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Abstract: Approach sequencing is important for multiple unmanned electric vertical
take-off and landing (eVTOL) vehicles landing in vertiport. In this study, the additional
intermediate transition ring (AIR) approach procedure in a balanced traffic flow scenario,
the single ring movement-allowed (SRMA) approach procedure in an imbalanced traffic
flow scenario, and the additional ring and allowing of movement (ARAM) approach proce-
dure in a mixed scenario are proposed and designed to improve the efficiency of approach
sequencing. Furthermore, a priority loss classification method is proposed to consider the
unmanned eVTOL flight priority difference. Finally, a multi-objective optimization model
is constructed with the constraints of inflow, outflow, moment continuity, flow balance, and
conflict avoidance. The objectives are minimizing the power consumption, total operation
time, and priority loss. Comparison experiments are conducted, and the final results
demonstrate that the ARAM approach procedure can reduce the average holding time
by 8.4% and 7.6% less than the branch-queuing approach (BQA) and AIR in a balanced
traffic flow scenario, respectively. The ARAM approach procedure can reduce the average
holding time by 6.5% less than BQA in an imbalanced traffic flow scenario.

Keywords: advanced air mobility; unmanned electric vertical take-off and landing vehicle;
approach sequencing; vertiport approach procedure; integer programming

1. Introduction
As a component of advanced air mobility (AAM), vertiport is the infrastructure that

ensures the safe and efficient operation of unmanned electric vertical take-off and landing
(eVTOL) vehicles [1]. It is an important problem in sequencing the unmanned eVTOL
on the vertiport airside [2]. Considering the traffic flow imbalance and the unmanned
eVTOL flight priority difference, it is also important to study how to improve the existing
approach procedures to reduce the holding time and improve the efficiency of approach
sequencing [3].

Approach sequencing in traditional civil aviation is based on the sequencing of fixed
flight procedures, where many factors are considered. Related research, including Qiu
et al. [4], constructed a flight sequencing optimization model that considered runway
constraints, control operation rules, and delay consumption. Du et al. [5] proposed a data-
driven method to address the problem of arrival sequencing, where the study considered
the prediction of the estimated time of arrival (ETA). Xu et al. [6] proposed a weighted con-
strained position shift (W-CPS) to empower different aircraft. Zhang et al. [7] empowered
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the aircraft according to their importance to the aircraft, and considered the constraints of
position, safe separation, same air route, and arrival time window. In the above-mentioned
research, the problem of aircraft sequence needs to consider factors such as their approach
rules, aircraft priority, safety intervals, and occupancy, which should also be considered in
the problem of unmanned eVTOL sequencing.

There is little research on approach sequencing models for eVTOLs [8–12]. Related
research includes the following: Benmoussa et al. [9] developed a simulation model that
allows for estimating the flight performance and analyzing the mission of a fixed-wing
multi-rotor unmanned aerial vehicle (UAV) with a hybrid electric propulsion system
(HEPS). Kleinbekman et al. [10] constructed a mixed integer linear programming model
to minimize the operation time of a given set of unmanned eVTOLs with the constraints
of time window, position, and conflict avoidance. Song et al. [11,12] designed an optimal
arrival sequence model to minimize the delay time of the unmanned eVTOL approach
sequencing. For current research on unmanned eVTOL approach sequencing, the objectives
focus on the delay time. However, it should not only focus on operation time for unmanned
eVTOL. Other optimization objectives, such as power consumption, should be considered.
Moreover, the priority of aircraft is also important, which is not considered in current
research. A priority classification method is needed.

Approach procedure is another influential factor for the efficiency of approach se-
quencing. Current literature has shown that the point merge approach procedure can
reduce delays and increase the efficiency of aircraft operations [13–17]. Hong et al. [13]
designed an integer programming model to minimize the total arrival time of aircraft. The
results illustrated that the designed model in the point merge system can increase the
efficiency of arrival sequencing. Errico et al. [14] provided a methodology to reduce fuel
consumption and environmental emissions in the point merge system. This methodology
in the point merge system saved considerable fuel with respect to conventional standard
arrival routes. Hong et al. [15] proposed a new sequencing and scheduling algorithm for
the point merge system based on mixed integer linear programming to minimize the total
landing time and delay time. The results illustrated that the point merge system can help
reduce the delay. Liang et al. [16] constructed an integer programming model to eliminate
conflicts and reduce delays. The comparative experiments showed that the proposed model
in the point merge system can help reduce the average delay of the conventional standard
arrival procedure. Tian et al. [17] designed an optimization method for the point merge
procedure to minimize flight time, fuel consumption, pollutant emission, and noise impact.
The results showed that the proposed optimization method in the point merge system
could help reduce the above-mentioned elements. From the above-mentioned research, the
point merge approach procedure can reduce the delay time, fuel consumption, and conflict,
which can increase the capacity and approach efficiency of the airport. Therefore, improv-
ing the approach procedure may also increase the efficiency of the approach sequencing
of eVTOLs.

There is little current research on unmanned eVTOL approach sequencing. Related
research focuses on the construction and sequencing methods of approach procedures.
Pradeep et al. [18,19] proposed an operation concept for unmanned eVTOL aircraft arrivals.
In this operation concept, the unmanned eVTOL will transition and hover after completing
the cruise and finally land on the pad. However, the eVTOL sequencing issue is not
considered in this operational concept. Kleinbekman [10] proposed an approach procedure
with a variable descent angle (VDA). This procedure can help reduce the delay in arriving
at eVTOL. However, this approach procedure requires high clearance conditions and does
not solve the problem of eVTOL sequencing. Josh et al. [20,21] proposed a terminal arrival
airspace design method and unmanned eVTOL sequence method. In this arrival airspace,
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eVTOL will fly in a circle in the holding ring. This approach procedure is similar to the point
merge system in civil aviation, but it is more difficult to determine the interval between
circling unmanned eVTOLs. It will also generate unnecessary power consumption during
unmanned eVTOL circling. Shao et al. [22] improve the approach procedure in reference 23
by adding a fixed approach and departure routes and rules. However, the above-mentioned
problems were not solved. Song et al. [11,12,23] proposed a branch queuing approach
(BQA) to sequence the eVTOL by fixing the approach paths in each direction. This approach
makes it easier to determine approach intervals and take advantage of the hoverability of
eVTOL to reduce power consumption. However, this approach procedure does not solve
the problem of the reordering of eVTOLs. This approach procedure is greatly affected by
the direction of the approach traffic flow. Therefore, it is necessary to design an approach
procedure to solve the problem of an eVTOL sequence based on the approach priority in
the scenario of imbalanced traffic flow.

The problems of the current unmanned eVTOL approach sequencing can be concluded
as follows:

(1) The problem of unmanned eVTOL flight priority difference should be considered in
the unmanned eVTOL flight approach sequencing. Unmanned eVTOL flights may
have priority differences in normality, emergency urgency, and emergency status.

(2) The problem of traffic flow imbalance may influence the operation efficiency of
unmanned eVTOL flight approach sequencing. The direction of traffic flow may
change due to the weather, departure, and the closing of approach routes, which
results in traffic flow imbalance.

