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Abstract—Advanced Air Mobility (AAM) is quickly developing
as a new air transportation system with increasing autonomy
levels to support low-cost on-demand passenger and package
transport. AAM must operate safely despite the potential to
encounter hazards and experience anomalies and failures in-
flight. It becomes especially important to have systematic auto-
mitigation strategies to perform safe contingency actions in AAM
flight operations, as pilots have limited Situational Awareness
(SA) and limited time to make decisions when encountering
failures/anomalies in complex airspace and terrain. This paper
presents Assured Contingency Landing Management (ACLM)
with an online landing strategy selection capability to decide
between the following three options when a contingency landing
is required: (1) Return-to-launch landing, (2) Land immediately
at a nearby clear but unprepared site, and (3) Land at a
prepared landing site within the aircraft’s reachable footprint.
QOur presented algorithm shows a real-time auto-mitigation
loop with multiple threads that run simultaneously to check
controllability, reachability, and intermediate decisions to hold/
loiter or continue the flight plan as the landing strategy solution is
being computed. A simulation case study demonstrates ACLM
with a focus on safety-critical propulsion and battery system
degradation scenarios to illustrate ACLM functionality.

Index Terms—advanced air mobility, emergency planning,
controllability, approximate footprint, reachability

I. INTRODUCTION

Advanced Air Mobility (AAM) has the potential to rev-
olutionize aviation with flexible on-demand passenger and
package transportation. AAM will require increasing auton-
omy levels to support safe low-altitude mixed-use airspace
operations especially near urban centers. AAM will meet
new transport needs within urban areas and between pop-
ulated regions to improve access and reduce transportation
time compared to existing air or ground-based systems [1].
However, full realization of AAM will require consistent long-
term development efforts [2]. AAM requires auto-mitigation
strategies to perform safe contingency actions in emergencies.
This is especially important for high-density low-altitude
airspace where pilots have limited Situational Awareness (SA)
and limited time to make decisions. Automated Assured
Contingency Landing Management (ACLM) will enable a
distressed AAM flight to determine the safest landing option
from a fusion of pre-analyzed and real-time flight data to
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minimize reaction time and ensure safe landing opportunities
are not lost due to decision delay.

This paper proposes a single-aircraft ACLM solution. We
present sub-component logic flow and mathematical deriva-
tion to achieve Assurance Efficacy (AE) of different auto-
mitigation responses. For this work, ACLM functions are
derived for multicopter systems with more than four rotors
so that the vehicle can maintain control authority even after
losing one or two motors. Specific degradation models of
safety-critical propulsion and battery modules are presented
and used in case study simulations to demonstrate how dif-
ferent failure cases impact safe landing decisions. This paper
is first to introduce our ACLM capability.

The remaining structure of this paper is organized as
follows. Section II discusses related work in emergency flight
planning and decision making. Section III summarizes multi-
copter dynamics, controllability, and reachability. Section IV
defines ACLM requirements and states assumptions made in
this work. An ACLM activation watchdog is defined to assure
controllability and reachability constraints are satisfied. A
strategy is proposed for landing site selection that capitalizes
on pre-flight contingency planning to minimize or eliminate
the need for online flight planning. Section V describes case
study results for a multicopter system experiencing rotor
failures, and Section VI concludes the paper.

II. LITERATURE REVIEW

AAM platforms must have fault tolerance capabilities to
safely complete their missions. A fault-tolerant control scheme
is proposed for multicopters in [3], utilizing a reduced con-
trollability index to compute a constrained control allocation
scheme. A baseline Nonlinear Dynamic Inversion (NDI) con-
troller is presented and used to safely land the faulty mul-
ticopter. A data fusion architecture for tolerating sensor and
software faults is presented in [4]. The proposed architecture
provides detection and recovery services adapted to multi-
sensor perception systems.

AAM platforms must be capable of safely reaching the
selected emergency landing site. This can be formulated as
the reachability problem in physical space. Hamilton-Jacobi
reachability analysis [5], [6] is a verification method that
computes a set of states from which the system can be driven
to a target set while satisfying time-varying state constraints
at all times. Ref. [7] utilizes Hamilton Jacobi Bellman (HJB)
reachability analysis to determine the feasible landing region.
Reachability in [8] is defined in terms of feasible post-failure
trim states and transitions between them. The authors then



use a database of feasible trim states and transitions to build
landing plans. An approximate footprint is proposed in [9]
for a fixed-wing aerial vehicle experiencing total loss of
thrust thus constrained to a descending glide path. A three-
dimensional maximum range Dubins path is proposed in [10].
This maximum range also defines an approximate reachable
footprint for fixed-wing aircraft.

