




Attitude Representation. Let the inertial frame be repre-

sented as {FI} = {OI ; b̂n, b̂e, b̂d}, where b̂d points down-

ward, consistent with North-East-Down (NED) orientation as

seen in related work [4], [6]. The body frame is denoted by

{FB} = {OB ; b̂x, b̂y, b̂z}, centered at the vehicle’s center

of mass (CoM). The aircraft’s orientation relative to the

inertial frame is captured by the rotation matrix RB
I .

VTOL dynamics consist of three components: gravity

dynamics, propulsion dynamics, and aerodynamics. These

components constitute the total force and moments that act

on the VTOL, as shown in (1) and (2).

FB = FB
g + FB

r + FB
a (1)

MB = MB
m +MB

r +MB
a (2)

Here, g represents the component attributable to gravitational

influences, r denotes the contribution from propulsion thrust,

and a signifies the aerodynamic forces and moments. The

moment component MB
m refers to resisting moments caused

by the spinning of rotors.

Gravity dynamics. The effect of gravity on the VTOL

system can be modeled with the equation

FB
g = RB

I





0
0

mgb̂d



 ,

where m is the mass of the VTOL system.

Propulsion dynamics. Assuming negligible induced drag,

the total thrust force is the collective force produced by the

propellers:

FB
r =

6
∑

i=1

TB
i =

6
∑

i=1

Tiû
B
i ,

where Ti is the thrust generated by the ith rotor and û
B
i

defines the direction of the thrust force produced by the ith

rotor’s rotation relative to the body frame. Then,

Ti = cFω
2

i and FB
r = cF

6
∑

i=1

ω2

i





sinχi

0
− cosχi



 ,

where cF > 0 is the thrust constant coefficient of the rotors,

ωi is the rotational speed of the ith rotor, and χi is the angle

between bz and −by , which defines the tilt of rotor’s thrust

direction relative to the vertical axis of the body frame.

Thrust moments MB
r occur when the rotor-generated force

is applied at a distance from the vehicle’s CoM, creating a

rotational effect due to the offset between the thrust’s line

of action and the CoM. These moments are calculated by

considering the thrust magnitude and the radial distance from

the CoM to the point of force application:

MB
r =

6
∑

i=1

(rBi × (Tiûi))

Resisting moments MB
m occur due to the torques generated

by the rotor rotations, which produce a rotational effect

that counteracts the vehicle’s motion. These moments are

calculated by considering the torque magnitude and the

rotational direction of the ith rotor relative to the body frame.

Formally,

MB
m =

6
∑

i=1

τBi ,

where τBi is the torque generated by rotation of the ith rotor

relative to the body frame. This torque can be expanded into

the form

τi = (−1)dicKω2

i , MB
m = cK

6
∑

i=1

(−1)diω2

i





sinχi

0
− cosχi



 ,

where cK > 0 is the torque constant coefficient of the rotors,

and di ∈ {0, 1} is the rotation direction of the ith rotor

around its axis (i.e., clockwise or counter-clockwise).

Aerodynamics. The aerodynamic force FB
a arises from

airflow interaction with the airfoil, and plays a critical role in

the aircraft stability. Three forces constitute the aerodynamic

forces acting on the VTOL: drag (XW ), lateral forces (Y W ),

and lift (ZW ). The total aerodynamic force vector is thus:

FB
a = RB

W





XW

Y W

ZW



 ,

where XW = q̄SCX(α, β), Y W = q̄SCY (β), and ZW =

q̄SCZ(α). Here, q̄ =
ρV 2

α

2
represents the dynamic pressure,

where ρ is the air density, Vα is the airspeed, and S denotes

the aerodynamic surface area of the model. The angle of

attack is given by α, and β represents the angle of the

velocity vector relative to the projection of xb onto the wind

plane. Coefficients CX , CY , and CZ correspond to drag,

lateral, and lift forces, respectively. For simplicity, we assume

lateral forces are negligible, and thus CY = 0. For lift and

drag coefficients, approximations are made for two cases: the

pre-stall region (α > 0), and the post-stall region (α < 0).

Pre-stall region: Cx(α, β) ≈ CD,0 + CD,αα
2

Cz(α) ≈ CZ,0 + CZ,αα

Post-stall region: Cx(α, β) ≈ c1 sin(2α)

Cz(α) ≈ c0 + 2c1 sin
2(α),

where coefficients c0, c1, CD,0 ,CD,α, CZ,0, and CZ,α are

sourced from the PX4 documentation [23].

While cruising, the aerodynamic moments MB
a play a

critical role in stabilization. They are controlled by the de-

flection of ailerons, elevators, and rudder, which are denoted

by δa, δe, and δr, respectively. (Our specific aircraft uses

only ailerons.) The aerodynamic moments are approximated

with the combination of roll torque ΦB ≈ qSbCLaδa, pitch

torque ΘB ≈ qSc̄CMeδe, and yaw torque ΨB ≈ qSbCNrδr.