(3) The limitation of the traditional approach sequencing model with the objective of total
operation time. Power consumption, unmanned eVTOL flight priority difference, etc.,
also need to be considered when optimizing unmanned eVTOL approach sequencing.

To address these above issues, the main contributions of this paper are listed below:

(1) The additional intermediate ring (AIR) approach procedure and a priority loss classifi-
cation method are proposed to solve the problem of unmanned eVTOL flight priority
difference. Unlike the approach procedures of VDA [10,18,19], circling [20–22] and
BQA [11,12,23] cannot resequence the unmanned eVTOLs. The AIR approach proce-
dure is constructed to improve the sequencing approach efficiency of unmanned eV-
TOL according to the unmanned eVTOL flight priority. The priority loss classification
method focuses on the battery status and mission urgency of the unmanned eVTOL.

(2) The single ring movement-allowed (SRMA) approach procedure is proposed, and an
approach direction matrix is constructed to solve the problem of unmanned eVTOL
approach sequencing in an imbalanced traffic flow scenario. To solve the problem
of traffic flow congestion in the approach procedure of BQA [11,12,23], the SRMA
approach procedure is designed to alleviate the congestion of traffic flow imbalance
and improve the approach sequencing based on unmanned eVTOL flight priority
difference. The approach direction matrix is constructed to describe the traffic flow
and approach procedure selection.

(3) A multi-objective optimization model is constructed to optimize the total operation
time, power consumption, and priority loss of unmanned eVTOL. The optimization
models only optimize the total operation time [10–12]. The multi-objective optimiza-
tion model is constructed by 0-1 integer programming. This model considers the
constraints of inflow, outflow, moment continuity, flow balance, and conflict avoidance
with minimum power consumption, operation time, and priority loss.

The technology roadmap for this paper is shown in Figure 1. The current approach
procedures include the VDA [10,18,19], circling [20–22], and the BQA [11,12,23]. A technical
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comparison of the approach procedures proposed in this study is shown in Table 1. In
Table 1, the AIR, SRMA, and ARAM approach procedures not only take advantage of the
hoverability of unmanned eVTOL but also consider the resequencing method based on
priority and traffic flow adjustment measures in the scenario of traffic flow imbalance.

eVTOL approach sequence

Challenge

Key issue

Approach flight priority difference Traffic flow imbalance Optimization objective singlenessDeep issue

Research step 

 AIR approach procedure, priority 
empowerment method,

AMSR approach procedure, 
Approach direction matrix

A multi-objective optimization 
modelInnovation

Vertiport approach 
procedure establishment

Multi-objective optimization 
model construction Experiment and analysis Conclusion

Problem definition

Figure 1. Technology roadmap.

Table 1. Technical comparison.

Approach Procedure Advantages Disadvantage Applicable Environment

Traditional approach procedure of civil aviation

VDA [10,18,19]
A changeable descent angle can
reduce approach time and power
consumption.

Large airspace is needed when
operating on a large scale.
It is hard to sequence when
operating on a large scale.

Small-scale unmanned eVTOL
operation.
All types of unmanned
eVTOL.

The ring structure and circling approach procedure

Circling [20–22] Suitable for large-scale unmanned
eVTOL approaching.

Unnecessary power
consumption caused by circling.

Medium-scale unmanned
eVTOL operation.
Fixed-wing unmanned
eVTOL.

The ring structure and holding point approach procedure

BQA [11,12,23]

Take advantage of the
hoverability of unmanned eVTOL.
Lower power consumption than
circling.

Lack of resequence strategy
based on unmanned eVTOL
priority.
Easily affected by traffic flow
direction.

Large-scale unmanned eVTOL
operation.
All types of unmanned
eVTOL.

AIR (This Paper) Resequence strategy based on
unmanned eVTOL priority.

Easily affected by traffic flow
direction.

Large-scale unmanned eVTOL
operation
All types of unmanned
eVTOL.

SRMA (This Paper) Traffic flow adjustment strategy.

This may cause higher power
consumption when
resequencing unmanned
eVTOL.

Large-scale unmanned eVTOL
operation.
All types of unmanned
eVTOL.

ARAM (This Paper)
Resequence strategy based on
unmanned eVTOL.
Traffic flow adjustment strategy.

Large-scale unmanned eVTOL
operation.
All types of unmanned
eVTOL.
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The rest of this paper is organized as follows. Section 2 presents the problem of the
vertiport approach sequencing and relevant assumptions. Section 3 describes the operation
principle and design method of the proposed AIR, SRMA, and ARAM approach procedures.
Section 4 focuses on the construction of the multi-objective optimization model. Section 5
presents validity experiments and compares the scenarios of balanced and imbalanced
traffic flow. Section 6 concludes the results of the study.

2. Problem Definition
This study focuses on sequencing multiple unmanned eVTOLs during the approach

phase, which begins at the end of the unmanned eVTOL cruise and ends with the unmanned
eVTOL landing on the pad. The main objective of this study is to sequence the unmanned
eVTOL considering the unmanned eVTOL flight priority difference, unmanned eVTOL
total operation time, and eVTOL total power consumption.

To sequence the unmanned eVTOL and to ensure the unmanned eVTOL operation’s
safety, the unmanned eVTOL must approach based on the approach procedure. The
general concept [24] of the unmanned eVTOL approach procedure is shown in Figure 2.
The approach phase is divided into three parts: the initial approach phase, from the
initial entry point to the intermediate point; the intermediate approach phase, from the
intermediate point to the final entry point; and the landing phase, from the final entry point
to the landing pad. The intermediate approach phase is divided into two parts. The first
part is from the intermediate point to the MAP, and the second is from the MAP to the final
entry point.

 

VOA/Initial Entry Point (IEP)

Intermediate Point

PFAF/MAP

VPV/Final Entry Point (FEP)

Figure 2. Vertiport approach procedure concept.

Based on the description of the approach procedure concept, the approach procedure
can be simplified into several holding rings, as shown in Figure 3. The height and radius
tuples of each ring are (h0, r0), (h1, r1), (h2, r2), . . ., (hn, rn), respectively. Subscript n is the
number of holding rings.

h0
r0

r1

r2

r3

rn

h1

h2

h3

hn

Figure 3. Vertiport airside holding ring.

There are holding points on the holding ring that make up the unmanned eVTOL
approach procedure, as shown in Figure 4 [3]. For example, in Figure 4, the unmanned
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eVTOL first flies from the holding point pn through several holding rings to the holding
point p3, then flies to the holding point p2, then flies from the holding point p2 to the holding
point p1, and finally lands at p0.

pn

p3

p2
p1

p0

Through several 
holding ring

 

Figure 4. Vertiport approach procedure.

To further clarify the problem, the following operational assumptions are made:

(1) The scenario is assumed to be in an urban low-altitude airspace because the operation
environment of unmanned eVTOL is an urban low-altitude area.

(2) The airside of the vertiport has sufficient airspace to support this approach procedure,
and obstacles are not taken into account in the approach progress.

(3) The communication data of unmanned eVTOL vehicles are unbiased and transferred
in real time, and communication failures are not considered.

