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ABSTRACT

The pipe network fuel supply system plays a crucial
role in guaranteeing the secure and uninterrupted
operation of the airport. The issue of high energy
consumption in parallel pump systems has attracted
much attention and concern. A predictive scheduling
method based on airport gate assignment is proposed to
achieve closed-loop control. Serving as the foundation
for supply optimization, airport gate assignment problem
is solved to determine corresponding gates for flight
refueling. The hydraulic steady state simulation is carried
out to identify the position of the lowest-pressure fuel
hydrant. In order to reduce operational energy
consumption, the dichotomy method is employed to
determine the minimum allowable pressure at the inlet
of the pipe network. Taking into account pump switch
times as an indicator for pump maintenance, the optimal
scheduling strategy is finally achieved through dynamic
programming. Operational and maintenance costs are
proved to be significantly reduced with the application of
the proposed predictive scheduling strategy.
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NONMENCLATURE
Abbreviations
VFDs Variable Frequency Drivers
MPC Model Predictive Control
EMPC Economic Model Predictive Control

1. INTRODUCTION

For the sake of both economy and convenience, fuel
is often supplied to aircrafts through pipe networks in
large and medium-sized airports. Parallel pumps are
widely employed to guarantee that the pressure at the
refueling hydrants consistently meets requirements
even under high-flow conditions. The optimization of
pump operating costs], while simultaneously ensuring
the safe and stable operation of the refueling system, has
attracted much attention.

Given the frequent departure from the high-
efficiency range, especially in systems subject to
substantial demand fluctuations, pumps are often
equipped with variable frequency drivers (VFDs) to
improve efficiency!?. The optimization problem of pump
status and speed for minimum energy consumption
under specified flow and pressure has been thoroughly
studied®4,

Further, based on the change curves of demand flow
and pressure, the open-loop dynamic optimization
problem is typically addressed through a quasi-steady-
state approach. When the actual demand deviates from
the initially predicted demand, the open-loop dynamic
optimization problem will be resolved based on the
current state and adjusted future demand, which is
referred to as closed-loop dynamic optimization.

Open-loop dynamic optimization problems can be
solved using branch-and-bound methods®™ and heuristic
algorithms!®’). During operation, most industrial systems
can be conceptualized as Markov processes, well-suited
for optimization through dynamic programming. In order
to reduce the state space, a reduced dynamic
programming algorithm!® was developed to achieve
optimal scheduling of a single pump, and an extended
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method® was put forward afterwards for multiple
pumps.

In terms of closed-loop optimization, the model
predictive control (MPC) framework finds extensive
application?®1 and its integration with economic
considerations leads to the development of economic
model predictive control (EMPC) techniques. Taking into
account nonlinear friction properties of pipeline flow,
when the decision variables include the operating
statuses (on/off) of pumps, mixed integer nonlinear
programming problems need to be continuously solved
throughout the predictive scheduling process. A two-
layer optimal control strategy!*? was proposed to reduce
the computational complexity. The nonlinear EMPC is
employed to determine the configuration parameters of
pump stations in the upper layer. Meanwhile, the mixed-
integer optimization problem is solved for pump
scheduling in the lower layer. In addition to the energy
consumption costs associated with pump operation,
frequent starts and stops elevate the risk of pump
failures, escalating maintenance expenses, and
potentially disrupting systems’ regular operation, which
also gathers significant attention.

It has been proposed*¥ that demand forecasting
plays a large role in predictive scheduling optimization
for parallel pumps, which can avoid unnecessary
repeated pump operations. However, the flow change
curves at the demand nodes are all directly provided in
the studies mentioned above. Therefore, a closed-loop
control framework for airport refueling systems based
on predictive scheduling was proposed. Firstly, the
solution to the airport gate assignment problem, a topic
extensively examined, serves as demand forecast
information for conducting predictive scheduling
optimization for parallel pumps. Gate assignments are
determined based on estimated flight arrival information
and current gate occupancy. For the critical role of fuel
supply pressure in influencing energy consumption
during operations, the demand head is determined
according to the demand of each refueling hydrant.
Given that apron pipe networks typically feature a single
entrance, the essential task is to identify the location of
the network’s lowest pressure node and subsequently
determine the minimum allowable pressure using the
bisection method. After forecasting demand flow and
head, dynamic programming is carried out to optimize
pump scheduling, all while considering maintenance
costs. In the event of alterations in flight information, it
is crucial to perform a re-optimization of pump
scheduling to guarantee the safety and efficiency of the
system’s operation.

