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Abstract

This paper introduces a simple nonlinear adaptive control method for pipeline inspection gauge (PIG)
flow in natural gas pipeline. The dynamic behavior of the PIG depends on the different pressure across its
body and the bypass flow through it. The system dynamics includes: dynamics of driving gas flow behind the
PIG, dynamics of expelled gas in front of the PIG, and dynamics of the PIG. The method of characteristics
(MOC) and Runger-Kuta method are used to solve the dynamics of flow. The PIG velocity is controlled
through the amount of bypass flow across its body. A simple nonlinear adaptive controller based on the
backstepping method is introduced. To derive the controller, three system parameters should be measured:
the PIG position, its velocity and the velocity of bypass flow across the PIG body. The simulation has been
done with a pipeline segment in the KOGAS low pressure system, Ueijungboo-Sangye line to verify the
effectiveness of the proposed controller. Three cases of interest are considered: the PIG starts to move at its
launcher, the PIG arrives at its recciver and the PIG restarts after stopping in the pipeline by obstruction. The
simulation results show that the proposed nonlinear adaptive controller attained good performance and can be
used for controlling the PIG velocity. '

Nomenclatures L length of pipeline {m]
Lpic length of the PIG [m]
A pipe cross section ] m  hydraulic mean radius of pipe [m]
¢ wave speed [m/s] M mass of the PIG [kg]
Cc  convection heat transfer coefficient [m*] p  flow pressure [Nm?]
C  linear damping coefficient of PIG [Ns/m] q  compound rate of heat inflow [W/m? ]
d  internal diameter of pipeline [m] per unit area of pipe’s wall
dyaie bypass valve diameter [m] R gas constant [JkgK ]
F;  friction force per unit pipe length [N/m] S perimeter of pipe [m]
Fy,  friction force between the PIG and [M] T  flow temperature [’
pipe’s wall T.: seabed temperature ’c
F,  force due to different pressure M u  flow velocity [m/s]
acting on the PIG xpic  PIG position [m]
g  gravity acceleration {m/s? vere PIG velocity [m/s}
A opening height of bypass valve [m] vy Teference velocity of PIG [m/s)
K wear factor of PIG [N/m] v,  absolute velocity of bypass flow [m/s}]
Ksc  sudden contraction loss coefficient
Ks;  sudden expansion loss coefficient Greeks: )
Ko total loss coefficient of bypass system y  the ratio of specific heat
Ky average-loss coefficient of valve v kinetic viscosity of flow [/
* RAYEL 1A p flowdensity thg/m’]
** 937k FAL (KOGAS) Subscripts:
E-mail: tiennt@yahoo.com 0.1 denote the points at inlet and outlet of pipeline
TEL: +82-51-620-1606, FAX: +82-51-621-1411 « 4 denote the values of upstream and downstream flows
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1. Introduction

For many years on stream pigging was considered unavoidable.
After construction cleaning and testing, if the pipeline would
not pig on a regular basis, the efficiency of the lines decreased
as the years passed. The decrease in efficiency relates to
increased operational power costs, so the lines would be pigged
to increase the efficiency. As pipelines get older, we see
increased corrosion. To determine the amount of corrosion or
metal loss in the pipeline, an in line inspection tool such as
pipeline inspection gauge (PIG) is used. PIGs are often run to
remove any water that has accumulated in the low spots of the
pipeline and reduce corrosion. Other applications include
running a Geometry PIG to determine if there are any dents or
buckles in the line. All kinds of PIG are the most effective
when they run at a near constant speed but will not be effective
in case that they run at too high speed. Routine pigging
operations such as batching, cleaning and liquid removal in gas
pipelines, are done at normal operating velocities with the
regular flow of product. This velocity is generally in the range
of 1-5m/s in liquid pipelines, and 2-7m/s in gas pipelines. The
optimal speed range for imtelligent pigs is more defined,
because for accurate data acquisition, the velocity of the tool
must not exceed its “speed limit”. Ranges of between 0.5-4m/s
are recommended for corrosion tools, and slightly higher for
caliper tools!!”), Hence estimate and control of the PIG velocity
is very important when operating a pigging procedure in a
pipeline.

Results of research on the dynamics of the PIG in pipelines
are scarcely found in the literature. Some works relating to the
estimation of the PIG dynamics have been reported. JMM.
Out[m, 1993, used Lax-Wendroff scheme for the integration of
gas equations with adaptation of finite difference grid. Azevedo
et al 7], 1996, simplified the solution with assumption of
incompressible and steady state of flow in pipeline. P.CR.
Limal®, 1999, solved the problem by using one-dimensional
semi-implicit finite difference scheme. T.T. Nguyen et al.!'™,
2000, treated the compressible, unsteady flow dynamic
equations for flows in pipeline by using MOC and solved the
PIG dynamic equation by using Runge-Kuta method.