(4) The ground capacity means the maximum number of unmanned eVTOLs that ver-
tiports can accommodate. Currently, there are no large-scale vertiports in actual
operation, so ground capacity data is difficult to obtain. Therefore, it is assumed that
the ground capacity of the vertiport is unlimited.

(5) The operation phase of an unmanned eVTOL can be divided into three parts: descend,
hover, and level. The unit power consumption of an unmanned eVTOL vehicle is
constant during the individual operating phase described above.

(6) During the unmanned eVTOL approach, considering the small changes in unmanned
eVTOL speed and distance between adjacent holding points, the unmanned eVTOL
vehicle has a constant travel time between adjacent holding points.

3. Proposed Approach Procedures and Completion Method
In this section, the AIR approach procedure is described in detail in a balanced traffic

scenario. Then, the SRMA approach procedure is presented in an imbalanced traffic flow
scenario. Next, the additional ring and allowing of movement (ARAM) approach procedure
is illustrated in the mixed scenario. Finally, the direction matrix is constructed to generate
the traffic flow and select the approach procedure.

3.1. AIR Approach Procedure

For the problem of unmanned eVTOL approach sequencing based on unmanned eV-
TOL flight priority difference in a balanced traffic flow scenario, an intermediate transition
holding ring is added in the vertiport approach procedure, which is depicted in red in
Figure 5 and can be used as a transition route for unmanned eVTOL holding.
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(a) (b) 

pn
pAIR
p2

p1

p0

h0
r0

r1

rn

h1

h2

hn

rAIR r2

Figure 5. Vertiport AIR approach procedure. (a) Top view. (b) Corresponding side view.

For example, in Figure 5, the unmanned eVTOL vehicle first flies to the holding point
pn and then is selected to fly to either holding point pAIR or holding point p2. If it flies to
holding point pAIR, it should fly from holding point pAIR to holding point p2, then fly to
holding point p1, and finally land at p0. This approach procedure is defined as the AIR
approach procedure.

The unmanned eVTOL approach logic of AIR is illustrated in Figure 6. At time T1,
unmanned eVTOL vehicle Yellow (Y) arrives at the holding point pn and is ready to descend
towards the holding point pAIR. Then, at time T2, unmanned eVTOL vehicle Y arrives and
is hovering at the holding point p3. At the same time, unmanned eVTOL vehicle Cyan(C)
arrives at the holding point pn and is ready to descend towards the holding point p2. At
time T3, unmanned eVTOL vehicle C is ready to descend, and unmanned eVTOL vehicle Y
is hovering at the holding point pAIR. At time T4, unmanned eVTOL vehicle Y is levelling
towards the holding point p2, and has finished hovering. By implementing the above
procedures, unmanned eVTOL vehicle C overtakes unmanned eVTOL vehicle Y.

Time:T1 Time:T2 Time:T3

Descend

Hover

Descend

Hover
Descend

Time:T4

Level

pn

pAIR p2

pn
Y

Y

C

Y C Y
pAIR p2

pn

pAIR p2

pn

pAIR p2
 

Figure 6. AIR approach procedure logic.

3.2. SRMA Approach Procedure

To solve the unmanned eVTOL flight priority difference problem in an imbalanced
traffic flow scenario, the approach procedure is improved based on the vertiport approach
procedure, which is shown in Figure 7 and is depicted in blue. The improved approach
procedure allows unmanned eVTOL vehicles to move to other holding points in the same
holding ring, making way for high-priority unmanned eVTOL vehicles in an imbalanced
traffic flow scenario and relieving traffic flow congestion. This approach procedure is
defined as the SRMA approach procedure.
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Traffic flow

pn,2

pn,1

pn,3

p2,2

p2,1

p2,3

p1,1

p1,2

p1,3
p0

Figure 7. Vertiport SRMA approach procedure.

For example, in Figure 7, when an unmanned eVTOL vehicle arrives at holding point
pn,2, it can fly to pn,2 or pn,3 next. Similarly, when an unmanned eVTOL vehicle reaches
p2,2 or p1,2, it can fly to p2,1, p2,3 or p1,1, p1,3 next. This approach procedure can confirm
the optimal approach path in the direction of heavy traffic flow, thus making way for the
high-priority unmanned eVTOL vehicles.

3.3. ARAM Approach Procedure

This section combines the improved approach procedure methods of AIR and SRMA
to cope with the problem of the unmanned eVTOL flight priority difference in balanced and
imbalanced traffic flow scenarios, which is the mixed scenario. As shown in Figure 8, the
movement of the holding point is allowed in the same holding ring, and an intermediate
transition holding ring is added in the vertiport approach procedure, defined as the ARAM
approach procedure.

 

Traffic Flow

pn,2

pn,1

pn,3
pARAM,2

pARAM,1

pARAM,3
p2,2 p2,3

p2,1 p1,2

p1,1 p1,3
p0

Figure 8. Vertiport ARAM approach procedure.

Unmanned eVTOL vehicles can fly to adjacent points below or in the same vicinity as
the current altitude. For example, in Figure 8, when an unmanned eVTOL vehicle arrives
at pn,2, then it can fly to pn,1 or pn,3 or pARAM,2 or p2,2. Similarly, if an unmanned eVTOL
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vehicle arrives at pARAM,2, it can fly to pARAM,1 or pARAM,3 or p2,2. Finally, an unmanned
eVTOL vehicle lands at p0.

3.4. Approach Procedure Selection Based on Direction Matrix

The unmanned eVTOL approach directions are divided into Nd parts. The unmanned
eVTOL approach direction matrix is defined as D = [D1, . . ., Dk, . . ., Dkmax], where Dk ∈ {1,
2, . . ., Nd} represents the initial approach direction for unmanned eVTOL vehicle k (k = 1,
. . ., kmax).

Traffic flow imbalance is defined as the number of unmanned eVTOL vehicles ap-
proaching in a certain direction exceeding the total number of unmanned eVTOLs ap-
proaching by θ percent in a certain time period when a large number of eVTOLs arrive.
The approach procedure selection flowchart is shown in Figure 9. The approach directions
of unmanned eVTOLs are first randomly generated. Then, the approach directions are
transformed into a direction matrix. Next, it is determined whether there is a traffic flow im-
balance based on the direction matrix. If it is true, ARAM and SRMA approach procedures
will be performed. If it is false, ARAM and AIR approach procedures will be performed.

Start

Approach direction generation 

 Direction matrix transformation 

If traffic flow 
imbalance?

Use ARAM or SRMA 
approach procedure 

Use ARAM or AIR 
approach procedure 

End

Yes No

 
Figure 9. Approach procedure selection flowchart.

The example of the direction matrix is shown in Table 2. k represents the label of an
unmanned eVTOL vehicle, and Dk represents the direction in which an unmanned eVTOL
vehicle is approaching. For example, the initial approach direction of an unmanned eVTOL
vehicle labelled 1 is 3, and the initial approach direction of an unmanned eVTOL vehicle
labelled 2 is 4.

