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Introduction

pipeline networks have been a widely used approach to
transport considerable volumes of petroleum products
over long distances, from production facilities and
refineries to the depots and storage centers. A multiple
pipeline network can transport a large variety of
petroleum products and their related derivatives such
as gasoline, thermal fuel, diesel fuel, jet fuel, etc., and
therefore increases transportation speed, accuracy, and
security through pipelines, despite higher initial costs
[1].

In a multiple pipeline network, the various types of
oil derivatives are conveyed in a series of batches
containing a certain volume of petroleum products,
one after the other, according to a known schedule [2].
The planning process involves deciding on the type,
sequence, and timing of each petroleum batch. The
main challenge is to determine the optimal sequence,
start time, and optimal pumping time to transfer these
chemicals to reservoirs in consumption areas [3].

The planning strategies which are proposed for the
multiple pipeline networks mostly rely on MILP
methods in which the fundamental specification of
the network topology, constraints, and operations are
expressed in the form of linear inequalities representing
the optimization problem [4]. Therefore, the ability
to examine some nonlinear behaviors such as delays
in the pipeline network is ignored, since the lack of
a dynamic model [5]. Moreover, planning pipeline
transportation has its constraints, and optimization

Accepted: March/15/2021

over an infinite time-horizon is often computationally
intractable because it entails determining the infinite
sequence of control variables by ensuring constraints.
Then, most of these offline techniques perform an
optimization process for a certain period in one step
[4]. While receding horizon control methods replace
a long period problem by a sequence of finite-horizon
problems to reduce computational complexity [6].
The existence of disruption like a breakdown in
pipelines invalidates the obtained offline schedule.
Therefore, for the cases, while a disturbance emerges
automated planning using model predictive control
in an online manner manages subsequent decision
variables to amend the disturbances in the best way
possible [7].

This paper proposes a model predictive control
approach to automated planning the transportation
of multiple pipeline network. The proposed method
permits to planning with low computational cost
regarding breakdown disturbances.

Material and Methods

The Proposed Approach for Automated Planning the
Multiple Pipeline Network

The transportation pipelines include a bunch of sections
and pipes attaching the refineries to the depots. These
pipes are in the form of a set of carrying branches
inclusive of equipment to control the pumping pressure
of the consecutive batches within the pipeline network



which manages continuous transportation of products.
Figure 1 shows the investigated multiple pipeline
network along with the initial state within the pipeline
sections represented in the first part of this study [1].

Depot 1
SUCI
\ . P

JT -
)= s);E

Depot 2

Reﬁum‘ ( Path 2

Fig. 1 Multiple pipeline network [1].

The optimization process of an extensive pipeline
network using offline MILP models and other
exact optimization algorithms isn’t achievable in
the admissible time and cost since computational
complexity and the amount of required memory in
the worst case to find at least a suboptimal solution,
due to the fact that planning transportation of multiple
pipeline network is considered as a constrained and
NP-hard problem [5]. Meanwhile, receding horizon
control strategies like model predictive control method
using moving time horizon procedure not only reduces
the computational complexity of the planning problem
but also makes it possible to recognize the existence
and to eliminate the effect of disturbance in each
sampling interval [1].

This study uses the predictive form of the nonlinear
state space formulation represented in the first part of
this study [1] to establish a dynamic model described
in Equation 1.

X(t+D)=A(S@)X ©)+B(S¢)U @)X 1)U ()
X(t+2)=4(SE+D)X (¢ +1)+
B(S@E+1)U+1),X (¢ +))U(t +1)

Y+)=C X(t+1)

Yt+N,)=C X(t+N,) (1)
Where

XO=[X,0) X,0) .. X,,0) X,0)] ez

is state vector and

Y O)=[Y,() Y,0) ... Y, ) Y,0)] ez

is output vector. U(t)e{l,2,..,P} defines the decision
variable determining the type of injected product and
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S(t)€{0,1} opts for the path of transportation. Also,
A4,B,C denote state matrix, input matrix, and output
matrix respectively over prediction horizon and
Equation 2 specifies the objective function inclusive
of operational costs that should be minimized.