The most basic method of reducing pig velocities is by use
of pressure bypass ports in the PIG body. Once the pre-set
different pressure is reached, the bypass port opens and the PIG
velocity is reduced. This system is sufficient if the desired
effect is to slow down the PIG without maintaining a desired
speed. This kind of bypass ports can reduce speed, but do not
offer the capability of adjusting for changes in flow conditions.
It is general concept that we can adjust the PIG velocity by
controlling the amount of bypass flow across the PIG body.
However, it is difficult to calculate the exact bypass volume
needed to sustain a given speed unless the pressure and flow
remain constant throughout the pipeline. H.L. Wu et al ], 1996,
carried out the test with bypass PIG for two-phase flow
pipeline. By the mean of simulation and assumed friction
behavior, they estimate the range of bypass fraction of a PIG
for operation without the risk of standstill. With their test, the
PIG with bypass openings up to 15% can operate without
problems of stoppage in the gas pipeline of 20” diameter. D.J.
Wilson and J.W. Yokota''", 1994, proposed the speed control
mechanism for 24” MFL PIG that was used in Tenneco filed.
This speed control mechanism ran through a sequence of timed
steps at 10% increment from 0% to 100% open. The spool
valve was returned to fully closed position after each opening
increment. The time the spool valve was stationary in the
partially (or fully) open and closed positions was 30 seconds.
This sequence was run three times. Although this speed control
mechanism has attained good test performance, it seems to be

trivial and loss generality. Apache Industries of Edmonton,
Canadal'¥, 1992, used another method for the PIG velocity
control problem. By regulating the amount of bypass through
the PIG body, the speed of the vehicle can be controlled within
a pre-set range. The PIG senses its velocity, compares this to a
pre-set value, then controls the volume of bypass to maintain
the required speed. The control system compares actual speed
to a pre-set desired speed, and controls the motor driving the
orifice plate. Effectively, this determines the amount of gas
allowed to bypass, increasing flow if the PIG travels too fast,
decreasing flow when speed is below the required value.

In the previous work!¥), we proposed a simple nonlinear
controller for regulating the PIG velocity using bypass flow. To
derive such controller, all system parameters are assumed to
know. However, in real system the fiiction force between
pipe’s wall and the cups of the PIG is changed depending on
the PIG dynamics and the real conditions of the pipe’s wall. To
deal with this problem, in this paper we use an adaptive
controller for controlling the PIG velocity when it flows in
natural gas pipeline. The proposed nonlinear adaptive
controller is derived from the Lyapunov function based on the
back-stepping method®®). The closed loop system is stable in the
sense of Lyapunov stability. To derive the controller, three
system parameters should be measured: the PIG position, its
velocity and the velocity of bypass flow across the PIG body.
The simulation has been done to verify the effectiveness of the
proposed controller. Three cases of interest are considered: the
PIG starts to move at launcher, the PIG arrives at its receiver
and the PIG restarts after stopping in the pipeline. The
simulation results show that the proposed nonlinear adaptive
controller attained good performance and can be used for
controlling the PIG velocity.

2. Modeling

The scheme of PIG with bypass flow control in natural gas
pipeline can be described in Fig. 1.

upstream flow Ffp (x) downstream flow
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Fig. 1 PIG with bypass flow in natural gas pipeline

2.1 Gas Flow Model
We assume as the following:

. the natural gas is ideal,

ii. flow is one phase,

1. the pipeline diameter is constant,

iv. the friction factor is a function of wall’s roughness and
Reynolds number. Steady state values are used in
transient calculations,

v. the flow is quasi-steady heat flow.

The unsteady flow dynamics can be modeled based on four
fundamental fluid dynamic equations: continuity equation,
momentum equation, state equation and energy equation as
follows :

op Oop dp y-1

—_—y— —="—I\F,u+qS 1

ot " ox "Pox A(f"q) @
F

a_u l_a.g uﬂ:—_/ (2)

ot pox Ox pA
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The above equations are used to describe both upstream and
downstream flows. They can be rewritten in as the following
forms. For upstream flow

dx,  dX,
at +‘4ME‘:Bu 0L x<xps —Lyys ®
And for downstream
dX dx
d: +A,,T:=Bd Xpg $x<L 3)
where
y-1
e \Fou, +qS
P “. yp. 0 A(f"q)
1 F,.
X,=|u, | A= u, 0 |B,= =
P P
P 0 p. ou.
0

* denotes u for upstream flow and d for downstream flow. Egs.
(4) and (5) must satisfy the following boundary conditions.