Table 2. Direction matrix example.

k 1 2 3 4 . . . kmax
Dk 3 4 1 2 . . . Dkmax

4. Optimization Model Construction
In this section, the multi-objective optimization model is constructed. The general

model is given at first. Then, the details of the model are described.
The basic parameters are defined as follows:

(1) The set of departure points is I = {0, 1, 2,. . ., Imax};
(2) The set of arrival points is J = {1, 2, 3,. . ., Jmax};
(3) The discrete time set is T = {0, 1, 2,. . ., Tmax}.
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4.1. General Model

The general procedure model of the vertiport approach is constructed below:

Obj : z = Min(C f ·
Ftotal(xi,k,t)

F0
+ Ct ·

Ttotal(xi,k,t)

T0
+ Cp ·

Lp(xi,k,t)

Lp0
) (1)

A · X ≤ b (2)

Equation (1) represents the objective function. The objective is to achieve the minimum
power consumption, holding time, and priority loss. Where Cf, Ct, and Cp are the weights of
unmanned eVTOL total power consumption, unmanned eVTOL total approach time, and
unmanned eVTOL approach priority loss, respectively. F0, T0, and Lp0 are the normalizing
constants of total power consumption, total operation time, and priority loss, respectively.
They are calculated from the optimal values under the single objective of total power
consumption, total operation time, and priority loss, respectively. Ftotal(xi,k,t), Ttotal(xi,k,t),
and Lp(xi,k,t) represent unmanned eVTOL total power consumption, unmanned eVTOL
total operation time, and unmanned eVTOL total priority loss, respectively, which are
described in Section 4.3. xi,k,t is a decision variable, which is described in Section 4.2.

Equation (2) represents the constraints described in Section 4.4. X is a three-
dimensional matrix consisting of decision variables xi,k,t, A is a coefficient matrix, and
b is a constant matrix.

In this model, each unmanned eVTOL has a cost per discrete time ∆t. The priority loss
means the total cost of all approaching unmanned eVTOLs. The details of the object and
relative parameters are described in Section 4.3.

4.2. Decision Variables

The decision variable xi,k,t is an element of X, as defined in Equation (3) [25]. Where
i is the holding point, k is the unmanned eVTOL label, and t is the time. For example, in
Figure 10, xp3,k3,t refers to an unmanned eVTOL vehicle labelled k3 at holding point p3 at
time t. An unmanned eVTOL vehicle has two states: flying (from one holding point to
another holding point) and hovering (at a holding point).

xi,k,t =

{
1
0

eVTOL k at i at time t
otherwise

(3)

 

xp3,k3,t
xp2,k2,t
xp1,k1,t

Figure 10. Three dimensions of decision variables.
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4.3. Objective Function Description

This section addresses the problem of the unmanned eVTOL total power consumption
calculation by summarizing unmanned eVTOL levelling, descending, and hovering power
consumption. For the problem of unmanned eVTOL flight priority difference, a priority
loss classification method is proposed by considering unmanned eVTOL battery status and
mission urgency.

4.3.1. Total Power Consumption

Equations (4) and (5) calculate the total power consumption of eVTOL, where Fi,j is
the power consumption for movement between holding points, which includes the power
consumption of descending, levelling, and hovering. Pi,j is a time constant representing the
moving time between holding point i and holding point j.

Ftotal(xi,k,t) = ∑
t∈T

∑
k∈K

∑
j∈J

∑
i∈I

Fi,j · xi,k,t · xj,k,t+Pi,j
(4)

Fi,j =


Fhover

Flevel

Fdescend

i f hold at i
i f level f rom i to j

f descend f rom i to j
(5)

Fhover =

√√√√ 2(mg)3

N3
RρπD2

R,i
(6)

Equation (6) [26] is the calculation formula for eVTOL hover power consumption.
Where m is the mass of the unmanned eVTOL, kg, g is the acceleration of gravity, m/s2, NR

is the total number of propellers, pcs, ρ is the density of air, kg/m3, and DR,i is the diameter
of the propeller, m.

Equations (7) and (8) calculate the eVTOL power consumption of descending and
levelling. The unmanned eVTOL descending power consumption should be less than the
hovering power consumption. The unmanned eVTOL level power consumption should
be higher than the hovering power consumption because the rotor is required to balance
the weight of the unmanned eVTOL vehicle and propel the unmanned eVTOL vehicle in
level flight.

Flevel = (1 + α) · Fhover (7)

Fdescend = (1 − β) · Fhover (8)

α and β are constants, α > 0 and 0 < β < 1, which are dependent on the performance of
unmanned eVTOL vehicle.

4.3.2. Priority Loss

Equation (9) represents the priority loss of the unmanned eVTOLs. Ck is a priority loss
that considers the battery status and the mission urgency of unmanned eVTOL flights. The
equation for Ck is given in Equation (10):

Lp(xi,k,t) = ∑
k∈K

∑
t∈T

∑
i∈I

Ck · xi,k,t (9)

Ck = ε · Uk + Qk, (k ∈ K) (10)

where Uk is the battery status priority loss for different unmanned eVTOL flights. Qk is
the mission urgency priority loss of different unmanned eVTOL flights, ε is a constant, and
0 < ε < 1.
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Qk is divided into p types, as shown in Table 3. If the value of the mission urgency is
high, the mission urgency priority loss Qk is high.

SOC(tarrive + λ · tapproach) = SOC(tarrive)−
Icurrent · (λ · tapproach)

3600 · BC
(11)

Table 3. Mission urgency priority loss.

Category 1 2 3 4 . . . p
Qk 1 2 3 4 . . . p

The battery status can be calculated by Equation (11) [27], where tarrive is the arrival
time of eVTOL, tapproach is the required approach time without congestion, SOC(t) is the
remaining power of eVTOL at time t, λ is a constant to determine the minimum approach
time, Icurrent is the current, and BC is the battery capacity of eVTOL.

The categories of Uk are divided into q based on Equation (11). If the battery status is
healthy, the power consumption priority is low. The step size of the battery status priority
loss should be higher than the mission urgency priority loss. The step size is p·ε. An
example is shown in Table 4.

Table 4. Battery status priority loss.

Category 1 2 3 4 . . . q
Uk p·ε 2·p·ε 3·p·ε 4·p·ε . . . q·p·ε

4.3.3. Total Operation Time

Equation (12) represents the total operation time of the unmanned eVTOL approach,
and ∆t represents the time step in this model.

Ttotal(xi,k,t) = ∑
i∈I

∑
j∈J

∑
k∈K

∑
t∈T

∆t · Pi,j · xi,k,t · xi,k,t+Pi,j
(12)

4.4. Constraints

In this section, five constraints of the model are described: the constraint of inflow, the
constraint of outflow, the constraint of moment continuity, the constraint of flow balance,
and the constraint of conflict avoidance.