Np
J =R +i|t)-Y (¢ +i|0), +
i=1 '

Sle+iln-Ue-1+i|n),
)

where

T
R@)=[R() R) ... R () R,()] e
is desired output vector optimized by an offline long-

term planning procedure described in [1]. And
M ||, =Z| a, M ;| denotes weighted L1 norm of

vector M=[M ,M,,.M ] .

Finally, Equation 3 illustrates a constraint in the form
of a §trict inequality to limit differences between the
desired output and planned products for the last day of
the month overlapped on the prediction horizon.

(R +d |t)-Y ¢ +d |0, <A, .&+d=90.0)

The proposed receding horizon control strategy
based on model predictive control method leads to
the following finite horizon nonlinear constrained
programming:

Z”:||5i (Ra+i 1= ¢ +i D), +

min
S(1),U(1) N -1
Dnwe+iln-Ue-1+i|0) ||
i=0
st.:
Model (1),
Constraint (3).

R()=[R(t +1),..R( +N )],
S()=[S (), St +N, —D] e {0,1}"",

U@ =[U@),..U(@ +N, ~D]e{l2,..P}" eZ".
“)
In this paper, we proposed a receding horizon strategy
based on model predictive control considering
the weekly prediction horizon to realize recurrent
automated planning over a month regarding the effect
of disturbance in the form of pipeline breakdown. In this
case, considering the eight-hour discrete time intervals,
the problem of online planning executes at the end of
each day to calculate the sequence of transportation of
the next three time periods, i.e., the next day while the
prediction horizon has been extended by a week and
the first day of obtained sequences will be applied to
the transportation network and online strategy updates
network situation for the next day inclusive of renewed
initial conditions and demands. This process performs
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over moving horizons until the end of the month.

Results and Discussion
Simulation Results

Due to the stochastic characteristics of the pipeline
disturbances and also the unexplained time required to
affix these disruptions in the case of pipeline breakdown
occurs, offline programming fails its validity since the
lack of disturbance consideration while programming,
however, presented automated planning performed in
this study administers optimization in each sampling
interval by updating the new conditions and model to
manage transportation just over permissive routes. This
study considers pipeline breakdown so that it restricts
some transportation paths by obligatory manipulating
while a breakdown makes some branches inactive for
time instance. Figure 2 illustrates optimal sequences as
automated planning in the presence of breakdown over
a month and Figure 3 shows optimal sequences based
on the state space model and model predictive control
in the form of transported batches and demands for two
available depots in the network. Based on obtained results,
online planning modifies pipeline breakdowns satisfying
constraint on demand of the last day of the month.

M Depot 1 [ Depot 2

kb b b

10 2 6 28 30
Day

(@)

M Breakdown

Section
-1 &

4 6 8 10 12 14 16 18 20 22 24 26 28 30
Day
(b)
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According to the achieved results, transported and
delivered product batches in depot 1 and depot 2 for
product types P1 and P2 on the last day of the month
has been processed completely. While the number of
stored batches for product type P3 in both depots at the
last timestep of the month endure a permissible differ-
ence of one unit with respect to the desired demand.
This process has fulfilled the storing demands of the
two first products accurately rather than product type
P3 since greater optimization weights defined in the
planning objective function.

Conclusions

The purpose of this study is to provide a method for
optimally planning the transportation of various petro-
leum products in multiple pipeline networks consider-
ing the constraints of the pipeline network and break-
down disturbances. Presented automated planning by
considering the new conditions of the network in each
sampling interval attains a suboptimal solution to track
the desired demands. Based on the results, fulfilling
the structural constraints, the presented online control
approach permits system output tracking to the desired
demands in the best way possible.
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