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In this paper, we propose a novel approach to trajectory optimization of electric vertical
takeoff and landing (eVTOL) vehicles for urban air mobility (UAM)missions such as passenger
transportation and cargo delivery. Our particular interest is to develop efficient algorithms
that facilitate fast generation of optimal cruise, descent, and landing trajectories for eVTOL
vehicles under operational constraints. As a preliminary study, we focus on the formulation
of an optimal control problem with fixed time of flight and choose the control effort as the
performance measure for a multirotor eVTOL vehicle. The main contribution of this work
is the convexification of the formulated optimal control problem to better enable real-time
trajectory optimization with required time of arrival, which is of key importance for future
eVTOL operations. The convexification process is presented in this paper. The EHang 184
eVTOL vehicle is used in the simulations, and preliminary results of a UAM transportation
case are provided to demonstrate the effectiveness of the proposed approach.

Nomenclature

�� = drag coefficient
� = drag force, N
6 = gravitational acceleration, m/s2
< = vehicle’s mass, kg
(G = reference front plate area, m2

(I = reference top plate area, m2

C 5 = time of flight, s
) = net thrust, N
u = control vector
D1, D2, D3 = new control variables
+G = along-track airspeed, m/s
+I = vertical airspeed, m/s
G = along-track distance, m
y = state vector
I = altitude, m
% = trust-region radius
9 = tolerance
\ = rotor tip-path-plane pitch angle, deg
d = atmospheric density, kg/m2
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I. Introduction

Aviation technologies and concepts have reached a level of maturity to enable urban air mobility (UAM) using
efficient manned and unmanned aerial vehicles to conduct on-demand and scheduled operations and transport

passengers and cargo over short, medium, and long distances at low altitudes [1]. To alleviate the ground transportation
congestion, cities are expected to use the third-dimensional space for their mobility needs. Preliminary progress has
been made toward defining what future UAM operations would look like, and traditional aviation industry and high-tech
newcomers are making huge investments to make the still unproven UAM technology a reality [2]. While initial research
has shown the potential of UAM to improve urban transportation efficiency through intelligent use of aerial vehicles,
there is a critical need for mathematically rigorous and computationally efficient approaches to better enable future
autonomous UAM operations for a wide range of applications, including passenger transport, package delivery, rescue
operations, weather monitoring, humanitarian missions, and emergency medical evacuations [3].

Electric vertical takeoff and landing (eVTOL) vehicles with different design approaches are used for most UAM
concepts. Compared with the conventional VTOL such as helicopters, the eVTOL vehicles are potentially more efficient,
reliable, and flexible due to the improvement enabled by the use of distributed electric propulsion system, which allows
more rapid vertical take-off, descent, and landing [4]. In addition, the noise generated by the eVTOL vehicles is
significantly less than the helicopters, and the energy consumption and environmental pollution are not big concerns
because the electric power is used [5]. Government agencies (e.g., NASA), companies (e.g., Airbus, Joby Aviation, Kitty
Hawk, Lilium, Terrafugia, Uber Air, Volocopter, and EHang), and university researchers are developing their eVTOL
concepts using different design approaches [6]. In this paper, EHang 184, a multirotor eVTOL vehicle, is selected as a
model to study the performance of our proposed trajectory optimization approach.

Tons of publications can be found in the literature on trajectory optimization or path planning for manned and
unmanned aerial vehicles with a wide range of applications; however, optimization of cruise, descent, and landing
missions in the eVTOL-enabled UAM environment received very little attention. As a representative work in this area,
an energy-efficient arrival problem with required time of arrival constraint was considered in [7] for given concepts of
operations. A major contribution of this work was the formulation of a fixed-final-time multiphase optimal control
problem with energy consumption as the performance index for a multirotor eVTOL vehicle such as EHang 184 [8].
In addition, the authors in [9] developed a similar approach to the optimization of the arrival trajectory for a tandem
tilt-wing eVTOL from Airbus A3 [10]. Both problems were solved by GPOPS-II, a general-purpose optimal control
solver [11], where the optimal control problem was transformed into a nonlinear programming problem (NLP) using
hp-adaptive Gaussian quadrature collocation, and the corresponding NLP was then solved using IPOPT.