4.4.1. Constraint of Inflow

The constraint of inflow is used to specify the approach direction and approach time
of eVTOL. Therefore, the constraint equations are as follows:

x0,k,0 = 1, (k ∈ K) (13)

∑
t∈T

xi,k,t ≥1, (i = Dk, k ∈ K) (14)

∑
t∈T

xi,k,t = 0, (i ∈ O, i ̸= Dk, , k ∈ K) (15)

xDk1
,k1,t1 + xDk2

,k2,t2 ≤ 2+
t2 − t1

M
, (k1 ∈ K, k2 ∈ K, k1 < k2, Dk1 = Dk2 , t1 ∈ T, t2 ∈ T) (16)

Constraint (13) ensures all unmanned eVTOLs arrive at the starting point at time 0.
The starting point represents the area outside the outer ring in Figure 10. Constraints (14)
and (15) guarantee that the initial approach direction of unmanned eVTOL vehicle k is Dk.
O is the holding point set of the outer ring. Constraint (16) indicates that if unmanned
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eVTOL vehicles k1 and k2 have the same initial approach direction, unmanned eVTOL
vehicles with a small label reach the outer ring first. M is an infinite number.

4.4.2. Constraint of Outflow

The constraint of outflow needs to consider the problem of pad occupancy. Therefore,
the equations are constructed as follows:

∑
t∈T

xJmax,k,t = 1, (k ∈ K) (17)

xImax,k1,t1 +

t2=t1+
∆t1

∆t
∑

t2=t1

xJmax,k2,t2 ≤ 1, (k1 ∈ K, k2 ∈ K, k1 ̸= k2, t1 ∈ T, t1 + ∆t1 ≤ Tmax) (18)

Constraint (17) means that each unmanned eVTOL occupies a landing pad for one
unit of discrete time. Constraint (18) specifies that two unmanned eVTOLs need to have a
time interval of ∆t1/∆t when landing. ∆t1/∆t is the required landing time interval for safety
between two unmanned eVTOL vehicles in this model. ∆t1 is the landing time interval for
safety between two unmanned eVTOL vehicles, and ∆t1 is a multiple of ∆t.

4.4.3. Constraint of Moment Continuity

The moment continuity constraint is required to represent the time continuity of an
unmanned eVTOL vehicle moving between holding points. The relevant equations are
as follows:

∑
i∈I/0

xi,k,t ≤ 1, (k ∈ K, t ∈ T) (19)

xi,k,t ≤ x
i,k,t+ ∆t2

∆t
+ ∑

j∈(Li,j=1)
xj,k,t+Pi,j

, (i ∈ I/0, k ∈ K, t ∈ T, t + ∆t < Tmax) (20)

Constraint (19) prohibits unmanned eVTOL vehicles from appearing at multiple
holding points at the same time. Constraint (20) ensures time continuity. At time t, if
unmanned eVTOL vehicle k is at holding point i, unmanned eVTOL vehicle k should hold
at holding point i by moment t+∆t2/∆t or arrive at holding point j by moment t + Pi,j. ∆t2

represents the required minimal time interval for safety, and ∆t2 is a multiple of ∆t.
Li,j is a constant, representing whether holding point i and holding point j are connected.

4.4.4. Constraint of Flow Balance

The flow balance constraint is used to keep the balance of inflow and outflow in the
intermediate holding point. The relevant equations are as follows:

∑
t∈T

∑
k∈K

( ∑
j∈(Li,j=1)

xj,k,t+Pi,j
) · xi,k,t = Kmax (21)

∑
t1∈T

∑
k∈K

( ∑
i1∈(Li1,i=1)

xi1,k,t1−Pi1,i
) · xi,k,t1 = ∑

t2∈T
∑
k∈K

( ∑
j∈(Li,j=1)

xj,k,t2+Pi,j
) · xi,k,t2 (22)

∑
t∈T

∑
k∈K

( ∑
i1∈(Li1,Imax=1)

xi1,k,t−Pi1,i
) · xImax,k,t = Kmax (23)

Constraint (21) means the inflow in the entering area must be equal to the total number
of unmanned eVTOL vehicles. Constraint (22) means the inflow must be equal to the
outflow at intermediate holding point i. Constraint (23) means the outflow in the landing
point must be equal to the total number of unmanned eVTOLs.
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4.4.5. Constraint of Conflict Avoidance

The constraint of conflict avoidance [28] is used to avoid conflict when multiple
eVTOLs operate. The constraint equation is as follows:

∑
k∈K

xi,k,t ≤1, (i ∈ J, t ∈ T) (24)

Constraint (24) restricts unmanned eVTOL vehicles from simultaneously arriving at
the same holding point. The conflict avoidance example is shown in Figure 11. For example,
unmanned eVTOL vehicle 1 occupied this node from moment 1 to 3. Unmanned eVTOL
vehicle 2 occupied this node from moment 4 to 7. We use this constraint to separate the
occupied time to avoid conflicts.

Figure 11. Conflict avoidance example.

5. Experiments and Analysis
In this section, the scenarios and relevant parameters are set first. Then, the evaluation

method is presented. Next, typical unmanned eVTOL activities are analyzed as cases to
verify the rationality of the proposed approach procedure. Finally, comparisons between
the BQA (baseline) [11,12,23], AIR, SRMA, and ARAM approach procedures are made. The
optimization model is solved by Python 3.7.12 + Gurobi 10.

5.1. Experiment Setup and Assumptions

The scenarios in this experiment are balanced and imbalanced traffic flow. In a
balanced traffic flow scenario, the traffic flow is evenly distributed in all directions. In an
imbalanced traffic flow scenario, the traffic flow is concentrated in several directions.

The parameters of unmanned eVTOL, approach procedure, and a multi-objective
model are made. Due to the lack of actual vertiport airside design standards and safety
interval standards between unknown eVTOLs, in addition to the known basic parameters
of eVTOL, the remaining parameters will be assumed. The relevant parameters are set
as follows:

5.1.1. Parameters of Unmanned eVTOL

The unmanned eVTOL parameters are shown in Table 5 [29].
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Table 5. Unmanned eVTOL performance parameters.

Parameters Autoflight Prosperity

m 1800 kg
NR 10
DR,i 3.14 m

α 0.1
β 0.05

The power consumption of unmanned eVTOL hovering, levelling, and descending
can be calculated by Equations (6)–(8), as shown in Table 6.

Table 6. Unmanned eVTOL power consumption.

Parameters Power Consumption

Fhover 29 kW·s
Flevel 32 kW·s

Fdescend 28 kW·s

5.1.2. Parameters of Vertiport Approach Procedure and Safety Interval Standard

The parameters of the approach procedure are shown in Table 7 [30].

Table 7. Parameters of approach procedure.

Parameters Values

n 3
r3 170 m
r2 120 m
r1 70 m
r0 20
h3 55 m
h2 40 m
h1 25 m
h0 10
Nd 10

The discrete time step, the required minimal time interval and the required minimal
landing time interval are set in Table 8.

Table 8. Related time parameters.

Parameters Values

∆t 5 s
∆t1 10 s
∆t2 5 s

5.1.3. Parameters of Multi-Objective Optimization Model

The weight of each objective function is given in Table 9.

Table 9. Objective function weight.

Values Weight

Ct 0.2
Cf 0.2
Cp 0.6
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The ε is set to be 0.5 in this experiment. The parameters of the mission urgency and
battery status are shown in Table 10.

Table 10. Mission urgency and battery status priority loss.