AAM also requires contingency planning to handle urgent
landing or emergency scenarios. Procedures to manage lost
link situations are proposed in [11] for remotely piloted
aircraft. These procedures rely on historical traffic volume
data to develop appropriate reactions; defined procedures are
assessed in human-in-the-loop simulations to determine opera-
tor workload. A decision system is proposed in [12] to monitor
a suite of metrics to assess the safety and feasibility of the
mission and categorize flight states as Nominal, Off-Nominal,
Alternate Land, and Land Now in a finite state machine.
Changes in the monitored metrics serve as transitions in the
state machine and trigger replanning. Our work builds on
this previous work by applying controllability and reachability
analysis to ACLM decisions cast in a procedure that exploits
preflight planning to minimize online computations and asso-
ciated response delay.

III. PRELIMINARIES

This section reviews multicopter dynamics, multicopter
controllability analysis with rotor failures, and classical reach-
ability analysis. All are integral to ACLM.

A. Multicopter Dynamics

A multicopter with more than four motors provides redun-
dant actuation to support continued flight following propul-
sion unit failure(s). Although this paper specifically models
multicopters, ACLM logic can be applied to other air vehicle
configurations. Multicopter dynamics are given by [13]:
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where z,y, z are multicopter center of mass position coordi-
nates in a ground-fixed inertial frame, m is vehicle mass, and
Iz, Ly, I, are the moments of inertia around body frame
roll (z), pitch (y) and yaw (z) axes. ¢, 0,1 are the Euler
roll, pitch, and yaw angles, p,q,r are angular rates in the
body frame, and Ty, Ty, Ty, are torques generated in the body
frame. J,. is the moment of inertia of a single propeller, and
Q is propeller angular velocity with counter-clockwise (top-
down view) positive by convention.

The relation between angular velocity in body frame and
inertial frame is written as follows:
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The mapping from the n rotor thrust forces f; to total thrust
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where the control effectiveness matrix is given by:
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Above, [; denotes multicopter arm length, 7; is propulsion
unit health in the range [0, 1] and 7, indicates the angle from
the 2-axis to the i*" arm. d; denotes the direction of propeller
rotation.

B. Multicopter Controllability with Rotor Failure(s)

A multicopter is a nonlinear dynamic system with positive
control inputs. That is, the rotors provide unidirectionally-
constrained thrust. According to classical controllability the-
ory for linear systems [14], [15], the Kalman rank test is not a
sufficient condition to test the controllability of such a system
with bounded control inputs. Instead, positive controllability
was defined by Brammer [16] to provide necessary and
sufficient conditions for analyzing controllability of a system
with constrained inputs. Du et al [17] and Saied et al [13] pro-
posed methods to evaluate multicopter controllability, defining
Available Control Authority Index (ACAI) [18] and Small
time Local Controllability (STLC), respectively. For ACLM
multicopter analyses, we check the health of the rotors using
Fault Detection and Identification (FDI) and Fault-Tolerant
control as in [19], [20]. We follow the derived methods in
[17] to test positive controllability of a generalized multicopter
system. This process will allow us to check the controllability
conditions in [14] in real-time with the proposed linearized
state-space method.

The positive controllability test in [17] was derived with
respect to a hover condition, suggesting a full controllability
test on attitude and altitude control for some combinations of
rotor failures. It is important to note that “some combinations”
is subject to the multicopter configuration; one configuration
can successfully maintain its controllability, while another
cannot maintain it although both are subject to the same
combination of rotor failures. Schneider, et al. investigated
how the number and arrangement of rotors affect multicopter
fault-tolerance [19]. Fig. 1 shows example hexacopter and



octocopter configurations from Schneider’s paper. The fault-
tolerant control strategy in [18] achieved positive position
controllability at the cost of uncontrollable yaw. Although re-
moving yaw control authority is undesirable, retaining position
control can enable a multicopter to reach a designated landing
site.
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(a) PNPNPN Hexacopter ~ (b) PPNNPN Hexacopter (c) PNPNPNPN Octocopter  (d) PPNNPPNN Octocopter

Fig. 1: Multicopter configurations in fault-tolerant positive
controllability analysis with hexacopter and octocopter con-
figurations [19]. The proposed positive controllability test can
also be applied in other multicopter configurations.

After linearizing the multicopter dynamics about a steady
hover condition, the positive controllability theorem from [16]
can be directly applied [17]. The necessary and sufficient con-
ditions for positive controllability of a linearized multicopter
system are given by [16], [17]:

D CAB)=[B A+B Am+ B
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0 for all © € U from [16]
Equivalently, ACAI p(G, 6§2) > 0 from [17]

Here ACALI stands for Available Control Authority Index
[17]. The greater the ACAI, the more control authority is
available. If ACAI < 0, the vehicle is not controllable.

After applying the controllability test procedure from [17],
lookup tables can be generated offline to define ACAI for
all combinations of rotor failures given a specific multicopter
configuration. These tables can quickly indicate cases in which
a multicopter must perform immediate flight termination,
e.g., with parachute-assist. If a failure has occurred and the
multicopter is still controllable, the landing strategy selection
procedure is executed to define a safe ACLM solution. Figures
2-4 show examples of octocopter configurations and their
positive controllability results with up to three rotor failures.