In this paper, we address the optimal cruise, descent, and landing problems for eVTOL vehicles via a novel approach.
Specifically, the convex optimization is leveraged to enable faster solution processes by exploring the convex structures
of the problem. The problem formulation from [7] is considered, and the flight dynamics, boundary conditions, state
and control constraints, and objective functional are summarized in Section II. In Section III, the non-convex terms
in the problem are convexified, and the solution is sought by solving a sequence of convex optimization problems.
Preliminary results are provided in Section IV, and the work is summarized in Section V.

II. Problem Formulation
In this section, the EHang 184 vehicle (see Fig. 1) is used as a model for the study of the trajectory optimization

method. However, the formulated problem and the proposed method can be potentially modified and used for other
eVTOL vehicles such as CityAirbus and Volocopter 2X, and Airbus Vahana.

Fig. 1 EHang 184 specs and configuration [12].
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A. System Dynamics
In this paper, the longitudinal dynamics of the multirotor eVTOL vehicles are decoupled from the lateral dynamics

given their symmetrical designs. As a result, only the longitudinal motion is considered, and a two-dimensional (2-D)
trajectory generation problem is formulated. The problem formulation used in this paper inherits from [7]. First, the
flight dynamics in the longitudinal plane with respect to an inertial reference frame are shown below:

¤G = +G (1)

¤I = +I (2)

¤+G =
) sin \
<
− �G
<

(3)

¤+I =
) cos \
<

− �I
<
− 6 (4)

where G and I are the along-track distance and altitude, respectively, which determine the position vector of the vehicle;
+G and +I are respectively the horizontal and vertical components of the airspeed; ) is the net thrust produced by
the four arms, and \ is the rotor tip-path-plane pitch angle; < is the mass of the vehicle, and 6 is the gravitational
acceleration. The state and control vectors of the system are defined as:

y = [G, I,+G , +I]) and u = [), \]) (5)

respectively, and the horizontal and vertical components of the aerodynamic drag in the fixed inertial frame of reference
can be calculated as:

�G =
d+2

G��(G

2
and �I =

d+2
I��(I

2
(6)

where d is the atmospheric density, �� is the aerodynamic drag coefficient, and (G and (I are the reference front and
top flat plate area of the fuselage, respectively. For simplicity, d, �� , (G , and (I are assumed to be constant in this
paper, and their values are provided in Section IV. As such, �G and �I are solely functions of the airspeed components.

B. Flight Constraints
In addition to the system dynamics, there are a number of constraints that the vehicle has to follow to ensure the

success of the flight mission. First, the trajectory of the vehicle is assumed to start from an initial condition and terminate
at a final state for specific UAM missions. As such, the following boundary conditions are considered:

y(C0) = y0 (7)

y(C 5 ) = y 5 (8)

Then, the maximum along-track distance and maximum cruise altitude are defined as follows:

0 ≤ G ≤ Gmax (9)

0 ≤ I ≤ Imax (10)

In addition, the speed of the vehicle should not exceed the maximum value, and a maximum airspeed constraint should
be enforced below: √

+2
G ++2

I ≤ +max (11)

Moreover, the net thrust, ) , should be limited within a specific range as shown below:

0 ≤ ) ≤ )max (12)

and the vehicle’s pitch angle, \, should also be bounded as follows for the consideration of passenger comfort:

|\ | ≤ \max (13)
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C. Performance Index and Optimal Control Problem
In this paper, the control effort is considered as the performance measure to be minimized, and the objective

functional is defined below:
� =

∫ C 5

C0

1
2
)23C (14)

Considering the above objective and constraints, an optimal control problem can be formulated as follows:
Problem 1:

Minimize:
y,u

(14)

Subject to: (1), (2), (3), (4), (7), (8), (9), (10), (11), (12), (13)

where our objective is to find the optimal control that minimizes the performance index in (14) while satisfying the
dynamics in (1)-(4), the boundary conditions in (7) and (8), the state constraints in (9)-(11), and the control constraints
in (12) and (13).