Parameters Values

Qk
Cargo 1

Passenger 2

Uk
Remaining high power 1
Remaining low power 2

The category of priority loss can be calculated by Equation (9), which is shown in
Table 11.

Table 11. Priority loss category.

Priority Category High Priority Next High Priority Middle Priority Low Priority

Battery status Low Low High High
Cargo or passenger Passenger Cargo Passenger Cargo

Ck 3 2.5 2 1.5

5.2. Evaluation Indicators

The indicators for evaluating and analyzing the experimental results of different
approach procedures are defined as follows:

(1) Total power consumption Ftotal and average value F

Ftotal represents the total power consumption of all unmanned eVTOLs, which is
calculated by Equation (4). F represents the average power consumption of all unmanned
eVTOLs. The equations F are displayed as follows:

F =
Ftotal
Kmax

(25)

(2) Average hovering time HT

HT is defined to record the average holding time for all unmanned eVTOLs, which is
presented as follows:

HT =
Ttotal
Kmax

(26)

(3) Priority loss of unmanned eVTOL flight Lp

The priority loss Lp is used to evaluate the priority sequencing of all unmanned eVTOL.
The equation of Lp is described in Equation (9).

(4) Operating time (OT)

The total operating time (OT) is used to check the operating time of the last unmanned
eVTOL vehicle in this system.

(5) Traffic flow pressure index (PI)

The traffic flow pressure index (PI) is used to test the traffic flow pressure used in the
heavy traffic flow scenario. The equation is shown as follows:

PI =
Kabove
Kmax

(27)
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Kabove is the number of unmanned eVTOLs exceeding the average hovering time of all
approach procedures.

The weights of Ftotal, HT, and Lp are mentioned in Table 8. The weights of OT and PI
are shown in Table 12.

Table 12. Indicator weight.

Indicators Weight

Co 0.1
Cpi 0.1

Co represents the weight of the operation time, and Cpi is the weight of the traffic flow
pressure index. The score of each approach procedure is calculated by Equation (28):

Score = ∑
i∈Indicators

Scorei · Ci (28)

where Scorei is the score of each indicator. Ci is the weight of each indicator. Higher scores
indicate better results for the approach procedure.

5.3. Model and Approach Procedure Verification

In this section, the BQA procedure is compared as a baseline to validate the rationality
of the proposed approach procedures. Twenty unmanned eVTOLs are set up to test
the correctness of the approach procedure without approach priority in balanced and
imbalanced traffic flow scenarios. The solution times of AIR, SRMA, and ARAM approach
procedures are 20 s, 20 s, and 120 s. The computational complexity is O(n3), and as the
number of eVTOLs increases, the computational time increases exponentially. The solution
comparison picture is shown in Figure 12. The strategy used is first-come-first-served, and
the minimum holding time and power consumption are used as the objective function. If
the approach procedure is correct, the holding time and power consumption distribution
of different approach procedures should be similar.

Figure 12. Approach procedure Solution Time.

The experiment results in a balanced traffic flow scenario, as shown in Table 13 and
Figure 13. It is concluded that the AIR approach procedure and ARAM approach are almost
the same as the BQA in the distributions of holding time and power consumption in a
balanced traffic flow scenario without priority.
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Table 13. Comparisons of BQA, AIR, and ARAM in a balanced traffic flow scenario without priority.

Approach Procedure F HT

BQA 3315 kW·s 95 s
AIR 3315 kW·s 95 s

ARAM 3342.8 kW·s 84.75 s

 
(a) Holding time line chart. (b) Power consumption line chart. 

Figure 13. Line chart in balanced traffic flow scenario.

The SRMA and the ARAM approach procedures are also the same as the BQA pro-
cedure in the distributions of holding time and power consumptiown in an imbalanced
traffic flow scenario without priority, which is shown in Table 14 and Figure 14.

Table 14. Comparisons of BQA, SRMA, and ARAM in an imbalanced traffic flow scenario
without priority.

Approach Procedure F HT

BQA 3315 kW·s 95 s
SRMA 3328.5 kW·s 90.5 s
ARAM 3323.3 kW·s 92.5 s

 
(a) Holding time line chart. (b) Power consumption line chart. 

Figure 14. Line chart in imbalanced traffic flow scenario.
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In summary, the experimental results of the proposed approach procedure are similar
to the BQA in scenarios without priority, which can demonstrate the feasibility of the
proposed approach procedures. However, their solution time is too long. This study
focuses on the feasibility of the multi-objective model. A reduction in solution time requires
further research in the future.

5.4. Analysis of Approach Priority Difference

In this section, 20 unmanned eVTOLs are set up in a balanced traffic flow scenario to
compare between the BQA and AIR. The approach trajectories are shown in Figure 15.

(a) Approach trajectories of the BQA. (b) Approach trajectories of the AIR. 

Figure 15. Approach trajectories (BQA and AIR).

The comparisons of the approach procedure between the BQA and AIR are shown
in Table 15. The total power consumption of AIR is increased to 45 kW·s higher than the
BQA. The average holding time of AIR is reduced to 0.75 s less than the BQA. The priority
loss of AIR is reduced to 7 less than BQA. The operating time and the pressure index of
AIR remain constant. The results show that the AIR approach procedure scores higher than
the BQA approach procedure. Therefore, the AIR approach procedure is better regarding
average holding time and priority sequencing.

Table 15. Comparison of indexes between BQA and AIR.

Approach Procedure Ftotal (Score) HT (Score) Lp (Score) OT (Score) P (Score) Score

BQA 66,300 kW·s (+1) 95 s (+0) 876 (+0) 210 s (+0) 0.5 (+0) 0.2
AIR 66,345 kW·s (+0) 94.25s (+1) 869 (+1) 210 s (+0) 0.5 (+0) 0.8

Tables 16 and 17 show the average power consumption and average holding time in
different priorities. In the AIR approach procedure, the average power consumption of
high-priority unmanned eVTOL vehicles is reduced by 290 kW·s compared to the BQA.
The average holding time of high-priority unmanned eVTOLs is reduced to 10 s less than
the BQA. The boxplots of holding time and power consumption are shown in Figure 16.

Table 16. Comparison of F between BQA and AIR with different priorities.

Approach Procedure Low Priority Middle Priority Next High Priority High Priority

BQA 5018.8 kW·s 3112 kW·s 1816.7 kW·s 1285 kW·s
AIR 5056.9 kW·s 3173 kW·s 2015 kW·s 995 kW·s
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Table 17. Comparison of HT between BQA and AIR with different priorities.

Approach Procedure Low Priority Middle Priority Next High Priority High Priority

BQA 153.75 s 88 s 43.3 s 25 s
AIR 154.375 s 89 s 48.3 s 15 s

(a) Holding time boxplot. (b) Power consumption boxplot. 

Figure 16. Holding time and power consumption distribution boxplot (BQA and AIR).

The distributions of power consumption and holding time in the high-priority un-
manned eVTOLs show a downward concentration compared to the BQA approach proce-
dure. Therefore, the AIR approach procedure is better than the BQA approach procedure
in terms of average holding time and power consumption of high-priority flights.