C. Reachability of energy-constrained multicopter dynamics

Reachability of the destination is determined based on an
estimate of Battery End of Discharge (EOD) time. Algorithm
(1) describes the function to compute landing site reachability
for the ACLM solution. Battery EOD time is determined based
on the maximum power usage of the multicopter for level
flight, and is a conservative estimate. Flight plan duration is
calculated by subtracting a safety margin from the EOD to
provide a buffer.

IV. ASSURED CONTINGENCY LANDING MANAGEMENT
(ACLM)
A. ACLM Functions and Assumptions
ACLM is formally defined to specify a common framework
and data structure for emergency landing management. The
four main ACLM functions are:
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Fig. 2: Controllability of “PNPNPNPN” (left) and “PPN-
NPPNN” (right) octocopters, where P and N indicate clock-
wise (CW) and counter-clockwise (CCW) directions of rota-
tion of a related DC motor, subject to two rotor failures. A blue
circle denotes a controllable system even though the indicated
rotors have failed. A red cross denotes an uncontrollable
system due to failed rotors.
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Controllability of [PPNNPPNN] octocopter with three rotor failures:
Rotor failures at 1% rotor (P) and two other rotors.
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Fig. 3: Controllability of “PNPNPNPN” (left) and “PPN-
NPPNN” (right) octocopters subject to three rotor failures.
Controllability is tested on the failure cases with first rotor
failure at P (i.e. rotor index 1). Blue circles and red crosses
denote controllable and uncontrollable systems, respectively,
as in Fig 2.
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Fig. 4: Controllability of “PNPNPNPN” (left) and “PPN-
NPPNN” (right) octocopters subject to three rotor failures.
Controllability is tested on the failure cases with first rotor
failure at N (i.e. rotor index 2). Blue circles and red crosses
denote controllable and uncontrollable systems, respectively,
as in Fig 2.



Algorithm 1: EOD based reachability test
Input: FOD tsf,trem
Output: Rpop Flag
// EOD = Battery End of Discharge
(s)
// tsf = Safety Margin (s)
// trem = Remaining flight time
if (FOD > tyem +tsy) then
1 ‘ REOD =1
else
2 ‘ REOD =0
end

(s)

Function 1: Controllability and Reachability (C&R) Watch-
dog verifies controllability and current landing site reachabil-
ity based on the operational condition of vehicle systems and
updated time until battery EOD.

Function 2: Continue/Hold Selector decides whether to
continue executing the current flight plan or hold/loiter while
a safe ACLM solution is defined. A new hold/loiter command
will only be issued when a C&R Watchdog warning is active
and the cost of continuing the current plan is higher than a
hold/loiter. A hold/loiter would typically be issued when the
current overflight area is not densely populated and traffic
conflicts in the hold/loiter area are unlikely.

Function 3: Landing Strategy Selection retrieves and ex-
ecutes an emergency landing flight plan when a watchdog
warning is first issued. A pre-computed contingency landing
plan to a prepared site is executed when possible. Otherwise,
a flight plan is generated to a nearby unprepared site that
minimizes risk to people and property.

Function 4: Offline Flight Planning constructs a mission-
specific flight plan database as part of pre-flight activities. As
described below, plans to prepared landing sites near each
nominal flight plan segment are generated and stored for in-
flight use as needed.

We make the following simplifying assumptions for this
work:

o AAM aircraft operate well above complex terrain and
infrastructure, so contingency flight plans can be defined
as direct paths from the initial state to the destination at
a constant altitude or descending flight path angle that is
dynamically feasible and guarantees obstacle clearance.

o There exist a sufficient number of potential emergency
landing sites to enable at least one safe landing option
throughout each flight.

o Failures possible in this work will involve only propul-
sion and battery systems. Nearby traffic will move aside
to give priority to the distressed aircraft so emergency
landing plans do not need to be deconflicted with other
traffic.

Figure 5 shows the overall functionality and system flow
of ACLM. ACLM input includes the fault/exception flag
vector F(t), the rotor health parameters 7,(¢), the rotor
thrust commands f,.(t), the time until battery system End of
Discharge (EOD) tgop, and the current state vector x(¢).

C&R Watchdogs

Continue/Hold
Selector

—”_, GNC

ACLM

Fig. 5: Assured contingency landing management (ACLM).

ACLM output is a waypoint-based flight plan W, defined by
an n waypoint sequence:

Wi:{wi,la"’ Wi gy ,wi’n} 5)
where each waypoint w; ; is given by:
wij = {05, Aj, by, t5, 05} (6)

Here o; denotes waypoint latitude, A; denotes waypoint
longitude, h; is the cruising altitude, ¢; is the required travel
time, and 60; is the heading angle. Note that ¢ indicates
the database index of the selected landing flight plan, and
7 indicates the waypoint index. The output flight plan W;
becomes the reference trajectory the fault-tolerant controller
follows to a safe landing.