2. METHODS

The closed-loop optimization framework consists of
two distinct segments: open-loop optimization and
rolling correction. Within the open-loop component,
there are three fundamental phases: airport gate
assighnment, demand head plan and pump predictive
scheduling. The first two stages determine the demand
flow and head, which establish the groundwork for the
third stage.

2.1 Airport Gate Assignment

In order to ensure the robustness of airport gate
assignments, the primary objective is to minimize the
variance of all idle periods (Eg. (1)). Both uniqueness and
exclusivity constraints need to be satisfied in airport gate
assignment problems (Eqg. (2), (3)). Each aircraft is limited
to occupying a single gate and each gate can
accommodate up to one aircraft during a given time
period. The network simplex method is applied to
achieve the minimum cost flow, which represents the
optimal airport gate assignment solution.

m n+l

mind => > (S, X —S) (1)
k=1 i=1
DX =1 (2)
k=0

X X; (d; —a;)(d; —a;) <0 (3)

Where n, m respectively represent the number of
aircrafts and gates, xix is the decision variable indicating
whether aircraft i is assigned to gate k, Six represents the
length of the idle period of gate k when aircraft i arrives,
Sne1k represents the length of the last idle period of gate
k, S represents the average length of idle periods for all
gates, d, a respectively represent the departure and
arrival time of the aircraft.

2.2 Demand Head Plan

Fuel supply pressure is the key to the energy
consumption of pump operation. Airport refueling
systems typically rely on a single oil depot to provide fuel
to the apron pipe network. Therefore, the primary focus
of demand head plan becomes determining the location
of the lowest pressure node through hydraulic
simulation. The essence of pipe network hydraulic
simulation lies in the resolution of a system of equations
concerning node pressure and pipe flow. In accordance
with the principle of mass conservation, the total flow
entering a node must equal the total flow exiting the
node (Eq. (4)). The pressure differential between the
inlet and the outlet is governed by pipe hydraulic
characteristics (Eq. (5)). A system of nonlinear equations



concerning node pressure can be derived by substituting
Eg. (4) into Eq. (5), which can be solved through Newton-
Raphson method. After identifying the position of the
lowest pressure fuel hydrant, the bisection method is
adopted to determine the lowest allowable pressure at
the inlet of the pipe network.

qi+ZQi,j =0 (4)
-1
I 2
I::;nlet - Poutlet = ﬁ’a% (5)

Where qi represents the inflow of node i, M;
represents the set of pipes connected to node i, Q;
represents the flow through pipe j, Pinet, Poutlet
respectively represent the pressure at the inlet and
outlet of the pipe, A represents friction coefficient, |
represents pipe length, d represents pipe diameter, p
represents liquid density, A represents pipe section area.

2.3 Pump Predictive Scheduling

Characterized as a Markov process, the pump
scheduling problem can be resolved through dynamic
programming based on demand flow and head. It's
commonly believed***! that parallel pump systems,
consisting of pumps with identical characteristic, achieve
the highest operational efficiency when operating at the
same speed, which is adopted in this paper for optimal
control. In the decision-making process, the state x
corresponds to the number of operating pumps, while
the action a is starting or stopping pumps. The action-
value function Q(x, a) is the sum of the value function
Ve(x, a) representing the average operating power and
the value function V,(x, a) representing the converted
additional power consumption caused by starting or
stopping the pump. When V(x, a) is assumed to be large
enough, it implies that the optimization goal is to
minimize the pump switch number. Both value functions
can be achieved by recurrence equations (Eqg. (7), (8)).
The decision path leading to the lowest cost in the final
state represents the optimal pump scheduling plan.

Qk+1(X! a) :Ve,k+l(X! a) +Vp,k+l(xi a) (6)
Ve,k (X)Tk + Ec
Tk+l
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Where Ty, T respectively represent the time at
stages k and k+1, E., C, respectively represent energy
consumption and converted power consumption after
taking action a.