Problem 1 is a constrained, nonlinear optimal control problem that is difficult to solve. One of the promising
approaches is to transform the continuous-time problem into a finite-dimensional parameter optimization, which can
be solved by nonlinear programming algorithms. The method used in [7] and [9] followed such an approach, and a
general-purpose solver was used. However, potential issues may be encountered when nonlinear programming (more
specifically, nonconvex optimization) problems are solved. For example, a good initial guess should be carefully selected
to enable convergence. Also, the time consumption would be significant when a large number of iterations are required
to converge to a solution.

III. A Convex Optimization Approach
In this paper, we address the defined eVTOL trajectory optimization problem (Problem 1) from a novel perspective.

Specifically, the convex structure of the problem is explored such that highly efficient convex optimization algorithms
can be applied. The primary technical results are provided in this section.

A. Convex Relaxation of Control Constraint
The primary challenge of solving Problem 1 is attributed to the nonlinearity of the system dynamics. As such, the

main purpose of our convex approach is to reduce the nonlinear (nonconvex) terms and convert the problem into an
equivalent, simpler form. To this end, we first introduce the following new variables:

D1 = ) sin \, D2 = ) cos \, and D3 = ) (15)

Then, the equations of motion in (1)-(4) become:
¤G = +G (16)

¤I = +I (17)

¤+G =
D1

<
− �G
<

(18)

¤+I =
D2

<
− �I
<
− 6 (19)

Along with this transformation, the following constraints should be satisfied:

D2
1 + D

2
2 = D

2
3 (20)

and the objective functional in (14) becomes:

� =

∫ C 5

C0

1
2
D2

33C (21)

The conditions in (7)-(11) remain unchanged; however, the control constraints in (12) and (13) can be converted into the
following equivalent formulas with respect to the new variables:

D3 sin(−\max) ≤ D1 ≤ D3 sin(\max) (22)
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D3 cos(\max) ≤ D2 ≤ D3 cos(0) (23)

0 ≤ D3 ≤ )max (24)

Combining the above equations, a new optimal control problem can be formulated as follows:
Problem 2:

Minimize:
y,u

(21)

Subject to: (16), (17), (18), (19), (7), (8), (9), (10), (11), (20), (22), (23), (24)

where the state and control vectors are:

y = [G, I,+G , +I]) and u = [D1, D2, D3]) (25)

respectively.
The dynamic equations in (18) and (19) are still nonlinear due to the nonlinear terms of �G/< and �I/<; however,

the nonlinearity of the dynamics is reduced because of the introduction of the new control variables in (15). The new
objective in (21) takes a convex, quadratic form, and all the constraints in (7)-(11) and (22)-(24) are convex or affine
with respect to the state and control variables. However, the new control constraint in (20) represents the surface of a
cone, which is nonconvex.

Next, we relax the quadratic equality in (20) into the following inequality form:

D2
1 + D

2
2 ≤ D

2
3 (26)

Because D3 is bounded in (24), (24) and (26) together define a convex, solid cone. Then, Problem 2 can be further
rewritten into:

Problem 3:

Minimize:
y,u

(21)

Subject to: (16), (17), (18), (19), (7), (8), (9), (10), (11), (26), (22), (23), (24)

where the single change from Problem 2 is the replacement of (20) by (26). Problems 1 and 2 are equivalent because
Problem 2 is simply a reformulation of Problem 1 by introducing the new control variables and the corresponding
constraints. The equivalence between Problems 2 and 3 can be potentially established as well based on the lossless
relaxation technique investigated in our previous work [13–15].