B. C&R Watchdog Function

The C&R watchdog runs at each control cycle only if the
contingency warning flag is clear (i.e., Wyeqchavie == 0).
Once the warning flag is set, landing strategy selection is
activated to identify a safe emergency landing solution. The
watchdog function confirms controllability and current landing
site reachability as discussed in Section III. Fig. 6 shows C&R
watchdog logic flow. Positive controllability is first tested.
Flight termination is initiated if C'(¢t) < 0, meaning that the
controllability matrix is not full rank or the system does not
have enough control authority to follow a prescribed flight
plan. Otherwise, reachability R(t) is confirmed based on the
current location and updated estimate of battery EOD time.

If R(t) == 1, no warning is issued and the current flight
plan continues. If R(t) == 0, the C&R watchdog returns
a warning flag (W, cqchapte = 1) and spawns the landing

strategy selection thread to find an emergency landing solution
as described in Subsection IV-D.

C. Continue/Hold Selector Thread

Typically ACLM will run in milliseconds due to its ability
to rapidly retrieve and execute a safe contingency landing
plan computed pre-flight. However, in the worst case (e.g.,
no prepared site is within the distressed aircraft’s footprint),
real-time planning will need to occur to select an unprepared
landing site and build a feasible trajectory to that site. When
online planning is required, ACLM execution time will be
fast but nontrivial. The Continue/Hold Selector thread runs in
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parallel to manage this case. In particular, the selector checks
whether it is safest to hold/loiter or continue executing the
current flight plan while the safe landing solution is generated.
Inputs to the selector thread are the loitering status L and the
warning flag for reachability Wi.cqchabie-

When Wicachabie = 0, the current flight plan is
acceptable and can continue nominally to completion. If
Wireachablie == 1 and the vehicle is already loitering (L == 1),
the loitering continues. Otherwise, the costs of loitering versus
continuing the current flight path are evaluated over the near-
term time horizon [¢,¢ + 4], and the minimum cost option is
selected or continued. Fig. 7 shows the Continue/Hold Selec-
tor logic. The cost function deciding whether to continue/hold
is given by:

C'() = for*Ci}

@)
= a1 *Cgra(-) + a2 % Cair(-) + az * Cur(:)
where
C _ ! 8
vr(s) = U (3

The superscript ¢ in the cost function indicates hold/loiter
(¢# = 1), or continue (: = 2). «; are cost function weights
that typically sum to 1. C4-q is the ground occupancy risk
(i.e., population density). It is defined as being immediately
under the vehicle for the “loiter” action or the average
population density over the current flight path for the near-
term horizon in the “continue” action. C,;, is the air traffic
risk (i.e., airspace density). It is defined at the exact place
where the vehicle is loitering for the “loiter” action or for the
current flight path for the near-term horizon in the “continue”
action. We assume that both Cg.q and Cg;, are a-priori map
information uploaded before the flight begins (provided by
the UTM service providers). Cyyz, is the unprepared landing
site proximity (i.e., inverse of the total number of unprepared
landing sites U; near the current location). We use the term
“unprepared landing site” to refer to roads, rooftops, open
fields, parking lots, etc., that are clear but not marked or
protected. In contrast, “prepared landing site” refers to a
published runway or vertiport.

D. Landing Strategy Selection Thread

The landing strategy selection thread is spawned when
the C&R Watchdog first sets the landing site reachability
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Fig. 7: Continue/Hold Selector Diagram.

warning flag (i.e., Wicachable==1) and the aircraft remains
controllable. Per Fig. 8, landing strategy selection takes the
fault/exception flag vector F(t), the rotor health parameters
n-(t), the rotor thrust commands f,.(t), the time until battery
system End of Discharge (EOD) tgop, and the current
state vector x(¢) as inputs. It then uses the offline flight
planning database in Sec. IV-D1 to look up a viable existing
contingency flight plan to a prepared landing site. Once the
potential candidate flight plans are generated, the plans are
then checked for their reachability with given flight conditions
(i.e., battery EOD and thrust vectors). If there exists at least
one reachable flight plan as an emergency landing option,
then the plan is executed. If there are multiple flight plans all
satisfying reachability conditions to new destinations, then the
plans are evaluated based on their cost as shown in Equation
9, and the minimum cost plan is chosen as a landing strategy
solution.

CLSS = ﬁ * dirqver + ok hr &)

where § and ~ are weight factors, and dy,.q¢; and hp are
the distance traveled from the mid/endpoint to the landing site
and the height of the landing site, respectively.

The Warning flag, W,cqchapie i cleared once the landing
strategy selection thread successfully generates a solution. Fig.
8 shows the diagram of the landing strategy selection thread.
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Fig. 8: Landing strategy selection logic flow.

