — kg e(t)
0
wherek,, k;, as well ask, are positive definite anki, is the
integration gain. For the flow contrai¢ is desired reference and
alsoX? = X4 = 0. Hence, equatior2p) is rewritten as below,

(23

(22)

t
Y(t) = —KpX—Kif Xdt — kzX

0
For analyzing the PID controller, equation Y22n be stated
as below,
Y(t) = —KkpX —KkgX =0
t 24
ﬁzKiJXdr, 9(0) =0 (24)
0
The closed-loop system of €d2) along with the PID control
(eqg. @J) is demonstrated as below,
T% + ®x + F; = —k,X — kX — 9

19 = Kl'X (25)
In matrix form, the closed-loop system is defiasd
d[? i X
E X| = . X . (26)
X —T7H (DX + Fy + kpX + kgX +9)

Here the stability of the PID control demonstrétgdeq (23)
is analyzed. The equilibrium of eq.26 is presented
byl9 x XI=[9 0 o] Asatequilibrium poinf =0 as
well asX = 0, the equilibrium i§f(0), 0, 0]. For moving
the equilibrium to the origin, the following is ded,

9 =9-£(0) (27)
Therefor, the final closed-loop equation is defiasd
IX + ®X + F, = —1,X — kX — 9 + f(0) 29)

Y =K;x

For analyzing the stability of equation®8), the following
properties are required,

Property 1. The positive definite matrik should satisfy in
the below condition

0 < Apin(@) < ITIl < Ayax (@) <7 (29)

such that,,;,, (') as well asi,., (") are considered as the
minimum and maximum eigenvalues of the matifix,
respectively als¢ > 0 is taken to be the upper bound.

Property 2. f is taken to be Lipschitz ov&fandy if

lf &) = fFOIl < llx — yli (30)

As F,
Lipschitz condition, Propertg is hereby established.

The lower bound off;, can be calculated as below,

is first-order continuous functions also satisfies in

t t t
ffdx=f@dx+f d,dx (31
0 0 0

The lower bound ofOtEgdx is stated as-Fjalso fot d,dx as -

D,. Therefore, the lower bound @i is defined as,
Q=-F-D, (32

The stability analysis of PID control approackyiien by the
below mentioned theorem.

Theorem. By taking into consideration the structural system
of equation (12) controlled by the PID control ayggwh of
equation 22), the closed-loop system of equatioB8)(is taken

to be asymptotically stable at the equilibriunjs —
f(0),X, X]T = 0, if the following gains are satisfied,

1/1 i
Amin(Kd) = Z <§/1min(r)/1min('cp)) [1

ke Ain (D
+m]— min(P)

Amax () (33)

1/1 1/2 Amin(’cp)
< g <§ Amin (F)/lmi‘n (KP)> [ /1Max (F) ]
3 -
Aonin (i) 2 510+ ]

V.

For the numerical analysis purpose and for thedgatin of
the novel control strategy, the various parameigssciated with
the flow control are described in Tablel:

NUMERICAL RESULTS

TABLE 1. PARAMETERS ASSOCIATED WITH THE FLOW CONTROL

p 1240 kg/m3
v 1.604x107° m?/s
g 9.81 m/s?
L 100 m

a 0.95

D 0.05 m
A 1.96 x 1073 m?
w 30 kg
Tt 0.3 m
m; 1.5 kg

The implemented software in this paper is MatlabiuBnk.
Simulations are presented to show that the motwation can
be attenuated to a significant level by using the torsional actuator
with the developed controllers thus validating #fiectiveness
of the proposed control approach using PID comtrall A
simulation period of 20s is considered for evaamatiFor the
simulation purposes, the weight of the torsionauator is
considered to be 5% of the motor and pump weight in
combination.

The Theorem proposed in this paper generates isuffic
conditions for the minimum amounts of the propoices well
as the derivative gains. This Theorem validated thath
proportional and derivative gain must be positigenagative
gains can make the systems unstable. The PID geagrselected
within the stable range by the stability analysieritler to ensure
the efficiency.



Since the maximum flow rate of the pipelinel&m3/s so R B [mmre—]
the other non linear force associated Withas to be less than
13m3/s. Hence, we sele€t = 13 m?/s, and

Amin(Y1) = 1.0002, 415, (y2) = 1.000206, Ain (E1)
= 2.09, Ayin(E,) = 2.09
From Theorem 2, we use the following PID gains

- '

Amin(Kpl) > 453, Anin(rca1) = 8, Ayax (Kiq) (34) Fig. 8. Stability of flow rate with using of PID controller in pipeline
< 928
Also for pipe 2 we have, V. CONCLUSIONS
Amin(KpZ) > 453, Lpin(Ka2) = 8, Ayax (Kiz) In this paper, a novel active control strategy lierattenuation
< 928 (35) of motor vibration is proposed which consequentiptmls the
From ranges mentioned by eg4(and @5), the best value of flow rate in heavy-oil pipelines. The important ahetical
gains are contribution associated with the stability analysis the PID
Kp1 = 458,Kq; = 110, K5 = 650, k,,, = 480, k4, = 115, K, controller is developed. The required stability coiodis are
— 645 obtained for the purpose of tuning the PID gaing.uBlizing

Two subsystem blocks of milling model, one in theence of Lya_punov stability analysis, the.sufflc_lent conditiofor the
minimum amounts of the proportional, integrator &l as the

control mechanism and another with control mechanise derivati : btained. Th ical sirfariagind
generatedor comparing the outcomes. The flow rate from the ervative gains areé obtained. 1he numerical sinanaan

pump is the input to the flow model. Numerical imtgrs are analysis validates the effectiveness of PID colewslin the

utilized in order to calculate the velocity as wadl the position "?'”“Iﬂr"za“‘%';] of motor ;/l_bbra}glon t?c tﬁ?”tfo' the flovate in

from the acceleration signal. The control signainfrthe PIPEINES. The main contributions of his paper are

controller subsystem block is given to the Torsioaetuator 1_) In this work, the s_tab|l|ty of PID cor)troller _\sahdalted

simulation block in order to produce the essentatml forces. Wh'chd h‘fis ?hOt ﬂbeen tg|vent |rr|1portance in- earlier s
Figure 5 6 represents the vibration attenuate in motor. Fron‘fogs'_l_f]”ng he' ow rafe control. | o

these Figures, it can be concluded that PID controller i ) The tec nique o u_smlg torsional actuator on rtwor-

performing good in minimizing thébration. Figure /8 ero and pump arrangement is entirely a new concept.

are stable, which proves the effectiveness of Rimroller. Future work is intended towards the development ef th

experimental setup for further investigation andtigrovement
of the controller by fuzzy methods.
woam ==
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