B. Convexification of Dynamics and Sequential Convex Programming
At this point, the only nonconvex structure in Problem 3 is the dynamical system defined by (16)-(19). To convexify

the dynamics, a pseudo-linear approximation method is utilized. First, we rewrite the dynamic system into the following
state-space representation:

¤y = f(y) + �u (27)

where

f(y) =


+G

+I

− d+
2
G��(G
2<

− d+
2
I ��(I

2< − 6


and �u =


0
0
D1
<
D2
<


It can be seen that the dynamic system is linear with respect to the controls; however, the state term, f(y), is nonlinear.
A linear approximation method is applied to relax f(y), and (27) becomes:

¤y ≈ f(y∗) + �(y∗) (y − y∗) + �u (28)
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where

�(y∗) = mf(y)
my

����
y=y∗

=


0 0 1 0
0 0 0 1
0 0 − d+G��(G

<
0

0 0 0 − d+I��(I
<

y=y∗

� =


0 0 0
0 0 0
1
<

0 0
0 1

<
0


Equation (28) is linear in both the state and control variables with respect to a reference trajectory, y∗. To enhance the
validity of the linearization, the following trust-region constraint should be included:

|y − y∗ | ≤ % (29)

where % is the trust-region radius, which is assumed to be fixed in this work. Based the above development, a convexified
optimal control problem is obtained as follows:

Problem 4:

Minimize:
y,u

(21)

Subject to: (28), (7), (8), (9), (10), (11), (26), (22), (23), (24), (29)

where the objective is convex quadratic, and all the constraints are convex or affine. As such, a globally optimal solution
can be achieved, if a solution exists, using convex optimization algorithms such as the interior-point method.

It is worth pointing out that Problem 4 is not equivalent to the previous problems because linearization is applied,
and the linearized dynamics are only an approximation to the original dynamics. As such, we cannot obtain a solution
to the original problem by solving a single problem defined in Problem 4. However, a successive approach can be
developed to gradually converge to a solution to the original problem. The successive solution procedure is summarized
as a sequential convex programming (SCP) method shown below:

1) Set the iteration number : = 0. Provide an initial trajectory y(0) from the initial state y0 to the terminal condition
y 5 . In this paper, the line segment that connect the initial and terminal states is chosen as the initial trajectory.

2) Set : = : + 1. Parameterize Problem 4 using y(:−1) as the reference trajectory (i.e., y∗) and solve the resulting
convex optimal control problem for a solution {y(:) , u(:) }.

3) Check the following convergence condition

sup
C0≤C≤C 5

|y(:) − y(:−1) | ≤ 9, : > 1 (30)

where Y is a prescribed tolerance. If (30) is satisfied, then go to Step 4; otherwise, go back to Step 2 to update
and resolve Problem 4.

4) The algorithm is converged and a solution is found to be {y(:) , u(:) }.

IV. Numerical Simulations
To investigate the effectiveness of the proposed convex approach, EHang 184 is selected as the simulation model

in this paper. The initial and terminal conditions of the mission are defined in Table 1. Other parameters used in the
simulations are shown in Table 2. The vehicle is expected to cruise at a constant speed for majority of the flight and then
descent and land on the vertipot. The convergence of the proposed SCP method is validated first in YALMIP [16] with
the MOSEK solver [17]. Then, GPOPS is used to solve the original problem, and the results are compared to those of
the SCP algorithm.

6



Table 1 Initial and terminal conditions.

Parameter Value
Initial along-track distance, G0 0 m
Initial altitude, I0 500 m
Initial along-track airspeed, +G0 17.78 m/s
Initial vertical airspeed, +I0 0 m/s
Terminal along-track distance, G 5 20,000 m
Terminal altitude, I 5 0 m
Terminal along-track airspeed, +G 5 0 m/s
Terminal vertical airspeed, +I 5 0 m/s

Table 2 Vehicle parameters for simulations.

Parameter Value
Vehicle’s mass, < 240 kg
Reference front plate area, (G 2.11 m2

Reference top plate area, (I 1.47 m2

Drag coefficient, �� 1
Atmospheric density, d 1.225 kg/m3

Gravitational acceleration, 6 9.81 m/s2

Maximum along-track distance, Gmax 20,000 m
Maximum altitude, Imax 500 m
Maximum airspeed, +max 17.78 m/s
Maximum net thrust, )max 4,800 N
Maximum rotor tip-path-plane pitch angle, \max 6 deg
Time of flight, C 5 25 min

A. Convergence of SCP
First, we demonstrate the convergence of our proposed SCP method on the defined UAM mission. Figures 2-5

depict the convergence of the change in the state variables between adjacent iterations. The differences of the states
shown in these figures are defined as |Δy| := max |y(:) (C8) − y(:−1) (C8) |, 8 = 1, 2, ..., # , where # is the number of the
discretized nodes. We can see that these differences converge to the values that satisfy the prescribed tolerance in
five iterations. The convergence of the algorithm can also be observed in Fig. 6 where the objective values of all the
iterations are presented.