1) Offline Flight Planning: Before an AAM operation exe-
cutes, a flight plan is generated for the mission either from the
operator or through the Air Traffic Controller (ATC). Offline
flight planning uses this flight plan, W, to generate the
potential landing sites in preparation for in-flight emergency



events. Fig. 9 shows the offline flight planning diagram with
their inputs and outputs as follows:

Create flight plan P for
each landing site from | P
»  each approximate  —>
footprint center &
endpoint

Landing site sets |~
@each

approximate
footprint

Generate approx.| F
footprints for all ——>
flight segments

Whom

Rank flight plan P

Fig. 9: Offline flight planning.

Wnom = {wnom,h oy Wnomyiy t 7wnom,n} (10)

Wnom,i = {04, Ai, hi, i, 0; } (11)

where Wi, o, and wy,om,; are defined by equations 5-6 as seen
in the nominal flight trajectory.
F={F, - ,Fj---

s Fu} 12)

Fy={d;, 05, N} 13)

F is the footprint dataset, and each element F; contains the
approximate footprint radius, d;, and the latitude and longitude
(04, A;) of the mid-point of [w;, w;41] where the footprint is
generated.

L=A{Ly, -, Li---

s Ln} (14)

Li = {Z, C}

L is the set of potential landing sites at each approximate
footprint, F;, where L; has flight segment number, ¢, and
landing site index, c. Then, the landing site data is saved as
a look-up table thereby minimizing the search time for the
potential candidate.

15)

P:{Ph'",Pi,"',Pn} (16)
P, ={Pi1, Pk, ,Pim} (17)
Pi,k :{Pmidvpend} (18)

‘P denotes the flight plan set for all approximate footprints,
where the set P; contains individual flight plans for each
landing site at each approximate footprint. P; ;; contains two
flight plans: (1) the flight plan starting at the midpoint of
[w;, w;+1] and (2) the flight plan starting at the endpoint at
w;+1. This allows a vehicle to select a flight plan that is
closer to the current vehicle location in the corresponding
flight segment . Equation 9 is used to rank the flight plans,
and the data is saved as a look-up table for the landing strategy
selection. A visual representation of the offline flight plan
database is shown in Fig. 10.

2) Flight Planner Thread: It might be the case, however,
that no solution exists in the offline flight planning database.
When none of the flight plans are reachable, then it is

Fig. 10: Visual representation of offline flight plan database.
Blue dots indicate flight segments in W,,,,,. Red dots indi-
cates the midpoint between the flight segments. Yellow circles
are the approximate footprints with their radii, R; = 2 * d;,
where the prepared landing sites are pre-selected and saved as
dataset L;. The corresponding flight plans P, are generated
at the midpoint of [w;, w;4+1] and endpoint at w;;. The flight
plans are ranked based on Equation 7 and used in the landing
strategy selection thread.

important to search for alternative viable landing options at
unprepared landing sites (i.e., rooftops, roads, etc.). Then, a
new flight planner thread is generated with a smaller online
footprint based on the real-time [tgop,z(t)] as the center
of this new approximate footprint. Section IV-D2a below
shows how the online footprint approximation of an energy-
constrained multicopter is calculated. Note that Castagno et al.
developed a risk-based planning approach for sUAS landing
on rooftops using LIDAR, OpenStreetMap data, census, and
terrain height sources in urban areas [21]. Such a method
can be integrated into the flight planner thread to search for
potential landing places at unprepared landing sites.

Z
Fig. 11: 1-D motion diagram

a) Online Footprint Approximation of an Energy-
constrained Multicopter System: This section provides an
analytical solution that determines the approximate footprint
for the multicopter given the End of Discharge (EOD) time
for batteries in real time. We consider longitudinal level flight
for a multicopter as shown in Figure 11. The equations of
motion are defined as follows:

mi =u— d,T

mg = T cos 6 (19)



where ©u = —T'sinf, T' = thrust (N) and 6§ = pitch angle
(rad). The state space form of equation (19) with position,
x1 = x, and velocity, o = &1, is as follows:

{il = X2
1 d

i‘g = —Uu— ixg (20)
m m

The aim is to determine the minimum control effort input,
hence the cost functional isldeﬁtl}ed as follows:
J=—- [ u*dt (21)

2 J

where ty =0, t; = EOD(s).

The Pontryagin Minimum Principle (PMP) is used to de-
termine the optimal control input v* [22]. Given the consid-
eration of simple, longitudinal, level flight dynamics using
the PMP provides an analytical solution. This solution can be
computed in milliseconds.