In summary, the AIR approach procedure is better than the BQA in a balanced traffic
flow scenario. The reason for these phenomena is that the intermediate transition holding
ring can act as a holding area for low-priority unmanned eVTOLs, thus giving way to
high-priority unmanned eVTOLs. As a result, it reduces the average power consumption
and holding time of high-priority unmanned eVTOLs by 22.5% and 40%.

5.5. Analysis of Traffic Flow Imbalance

In this section, 20 unmanned eVTOLs are set in an imbalanced traffic flow scenario.
The comparative approach trajectories are depicted in Figure 17. It can be seen that when
the traffic flow is concentrated in a few directions, the airspace is used less than that in a
balanced traffic flow scenario.

(a) Approach trajectories of the BQA. (b) Approach trajectories of the SRMA. 

Figure 17. Approach trajectories (BQA and SRMA).
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The comparisons of the approach procedure between the BQA and SRMA are shown
in Table 18. The total power consumption of SRMA is increased to 2610 kW·s higher than
the BQA. The average holding time of SRMA is reduced to 43.5 s less than the BQA. The
priority loss of SRMA is reduced to 52 less than the BQA. The operating time of SRMA
remains constant. The traffic flow pressure index of SRMA is reduced to 0.45 less than the
BQA. The final score shows that the SRMA approach procedure has a higher score than
the BQA.

Table 18. Comparison of indexes between BQA and SRMA.

Approach Procedure Ftotal (Score) HT (Score) Lp (Score) OT (Score) P (Score) Score

BQA 66,300 kW·s (+1) 95 s (+0) 972 (+0) 210 s (+0) 0.55 (+0) 0.2
SRMA 68,910 kW·s (+0) 51.5 s (+1) 920 (+1) 210 s (+0) 0.1 (+1) 0.9

Tables 19 and 20 illustrate the average power consumption and holding time in
different priorities. In the SRMA approach procedure, the average power consumption of
high-priority and next-high-priority unmanned eVTOL vehicles is reduced to 432.5 kW·s
and 2255 kW·s less than the BQA. The average holding time of low-priority, middle-priority,
next-high-priority, and high-priority unmanned eVTOL vehicles in SRMA is reduced to
45 s, 7 s, 101.6 s, and 42.5 s less than the BQA.

Table 19. Comparison of F between BQA and SRMA with different priorities.

Approach Procedure Low Priority Next High Priority High Priority

BQA 3750 kW·s 4426.7 kW·s 2517.5 kW·s
SRMA 4445 kW·s 2171.7 kW·s 2085 kW·s

Table 20. Comparison of HT between BQA and SRMA with different priorities.

Approach Procedure Low Priority Middle Priority Next High Priority High Priority

BQA 110 s 70 s 133.3 s 67.5 s
SRMA 65 s 63 s 31.7 s 25 s

The distributions of holding time and power consumption are shown in Figure 18.
The distributions of holding time for all priority unmanned eVTOLs in SRMA present a
downward concentration compared to the BQA. The power consumption of high-priority
and next-high-priority unmanned eVTOLs in SRMA presents a downward concentration
distribution compared to the BQA. Therefore, the SRMA approach is better for the priority
sequencing of unmanned eVTOL vehicles.

In summary, the SRMA approach procedure can reduce the traffic flow pressure
caused by traffic flow imbalance and increase the efficiency of approach sequencing based
on priority because the SRMA approach procedure can also give way to high-priority
unmanned eVTOLs. The SRMA approach procedure has a 45% reduction in average
holding time despite a 3.9% increase in power consumption.
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(a) Holding time boxplot. (b) Power consumption boxplot. 

Figure 18. Holding time and power consumption comparison boxplots (BQA and SRMA).

5.6. Analysis of Comprehensive Scenario

In this section, the 20 unmanned eVTOLs are set up. The comparisons are made
in balanced and imbalanced traffic flow scenarios. The unmanned eVTOL approach
trajectories of balanced traffic flow are shown in Figure 19. The ARAM approach procedure
is more complex and uses more airspace than the BQA procedure.

  
(a) Approach trajectories of the BQA. (b) Approach trajectories of ARAM. 

Figure 19. Approach trajectories (balanced traffic flow).

The comparisons of the approach procedure between the BQA and AIR are shown
in Table 21. The total power consumption of ARAM is increased by 240 kW·s more than
the BQA and 195 kW·s more than AIR. The average holding time of AIR is reduced to 8 s
less than the BQA and 7.25 s less than AIR. The priority loss of AIR is reduced to 5 less
than the BQA and is the same as AIR. The operating time remains constant in the ARAM
approach procedure. The pressure index is reduced to 0.05 less than the BQA and AIR.
The ARAM approach procedure has a higher score than the other approach procedures.
Therefore, the ARAM approach procedure can reduce the holding time and relieve the
traffic flow pressure.
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Table 21. Comparison of indexes between BQA, ARAM, and AIR.

Approach Procedure Ftotal (Score) HT (Score) Lp (Score) OT (Score) P (Score) Score

BQA 66,300 kW·s (+2) 95 s (+0) 876 (+0) 210 s (+0) 0.5 (+0) 0.4
ARAM 66,540 kW·s (+0) 87 s (+2) 869 (+1) 210 s (+0) 0.45 (+1) 1.1

AIR 66,345 kW·s (+1) 94.25 (+1) 869 (+1) 210 s (+0) 0.5 (+0) 1.0

Tables 22 and 23 display the average power consumption and holding time in different
priorities. In the ARAM approach procedure, the average power consumption of high-
priority unmanned eVTOL vehicles is reduced to 290 kW·s less than BQA. The average
power consumption of low-priority, middle-priority, and next-high-priority vehicles in the
ARAM approach procedure is increased to 11.2 kW·s, 18 kW·s, and 5 kW·s more than AIR.
The average holding time of low-priority, middle-priority, and high-priority unmanned
eVTOL vehicles in the ARAM approach procedure is reduced to 13.125 s, 6 s, and 10 s,
respectively, less than in the BQA. The average holding time of low-priority, middle-priority,
and next-high-priority unmanned eVTOL vehicles in the ARAM approach procedure is
reduced to 13.75 s, 6 s, and 1.63 s, respectively, less than AIR.

Table 22. Comparison of F between BQA, ARAM, and AIR.

Approach Procedure Low Priority Middle Priority Next High Priority High Priority

BQA 5018.8 kW·s 3112 kW·s 1816.7 kW·s 1285 kW·s
ARAM 5068.1 kW·s 3191 kW·s 2020 kW·s 995 kW·s

AIR 5056.9 kW·s 3173 kW·s 2015 kW·s 995 kW·s

Table 23. Comparison of HT between BQA, ARAM, and AIR.

Approach Procedure Low Priority Middle Priority Next High Priority High Priority

BQA 153.75 s 88 s 43.3 s 25 s
ARAM 140.625 s 83 s 46.67 s 15 s

AIR 154.375 s 89 s 48.3 s 15 s

The distributions of holding time and power consumption are shown in Figure 20. The
holding time of all priority unmanned eVTOLs in ARAM has a downward concentration
distribution compared to other approach procedures. The power consumption of all
priority unmanned eVTOLs is almost the same as that of AIR at the distribution level. The
power consumption of high-priority unmanned eVTOLs presents a lower concentration
distribution than that of the BQA.