In addition, the profiles of each state variable for all the iterations are shown from dark blue to red in Figs. 7-10. The
initial trajectory is simply chosen as the line segment from the initial state to the final condition. We can see that the
trajectories converge to the optimal ones (red curves in these figures) from this simple initial guess. The trajectories
become very close and the differences are invisible after two iterations. The net thrust produced by the four arms and
the rotor tip-path-plane pitch angle are presented in Fig. 11 and 12, respectively, for all the iterations. As can be seen
from these figures that the net thrust and the pitch angle fluctuate around constant values for the majority of the flight to
minimize the control effort. The converged trajectory leads the vehicle towards the end of the mission to safely land the
vehicle on the vertipot while satisfying all the terminal constraints.
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Fig. 4 Convergence of Δ+G between consecutive iterations.
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Fig. 7 Convergence of the along-track distance (G) profiles.
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Fig. 8 Convergence of the altitude (I) profiles.
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Fig. 9 Convergence of the along-track airspeed (+G) profiles.
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Fig. 10 Convergence of the vertical airspeed (+I) profiles.
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Fig. 12 Convergence of the rotor tip-path-plane pitch angle (\) profiles.

B. Compare to GPOPS
In addition to the convergence of the proposed convex approach, we also investigate the accuracy and optimality

of the converged solution through comparison with other solvers. In this paper, a powerful optimal control package,
GPOPS, is used to solve the original nonconvex optimal control problem (Problem 1). The results are compared with
those from the SCP in Figs. 13-18. We can see that the profiles obtained from the SCP and GPOPS are very close, and
the profiles of each state and control variable behave the similar trend. For example, the vehicle cruises at a constant
along-track airspeed (13.4 m/s) and the vertical airspeed remains close to zero for the majority of the mission to minimize
the control cost. Also, the net thrust changes around 2,365 N and the optimal pitch angle fluctuates around 5.6 deg to
maintain the steady cruise flight. Obvious changes in the motion during the last minute can be observed for safe and
accurate descent and landing. As such, the preliminary results show that these two solvers converge to similar optimal
solutions for the simulation case considered in this paper. In addition, the curves obtained from the developed SCP
method are much smoother than those from GPOPS where high-frequency jitters are present in the figures. Based on
these preliminary results, we will explore more efficient algorithms [18–21] to improve the performance and robustness
of our proposed method in the future.
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Fig. 13 Comparison of the along-track distance (G) profiles.
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Fig. 14 Comparison of the altitude (I) profiles.
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Fig. 15 Comparison of the along-track airspeed (+G) profiles.
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Fig. 16 Comparison of the vertical airspeed (+I) profiles.
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V. Conclusion
UAM has received a lot of attention in recent years as a promising means to alleviate the ground traffic and improve

the urban transportation. eVTOL vehicles have shown great potential to achieve these purposes. In this work, we focus
on the optimal design of cruise, descent, and landing trajectories for UAM missions, and the problem is addressed
from a novel, convex-optimization-based approach. To this end, we first formulate the trajectory optimization problem
as a multi-constrained, nonconvex optimal control problem. Then, the nonlinearity of the dynamics is reduced by
introducing several new control variables. A convexification technique is utilized to reduce the nonconvex control
constraint into a convex, solid cone. Through successive linear approximations, a convex optimal control problem
is obtained. Finally, a sequential convex programming approach is developed, where the solution from the previous
iteration is used to parameterize and solve the convex optimal control problem in the current iteration until the process
is converged. A simulation case is used to demonstrate the proposed approach, and preliminary results have shown the
convergence of accuracy of the developed algorithm.
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