The Hamiltonian is defined as follows:

L2

_1 2
H—iu +[A1A2][1u—%x2‘| (22)

m m

The obtained solution for optimal states (z7,x3), co-states
(A1, A%), and controls (u*) is given by the following set of

equations:
sy Gy © () G —da
xy(t) d2t+2d2e (mt) dzmexp( -~ t>+C4
(23)
(o G, Ca (s —d,
x5 (t) 2 + o e ( t) Cs exp( - t)
(24
Gy Oy dy
* —_ _ _ = 4 - 2
W) = -G+ e () 2s)
A) =C (26)
% o mCl da;
A5(t) = i Cyexp (mt> (27)

In order to determine the maximum distance covered by
the hexacopter in the forward and backward directions, we
formulate the problem as a fixed final time and free final
state problem to determine the constants Cy, Cs, C3, Cy. The
following boundary conditions are used for determining the
maximum distance traveled forward:

z1(to) = o, z2(to) = Vinit, T2(tf) = Vinit, Aa(ty) =0
(23)
To determine the maximum distance traveled backward,
given an initial forward velocity, the following boundary
conditions are used:

x1(to) = To, x2(to) = Vinit, T2(tf) = —Vinit, A2(ty) =0
(29)
The initial and final velocities are kept the same to represent
a constant velocity profile. This results in a constant current
draw from the battery and the battery EOD value decreases
at a constant rate to reach the final position for level flight.

Given the boundary conditions, the system of linear equations
is solved to obtain the C; values. In the implementation, the
exp is replaced by the n'* order MacLauren Series expansion
of the exponential. For the current implementation, we take
n=>5.

Once the optimal control (u*(¢)) is calculated for steady
level flight, we can extract the 7" and 6 values by rearranging
terms in (19) and (25) as shown in the following equations:

Oopt (t) = atan™" (72?) (30)
__mg
Tt = s O @) .

Algorithm 2 determines the approximate footprint for the
multicopter given the End of Discharge (EOD) time for
batteries in real time. To determine the boundary of the
footprint, since the multicopter can instantaneously accelerate
along the x,y axis, an analysis similar to longitudinal level
flight can be conducted for lateral level flight and would
provide similar results. Hence, the limit along the lateral
direction is assumed to be the same as the limit for the
longitudinal/forward direction as shown in Figure 12.
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Fig. 12: Footprint of a multicopter
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Fig. 13: (Left): Variation in footprint of a multicopter for

different EOD values and initial velocity of 9 m/s, (Right
Top): Footprint for EOD value of 1 sec, (Right Bottom):
Foortprint for EOD value of 50 sec.



Algorithm 2: Online Footprint Approximation

Algorithm 3: Real-time Reachability

Input: v;,;;, FOD,Trax
Output: Footprint Limits
// Vinit = Current Velocity (x,Vy)
// EOD = Battery End of Discharge
(s)
// Traw = Maximum Total Thrust (N)
Assign the boundary conditions as per eqn (28),(29)
Calculate C; values for forward and backward motion
Determine u},,;,Upy,,q Using eqn (25)
Determine [eoptffwd, Toptffwd] and [eoptfbkwd,
Toptfbk:wd] USing eqn (31)’(30)
5 Bound the [0t , Topt] With 0,41, /mas Obtained from
available T, for level flight
6 Determine upounq Using eqn (19) and bounded values
of aboundsTbound
7 Simulate system given by eqn (20) until EOD using
Ubound
8 Determine footprint limits based on the position at end
of simulation

BOW N -

b) Real Time Reachability: Once we obtain the approx-
imate footprint boundaries as detailed in the previous section,
the next step is to determine if the emergency landing site is
reachable. Algorithm (3) performs the check to determine if
the emergency landing site is within the approximate footprint.
If the condition is satisfied, the real-time reachability flag is
set to true. The following assumptions guarantee that if the
emergency landing site is within the footprint it is reachable
in the real world:

o There exists an obstacle-free straight-line path to the
emergency landing site.

« The multicopter executes a level or descending flight to
the emergency landing site. If the multicopter had to exe-
cute an ascent it would require more energy thus violating
the validity of the EOD assumption in determining the
footprint approximation.

An example of different footprints for an initial velocity
of 9m/s and EOD varying from 1 sec to 50 sec is shown
in Figure 13. It can be seen from the figure that with higher
EOD values the multicopter has sufficient time to decelerate
and go backward, however at lower EOD values the distance
that can be traveled backward is reduced.

V. CASE STUDY SIMULATIONS AND RESULT

Case studies tested our proposed ACLM on the constructed
environment with prepared landing sites (i.e., vertiports) and
unprepared landing sites (i.e., rooftops). Section V-A describes
the environment and flight plan database construction. Section
V-B shows the results of the case studies.

A. Offline Planning

a) Environment modeling: Prepared landing sites are
generated arbitrarily near the random nominal flight plan,
Whom, With a width and length of 10 [m]. The heights of

Input: Frr,Peurr,PELSitesVinits¥
Output: Rpr
// Frr = Real Time foot print
boundaries
// Per= Coordinates of Current
Position (x,V)
// Pgrsite = Coordinated of Emergency
Landing site (x,V)
// Vinit = Velocity along the x,y—-axis
// ¥ = Heading angle
// H = Homogeneous transformation
from world frame to drone frame
1 Pprgie = H X Persite
if Ppy . is within Frr then
2 ‘ RRT =1
else
3 ‘ RRT:O
end

the prepared landing sites vary from O [m] (i.e., ground level)
up to 20 [m] so that the height factor can be accounted for in
Equation 9 in order to find the best viable emergency landing
solution. A total of 30 prepared landing sites are generated to
test the ACLM. Fig. 14 shows the constructed environment
with prepared landing sites and the nominal flight trajectory,
Whom, With its cruise altitude at 40 [m].