The unmanned eVTOL approach trajectories are shown in Figure 21. The ARAM
approach procedure can also disperse the traffic flow. The comparisons of the approach
procedure between the BQA, ARAM, and SRMA are shown in Table 24. The total power
consumption of ARAM is increased to 415 kW·s more than the BQA and is reduced to
2195 kW·s less than SRMA. The average holding time of ARAM is reduced to 6.25 s less
than the BQA and is increased to 37.25 s more than SRMA. The priority loss of ARAM is
reduced to 91 less than the BQA and 39 less than SRMA. The operation time of ARMA is the
same as that of BQA and SRMA. The traffic flow pressure index is reduced to 0.05 less than
the BQA and is increased to 0.45 more than SRMA. The ARAM approach procedure gets the
highest score. Therefore, the ARAM approach can also reduce the average holding time of
unmanned eVTOL vehicles, decrease the priority loss, and relieve the traffic flow pressure.
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(a) Holding time boxplot. (b) Power consumption boxplot. 

Figure 20. Holding time and power consumption comparison boxplot (BQA, ARAM, and AIR).

 
(a) Approach trajectories of BQA. (b) Approach trajectories of ARAM. 

Figure 21. Approach trajectories (imbalanced traffic flow).

Table 24. Comparison of indexes between BQA, ARAM, and SRMA.

Approach Procedure Ftotal(Score) HT(Score) Lp(Score) OT(Score) P(Score) Score

BQA 66,300 kW·s (+2) 95 s (+0) 972 (+0) 210 s (+1) 0.6 (+0) 0.5
ARAM 66,715 kW·s (+1) 88.75 s (+1) 881 (+2) 210 s (+0) 0.55 (+1) 1.7
SRMA 68,910 kW·s (+0) 51.5 s (+2) 920 (+1) 210 s (+1) 0.1 (+2) 1.3

Tables 25 and 26 display the average power consumption and holding time in different
approach priorities. In the ARAM approach procedure, the average power consumption of
next-high-priority and high-priority unmanned eVTOL vehicles is reduced to 2018.4 kW·s
and 1232.5 kW·s less than the BQA. Its average holding time for middle-priority, next-high-
priority, and high-priority unmanned eVTOL vehicles is reduced to 4 s, 71.6 s, and 42.5 s
less than the BQA. Its power consumption of middle-priority and high-priority unmanned
eVTOLs is reduced to 969 kW·s and 800 kW·s less than SRMA.
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Table 25. Comparison of F between BQA, ARAM, and SRMA.

Approach Procedure Low Priority Middle Priority Next High Priority High Priority

BQA 3750 kW·s 2590 kW·s 4426.7 kW·s 2517.5 kW·s
ARAM 5087.5 kW·s 2730 kW·s 2408.3 kW·s 1285 kW·s
ARMA 4445 kW·s 3699 kW·s 2171.7 kW·s 2085 kW·s

Table 26. Comparison of HT between BQA, ARAM, and SRMA.

Approach Procedure Low Priority Middle Priority Next High Priority High Priority

BQA 110 s 70 s 133.3 s 67.5 s
ARAM 145 s 66 s 61.7 s 25 s
SRMA 65 s 63 s 31.7 s 25 s

The distributions of holding time and power consumption are shown in Figure 22.
The power consumption and the holding time of high-priority unmanned eVTOLs in
SRMA present a downward concentration distribution compared to the BQA. The holding
times of low-priority, middle-priority, and next-high-priority unmanned eVTOL vehicles
in ARAM presents an upward dispersion distribution compared to SRMA. The holding
time of high-priority unmanned eVTOLs presents a downward distribution compared to
SRMA. The power consumption of next-high-priority and high-priority unmanned eVTOL
vehicles in ARAM presents a downward concentration distribution compared to the BQA.
The power consumption of middle-priority and high-priority unmanned eVTOL vehicles
in ARAM presents a downward concentration distribution compared to SRMA.

(a) Holding time boxplot. (b) Power consumption boxplot. 

Figure 22. Holding time and power consumption comparison boxplot (BQA, ARAM, and SRMA).

The arrival moment occupancy and arrival direction are shown in Figure 23. It can
be concluded that in the scenario of imbalanced traffic flow, the continuity of moment
allocation in ARAM and SRMA are better than that of the BQA, which is intermittent. In
the scenario of balanced traffic flow, the approach procedures of AIR and ARAM have
long occupancy moments, which means these approach procedures are easier to reorder
between eVTOLs.

In summary, the ARAM approach procedure can act as an integrated program for
unmanned eVTOL approaches in balanced and imbalanced traffic flow scenarios, which
can relieve congestion, reduce the holding time, and improve the priority sequencing of
unmanned eVTOL vehicles.



Drones 2025, 9, 396 26 of 28

  
(a) BQA imbalanced traffic flow. (b) BQA balanced traffic flow. 

  
(c) SRMA imbalanced traffic flow. (d) AIR balanced traffic flow. 

  
(e) ARAM imbalanced traffic flow. (f) ARAM balanced traffic flow. 

Figure 23. Arrival direction and node occupancy moment.

6. Conclusions
This study proposes the AIR approach procedure in a balanced traffic flow scenario,

the SRMA approach procedure in an imbalanced traffic flow scenario, and the ARAM
approach procedure in a mixed scenario. Furthermore, an unmanned eVTOL priority
classification method is proposed to consider unmanned eVTOL flight priority differences.
By a computational analysis of typical scenarios, the experimental results are as follows:

(1) The proposed priority loss classification method, direction matrix, and approach
procedures can solve the problem of approach sequencing considering unmanned
eVTOL flight priority differences and traffic flow imbalance.

(2) In a balanced traffic flow scenario, the ARAM approach procedure has the highest
score compared to the BQA and AIR approach procedures. The average holding time
of the ARAM approach procedure is reduced to 8.4% and 7.6%, respectively, less
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than the BQA and AIR. The ARAM approach procedure is more straightforward for
high-priority unmanned eVTOL vehicles in an advanced approach than the BQA.

(3) In an imbalanced traffic flow scenario, the ARAM approach procedure has the highest
score compared to the BQA and SRMA approach procedures. Its average holding time
is reduced to 6.5% less than the BQA. Its total power consumption has been reduced
by 3.1%, less than SRMA. The ARAM approach is more helpful for high-priority
unmanned eVTOL vehicles in an advanced approach than the BQA and SRMA in an
imbalanced traffic scenario.

The proposed AIR, SRMA, and ARAM approach procedures in this study are used to
improve the approach sequencing of unmanned eVTOLs considering unmanned eVTOL
flight priority differences. The multi-objective optimization model is constructed to simulate
the approach sequencing progress of multiple unmanned eVTOLs. However, the solution
time in real-time decision-making is not strong, which is not suitable for larger-scale
unmanned eVTOL operations. The factors of uncertainty, departure, and obstacles are
not considered in this study. In the future, an optimization algorithm will be designed to
accelerate the solution time. The factor of departure will be considered.
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