2.1.1 Boundary condition at pipeline inlet and outlet
The boundary conditions are given as pressure or flow rate and
the temperature of flow as follows

At inlet: {pu«,m =p® {Qu D=0 o
T.(t0) = To(1) L(t0) =Ty (1)

At outlet: {pd Do x {Qd ot )]
Ta,L) =T, (1) Ty(t.L) =Ty ()

2.1.2 Boundary condition at the tail and nose of the PIG
The boundary conditions at the PIG tail and nose depend on the
amount of bypass flow through the PIG. The bypass flow
through the PIG can be seen i Fig. 2. The amount of flow
through the PIG depends on the opening height of valve, A, and
the different pressure across its body.

Fig. 2 Bypass flow through the PIG

When the velocity of natural gas in the range of 200m/s or its
Mach number is less than 0.45, it can be treated as
incompressible with an error less than 5%!'%. Hence in this
paper, the pressure drop allows the bypass flow to be assumed
as incompressible as it passes through the central bypass hole
in the PIG. The bypass flow through valve causes the pressure
drop across the PIG is given by:

() - VPIG (t))z

Pt xpg = Lpig) = Palt Xpic) = Ko 2%

®)

In Eq. (8), the pressure loss of valve depends on the structure of
bypass system including the pressure loss of valve and the

pressure loss caused by sudden contraction of flow at the tail of
the PIG and sudden expansion of flow at the nose of the PIG.

Kot = Kso +Ky +Kgg ®
where
2

2
dvnlve - d&a}w
KSC=O.421—7 , Kg ={1- Pp Ky =K, ()

The value of total pressure loss in Eq. (9) can also be obtained
from experimental data in laboratory with the designed bypass
valve system to be used.

The nonlinear hyperbolic partial differential equations (4)-
(5) with the given boundary conditions (6)(8) can be solved by
transforming to ordinary differential equations using MOC
which are presented in the previous works!™

2.2 The PIG dynamic model

Forces acting on the PIG are shown in Fig. 1. The dynamic
equation of the PIG can be applied from the Newton's Second
Law as follows:

M

2
d"xprc ) +C d"’;’f @ +K xp (1) = F, (4, x) - F (x) (10)

dar?
In the Eq. (10), the drving force is derived from the different
pressure at the tail and nose of the PIG that are calculated from

upstream  and downstream flow dynamics in  each
computational step. The friction force /', , the wear factor K

and the linear damping coefficient C ar¢ measured from
experiment.

3. Control of PIG

Alfter rearrangement, Egs. (8) and (10) can be rewritten in the
forms

xpr6{) = Vet (11)
. C
Veig(t) = _A—I/(I‘XPIG(’) - X/I'VPIG(O +

.xfl_ D (8) =V (OF

1
I 72 Ktolal(t)_X'/I‘Fﬁ)(t) (12)

or in the state space form

x,=A,x,+B,(u +TF, (13)
y,=E_x, 14)
where

x, =[xpg vPIG]T’ =K ¥y = VG
0 1 0
AP={[O lq:{_ﬁ _i} r={__l_}
Az M M M

0 0 2
BA.):[B }z i(VV Vo) |, E,=[0 1]
2 M 2g

The PIG velocity is controlled using a simple nonlinear
adaptive controller. The control scheme can be seen in Fig. 3.
The proposed controller is derived from the Lyapunov function
based on the back-stepping method®l. In the above Eq. (11),
friction force F,(t)is considered as an unknown parameter

because we cannot measure exactly this value.
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Fig. 3 The closed-loop adaptive system for the PIG velocity
control problem

Define the error variable
2y =vpg(t)—v,, @s)

Hence its derivative

. K C

z(t)="’ﬁxPIG(’)_‘AZVPIG(’)+
4 Py O -vps )
M 2g

Let Fg(s) be estimated by #, () . The main reason for

choosing F (¢) as unknown factor is that this value cammot

K.om,m—ﬁF,,, @ s

measure exactly and it changes depending on the PIG dynamics.