Fig. 14: Visualization of the 3-D offline environment construc-
tion of the flight plan. The nominal flight trajectory, Wyom.,
is shown in blue with the origin and destination indicated
by green and red solid dots. Approximate footprints at each
midpoint between Wpopm,i and Wyom,i+1 are shown via the
green circles. As each flight segment has a different length,
the size of the approximate footprint changes accordingly.
Prepared landing sites are shown in grey with varying heights.

b) Offline Emergency Flight Plan Database: The offline
emergency flight plan database is created from the stored envi-
ronment dataset. At each flight segment, [Wnom. is Wnom,i+1]s
flight plans P; were generated at the midpoint and endpoint
and saved as a data structure encapsulating Equations 10-18.
Emergency in-flight decision-making in low-altitude airspace
requires fast computation. By having a pre-stored dataset with
viable landing options, a multicopter can quickly execute the
flight plan to land at an emergency site with sufficient EOD.
Fig. 15 shows the constructed offline emergency flight plan
database for the environment given in Fig. 14. Cyan and red



lines indicate flight plans at the midpoint and endpoint at each
flight segment.
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Fig. 15: Visualization of 2-D offline database with corre-
sponding flight plans, P. Nominal flight trajectory, Wyom,
is shown in blue. Approximate footprints at each midpoint
between Wyom,; and Wypom,i+1 are shown via the green circles.
Prepared landing sites are shown as black squares. Flight plans
from each midpoint (shown in red stars) to the landing sites
at each approximate footprint is shown in cyan. Flight plans
from each endpoint to the landing sites in that approximate
footprint is shown in red.

B. Landing Strategy Selection Case Studies

Three case studies were performed to test ACLM, describ-
ing different solutions using: 1) an offline flight plan database
and 2) online flight plan threads at various locations. All
solutions were generated at the condition where a single rotor
failure is detected through C&R Watchdog thread. While an
emergency landing solution is computed, the Continue/Hold
Selector thread maintains the vehicle either in cruise or
hold/loiter. In this simulation, it is assumed that once a rotor
fails, all other rotors experience no degradation in their health
until the flight terminates.

a) Solution Using Offline Flight Plan Database: The
landing strategy selection thread uses an offline flight plan
database to generate multiple emergency landing solutions.
The thread requires several inputs as explained in Section
IV-D, one of which is the estimated EOD at the current vehicle
position. To test our landing strategy selection algorithm,
a simple linear relation was assumed between the distance
traveled and the EOD while a multicopter travels at constant
speed level flight (v = 10 m/s). Fig. 16 shows the values
of EOD vs. distance traveled used in this simulation. We
assume that there is a 30% sudden decrease in EOD when
experiencing a rotor failure. This is due to the increase in
current drawn to compensate for the failed rotor and its
resultant loss of thrust. The total distance traveled in the
nominal flight mission (i.e., without a rotor failure) is 657

[m]. The first case study scenario has a rotor failure after
the multicopter travels 238 [m], as shown in Fig. 16 with a
vertical dashed line, with the EOD drop shown in black.
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Fig. 16: EOD vs. total distance traveled. A linear relation
was assumed between EOD and total distance traveled for a
multicopter maintaining level flight at constant speed. With a
rotor failure, it is assumed that there is 30% drop in EOD.
Rotor failure occurred after flying 238 [m] for case study 1.

After a rotor fails, the landing strategy selection thread
identifies the flight segment (i.e., 3" flight segment) wherein
the vehicle is currently located. Then, the algorithm uses
the offline flight plan database for that flight segment along
with its corresponding flight plans. Fig. 17 shows the landing
strategy selection of case study 1. Since the vehicle is cur-
rently located before the midpoint of the third flight segment,
flight plans starting at the midpoint were used to find viable
landing sites. Since this rotor failure instance occurred at
an early phase of the flight operation, the landing strategy
selection threads determined that all prepared landing sites
inside the approximate footprint are reachable (as shown in
green). Using Equation 9, the best landing site was determined
as shown in magenta.