Ve,k+1(X!a) = (7)

3. RESULTS AND DISCUSSIONS

Pipeline refueling is the mainstream mode of oil
supply in large and medium-sized airports. It utilizes the
parallel pump system to pressurize and transport
aviation kerosene (the density is 800 kg/m3 and the
viscosity is 2x10°® m?/s) to refueling hydrants through the
apron pipe network. The fuel depot is equipped with 5
parallel pumps (the nominal flow is 200 m3/h and the
nominal power is 110 kW). The schematic diagram of an
apron pipe network with 59 pipes is shown in Fig. 1. Pipes
are represented by thick solid lines, in which thicker
pipes (DN300) are denoted by blue lines, and thinner
pipes (DN200) are denoted by purple lines. The figure
also includes black circles representing normal nodes,
green squares representing hydrants, and the numbers
inside the circles and squares denote the respective node
numbers.

A total of 143 aircrafts expected to arrive have been
designated to park at 34 gates and the assignment plan
is visually presented in the form of a Gantt chart (Fig. 2).
Various colored bars within the Gantt chart symbolize
distinct aircrafts, with the length of each bar indicating
the duration of the respective aircraft’s stay. Once the
assighnment plan is established, the evolution of the
lowest pressure hydrant over time can be obtained
through pipe network hydraulic simulation. By
configuring fuel hydrants’ minimum pressure to 0.6 MPa
for adequate refueling speed, the dichotomy method is
applied to determine the pressure set value at the inlet
of the pipe network like Fig. 3.

Throughout the dynamic programming process, it is
imperative to guarantee that the operational flow of
each pump remains within the permissible range
(50~200 m3/h). Excessive overflow may cause damage to
valves and other equipment. In the event that the
allowable minimum flow is excessively low, it can result
in protracted and unnecessary operation of multiple
pumps, thereby diminishing overall operating efficiency.
Based on demand flow and head, the pump scheduling
results obtained using dynamic programming are shown
in Tab. 1. As the penalty function increases, the pump
switch number decreases. In addition, it can be seen
from the table that the increase in the pump switch
number can slightly reduce the operating energy
consumption. This phenomenon arises from the
decrease in the number of active pumps during the
intervals of pump stop and start. In contrast to the slight
reduction in operating energy consumption achieved by
increasing the frequency of pump starts and stops, the
paramount considerations are the maintenance costs
and the assurance of the safe operation of refueling



systems. When the penalty function is greater than 1, the
reduction in the pump switch number becomes less
pronounced. Consequently, the optimal parameter
choice is to set the penalty function equal to 1 and the
resulting solution is depicted in Fig. 4. Pumps are cycled
on and off a total of ten times over a three-hour period
to maintain the refueling pressure and the working flow
of each pump is within the allowable range. The
proposed strategy is proved to be effective when applied
to airport refueling systems.
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Fig. 1. Schem:atic diagram of pipe network
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Tab. 1. Pump scheduling

Average Total
Pump .
Penaly . operating average
switch
Co (kW) number N power V, power Q
’ (kw) (kw)
0.001 38 185.82 185.86
0.01 30 185.85 186.15
0.1 22 185.93 188.13
1 10 187.75 197.75
10 7 189.39 259.39

4. CONCLUSIONS

The safety and stability of the fuel supply within the
airport’s pipe network serve as the bedrock for the
smooth operation of large and medium-sized airports.
Highlighting the significance of future refueling demands
for predictive control, a comprehensive closed-loop
control framework is proposed for airport refueling
systems combined with airport gate assighment.

Initially, parking gates are strategically assigned to
enhance robustness, accounting for expected flight data
and current gate configuration. Subsequently, the lowest
pressure nodes over time are identified based on
forecasted flow demand at each hydrant and the pipe
network’s structure. The bisection method is employed
to conduct necessary adjustments in pump head for
energy saving, considering the allowable minimum
pressure at refueling hydrants. Dynamic programming is
finally carried out to formulate an optimal scheduling
that hinges on demand flow and pressure. When flight
information changes or unforeseen disturbances disrupt
the originally optimized schedule, the system
dynamically re-executes the scheduling process.

Verification of the proposed strategy is carried out
with a parallel pump set consisting of 5 pumps and an
apron pipe network with 59 pipes. The results show that
while increasing the frequency of pump switch can
marginally reduce operational energy consumption, the
primary focus should be on maintenance costs and safe
operations. When the reduction in the pump switch
number becomes less pronounced, the penalty
parameter is selected for optimal control. The proposed
predictive control strategy is proved to be effective when
applied to airport refueling systems.
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