If the control input K,,,(?) is chosen to satisfy

2g
Koo (t) =~ =
1ol I(t) A[VV (t)"VPIG (t)]2 X

‘(KxPIG O+Cvpi (D) +ﬁjb (t)"clz(t)) an
or

2
K ()= £

—_—  x
Ay (8)=vp OF
(1<xPIG(t) +(C = MC)vp(t) +ﬁ:ﬁz O+ Mclvref)

Then Eq. (17) becomes

#t)= —C,z(t) - Xll—ﬁfp 0] as)

where F o =F ~-F ' i the error of estimated friction force.
The Lyapunov function’s candidate is choser as follows

1 1 =
V=rz+——F,% 20
52 C, s (19)

. 1 =(s C
then V =~Cz% ~—~F | F, +~2 z | <0 with the control law
C, M
(17) and the updated law for I:"fp as follows
C
F,=--2
»="0r? 20)

To derive the controller (17), we need to measure the PIG
position x5 () , its velocity vp,;(f) , and the velocity of

bypass flow through the PIG v, (f)—vp;s (r) . The parameters
C,20 and C, > Oare used to adjust the performance of the
closed loop system.
4. Simulation results

The simulation is performed with a pipeline segment in the
Korea Gas Corporation (KOGAS) low pressure system,
Ueijungboo-Sangye line. The numerical values using in this
simulation are given in the Table. 1.

Table. 1 Numerical values for simulation

Parameters | Values | Units | Parameters | Values | Units
L 14800 |m v 1.45¢-5m’/s
d 0.7366 {m R 518.30 {JkgK
k 0.0450 {mm 4 1.40

Cc 2 |Wim’s] M 2320 |kg
To 15 |°c C 0.74 | Ns/m
Po 8 |bar K 0.00 |N/m
7)) 116 \m’ss | Lpg 2.00 |m
Po 5.44 \kg/m® Vyer 2.20 Ws
PL 7.65 {bar Froste 2.00 |bar
O L16 (m%s | Fpum 0.33 |bar
PrL 5.20 |kgim ) T i5|°c
C; 0.90 C, 540000

We choose the sampling time Af=0.05s, sampling distance
Ax=40m , and bypass valve diameter d,,,,=0.1778m. The

boundary condition of interest is used: constant flow rate at
pipeline inlet u,(#,0) =%, , and constant pressure at pipeline
outlet p, (+,L)=p, .

The first simulation has been done with the PIG when we
launch it. The initial velocity is given to overcome the static
friction force acing on the PIG. These simulation results are
given in Figs. 4-7. The effect of proposed controller can be
seen from Fig. 4: the PIG velocity with the proposed controller
tracks well the reference velocity without oscillation. The
different pressure acting on the PIG is given in Fig. 5. The total
loss coefficient is considered as the control input to the system
must be changed according to the value given in Fig. 6. The
velocity of bypass flow across the PIG bedy is given in Fig. 7.

The second simulation has been done with assumption that
the PIG was stopped at the one third of pipeline length by
obstruction (debris or deposit). Getting the pig stuck rarely
happens in a pipeline that is pigged routinely, however it can
happen when pigging a pipeline which has been neglected or
never been pigged before. After the PIG is stopped, the
pressure at the tail of the PIG increased while the pressure at its
nose decreased. As the result, the different pressure across the
PIG is increased until overcoming both obstructions causing
the stoppage and the static friction. Then, the PIG accelerates
until the different pressure abates to a level required to
overcome the static and dynamic friction. Once the PIG restarts,
the friction force reduces from static value to dynamic value
and the PIG velocity increases very fast. At this time, the
bypass port must be opened to reduce the different pressure
acting on the PIG and hence reduce its velocity. Fig. 8 shows
the PIG velocity and Figs. 9 and 10 shows the different
pressure acting on the PIG in the cases of control and no
control. Fig. 11 shows the control law. With this control law,
the PIG restarts with tracking well the reference speed.
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Fig. 7 Velocity of bypass flow across the PIG

The third simulation has been done for the PIG arrives at its
trap barrel. Here the bypass port acts as a “brake” to stop the
PIG when it is reaching to its trap barrel. Figure 12 shows the
PIG velocity and the velocity of bypass flow after opening
bypass port to reduce its speed. From this, we can use bypass
flow to stop PIG without braking force harmful to the pipeline.
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Fig. 11 Control law

The different pressure acting on the PIG is given in Fig. 13.
The different pressure first is reduced to siow down the PIG
velocity and then to equal to friction force acting on the PIG.
Fig. 14 shows the control law for this case. Fig. 15 shows the
error of estimating of friction force in the above three
simulations.
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5. Conclusion

This paper proposes a simple nonlinear controller for
controlling the PIG velocity. The unknown friction force is
estimated using adaptive law. The closed loop system is stable

in the sense of Lyapunov stability. To derive the controlier,
three system parameters are needed to measure: the PIG
position, its velocity and the velocity of bypass flow across the
PIG body. The simulation has been done in three cases: the PIG
starts to move at its launcher, the PIG arrives at its receiver and
the PIG restarts after stopping at the middle of pipeline. The
simulation results show that with the proposed controller, the
PIG can track well the reference speed when it runs in a natural
gas pipeline.
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