For case study 2, we investigate a rotor failure occurring
in 3" flight segment after its midpoint. The rotor failure was
simulated after the multicopter travels 318 [m]. Fig. 18 shows
the EOD with a 30% drop and the reduced maximum distance
the multicopter can travel. Our landing strategy selection
algorithm revealed that 4 out of 15 prepared landing sites are
not reachable. Using Equation 9, the cost of each reachable
prepared landing site was calculated, and the minimum cost
landing site was selected as the emergency landing site. Fig.
19 shows the results of case study 2.

b) Solution Using Online Flight Planner Thread: When
the landing strategy selection algorithm cannot generate a
viable solution using an offline flight plan dataset, the on-
line flight planner thread calculates an alternative emergency
landing solution by searching unprepared landing sites. A case
study was created for this scenario, testing the Algorithms
2-3 in an online flight planner. For this particular case, a
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Fig. 17: Case study 1-Rotor failure in the third flight segment
[Wnom,3, Wnom,4]- Green circle indicates the offline approxi-
mate footprint of the third flight segment. Red star indicates
the midpoint of the flight segment. Current position of the
multicopter is shown as a solid black dot located before the
midpoint of the third flight segment. All prepared landing
sites for the third flight segment, Ps, are reachable as shown
in solid green. The best emergency landing location (shown
in magenta) is selected based on the minimum cost calculated
via Equation 9.

70 T T

[o2]
o
Occured

Rotor Failure

a
o

Estimated EOD without rotor failure
Estimated EOD after a rotor failure

I
o

EOD [Sec]
w
o

20

0 1 1 1 i L L
0 100 200 300 400 500 600

Total Distance Traveled [m]

700

Fig. 18: EOD vs. total distance traveled for case study 2. Same
assumption was made as in Fig. 16. Rotor failure occurred
after travelling 318 [m].

rotor failure was triggered after the multicopter travels 535
[m]. Figures 20-21 show EOD vs. distance traveled and the
landing strategy selection using the offline flight database for
case study 3. As indicated by the red squares in Fig. 21, there
is no reachable prepared landing site in this instance.
Landing strategy selection using an online flight planner
is shown in Fig. 22. With the remaining flight time esti-
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Fig. 19: Case study 2—Rotor failure in the third flight segment
[Wnom,3, Wnom,4]- Green circle indicates the offline approxi-
mate footprint in the third flight segment. Red star indicates
the midpoint of the flight segment. Current position of the
multicopter is shown as a solid black dot located after the
midpoint of the third flight segment. Reachable prepared
landing sites for third flight segment, Ps, are shown in solid
green. Unreachable prepared landing sites for the same flight
segment are shown in solid red. The best emergency landing
location (shown in magenta) is selected based on the minimum
cost calculated via Equation 9.
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Fig. 20: EOD vs. total distance traveled for case study 3. Same
assumption was made as in Fig. 16. Rotor failure occurred
after travelling 535 [m)].

mated from Fig. 20, an online footprint was generated for
this energy-constrained multicopter that maintains its cruise
speed at 10 [m/s]. For this particular case, three unprepared
landing sites (shown in magenta) were found inside the online
footprint approximation (shown via a red square). Then, the
landing strategy selection cost equation was used to find the
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Fig. 21: Case study 3—Rotor failure in the sixth flight segment
[Wrom,6, Wnom,7]- Green circle indicates the offline approx-
imate footprint in the flight segment. Red star indicates
the midpoint of the flight segment. Current position of the
multicopter is shown in solid black dot located after the
midpoint of the sixth flight segment. Flight plans are shown in
cyan. As shown in red, none of the landing sites are reachable
based on the EOD estimate.

minimum cost solution, as indicated in sold green.
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Fig. 22: Case study 3 with online flight planner—Rotor
failure at the vehicle location in the sixth flight segment
[Whom,6; Wnom,7]. Green circle indicates the offline approx-
imate footprint at the flight segment. Current position of the
multicopter is shown by a red star. Online flight planner
(shown via red rectangle) searches the landing site solutions at
the solid black circle (a future location) so that the multicopter
has a landing solution by the time it reaches the solid black
circle. Unprepared landing sites are shown in magenta. The
best unprepared landing site (shown in solid green) is found
as the minimum cost of [d¢ravel, hyz] from Equation 9.

11

VI. CONCLUSION AND FUTURE WORK

The proposed offline and online ACLM solutions, as well
as their watchdog sub-threads, can support situational aware-
ness (SA) and emergency decision-making for AAM mis-
sions experiencing an in-flight rotor failure in a low-altitude
airspace. A C&R watchdog monitors the controllability of
the multicopter, with and without the rotor failures, and
checks the reachability of the energy-constrained system. The
Continue/Hold Selector thread constantly provides commands
to the multicopter to either loiter or continue on its current
flight path. This helps the multicopter maintain flight while
computing offline/online emergency landing solutions. Land-
ing strategy selection is a sub-thread in the C&R watchdog
that generates reachable landing site solutions using an offline
flight plan database or an online flight planner. Case studies
demonstrated how ACLM can generate safe landing options
for a multicopter experiencing a rotor failure. Algorithms
and definitions from this paper can contribute to a solid
foundation of assured contingency landing management for
AAM missions flying in low-altitude airspace.

Future work will extend our algorithms to meet different
types of constraint requirements due to vehicle dynamics (e.g.,
quadplane etc.). Future endeavors will also perform Monte
Carlo simulations and evaluate the run time characteristics of
the ACLM framework.
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