The vector then becomes

MB
a =





ΦB

ΘB

ΨB



 ,



TABLE I

PARAMETERS OF VTOL DYNAMICS

Signal Description

cF Thrust constant coefficient of the rotors
cK Torque constant coefficient of the rotors
CZ,0 Lift coefficient at zero angle of attack
CZ,α Lift coefficient slope
CD,0 Drag coefficeint at zero lift
CD,α Incremental drag coefficient
CLa Aileron coefficient
CMe Elevator coefficient
CNr Rudder coefficient

where b is the wingspan, and c̄ is the mean aerodynamic

chord. The coefficient CLa, CMe, and CNr are from PX4’s

configuration of the base model [23]. Table I summarizes

these values.

Fault model. We consider VTOLs in which one or more

rotors may become faulty during flight, but the rest of

the system always works correctly. The severity level of

a faulty rotor is represented by si ∈ [0, 1], where i is the

rotor index. An individual rotor’s thrust is thus redefined as

T ′
i = min{(1 − si)Ti, (1 − si)fmax}, where Ti is the thrust

commanded for this rotor by the control algorithm and fmax is

the nominal thrust capacity of the rotor. We assume no limit

on the number of rotors that can become faulty, but at most

one can fail at the same time for simplicity. Finally, we focus

on rotor faults that occur during cruise flight, but can impact

the vehicle safety during vertical motion. In our setting, the

cruise trajectory is a straight trajectory with steady speed.

We assume the desired state at any given time t is given,

and we can extract orientation information (including the

roll angle φ and the pitch angle θ) by using a 9-axis inertial

measurement unit (IMU). φ is defined as the UAV’s rotation

about b̂x, and θ is defined as the rotation about b̂y . Since

our FDI approach relies on errors in roll and pitch, we define

a limited state error vector e = [eφ, eθ]
⊤, where eφ is roll

angle error and eθ is pitch angle error. The median value of

e over a time window ∆x is given by ex.

III. APPROACH OVERVIEW

The work in [25] demonstrated how to use the ratio of

steady-state error values |eφ| and |eθ| for fault isolation.

It has two key insights: first,
|eφ|
|eθ|

remains steady across

fault severity levels and trajectories for a given rotor lo-

cation; and second, fault severity can be estimated as a

low-order bivariate polynomial that relates error magnitude

and fault location to fault severity. However, their method

is tailored specifically for pure multirotor systems, such as

ModQuad [26] and does not apply to VTOLs due to its

reliance on steady state error (which cannot be achieved

within the short time window when switching from cruising

to landing mode). Our simulations show that during cruise

flight, VTOL controllers will deploy their ailerons to mask

rotor faults until they switch to a vertical mode of flight. We

adopt the core concept of using an error ratio, but apply

it to examine the ratio of peaks in roll and pitch error

following the occurrence of a fault; since we examine a

system with fewer redundant rotors, the effect of a fault is

more pronounced.

Fault detection. Fault detection establishes whether there

exists a faulty rotor in the system. One simple approach is

to perform error thresholding: if an error parameter (e.g.,

roll error) ever exceeds some preset threshold, we declare a

fault to have occurred. However, this can result in a lot of

false positives and false negatives, as noisy signals caused

by factors such as wind can significantly affect the system.

Instead, we adopt a dynamic approach as first proposed for

MAVs [16].

This approach involves: (i) collecting a baseline window

of data and computing the standard deviation in the mag-

nitude of error in both roll and pitch over this window;

(ii) periodically collecting new ‘test’ windows of data to

compare to the baseline; (iii) comparing the difference in

errors recorded over both windows to the weighted values

of the standard deviation computed in i.

The baseline window is collected once the vehicle enters

cruise flight, and it is updated each time a fault is isolated,

thereby ensuring that our technique can detect multiple

sequential faults.

Fault isolation. Once a fault has been detected, the next step

is to isolate (identify) the specific faulty rotor and to estimate

the severity of the fault that has occurred in that rotor. Our

methodology solves this problem using three key insights:

(I1) To narrow the search space, we first determine the half-

space that contains the faults by checking the signs of roll

and pitch error peaks after the fault is detected. (I2) Based

on our observations in simulations, the range of error ratio

of both overshoots is stable under noisy data across different

severity levels. The faulty rotor can be found by comparing

the error ratio with pre-recorded ‘error profiles’. (I3) The

impulse amplitude of the aileron which offsets the steady-

state pose error can be expressed as a quartic function of

severity level. The severity level of the determined candidate

rotor then can be estimated to an accuracy of 2%.

This initial work performs FDI while the system is cruising

(i.e., the majority of flight time), thus enabling recovery

before the system switches to a vertical motion mode (where

redundancy in the form of ailerons does not help).

IV. FAULT DETECTION AND ISOLATION

A. Detecting the existence of a rotor fault

Our detection method relies on comparing statistics over

periodically collected windows of roll and pitch error data

to a baseline window of data. Notably, after the introduction

of a fault, the error will quickly re-stabilize to 0◦ while the

system continues to cruise, as the ailerons mask the effects of

a faulty rotor by adjusting the aircraft’s roll and maintaining

stability. When a rotor fault occurs, the imbalance in thrust

would typically cause the aircraft to roll uncontrollably.

However, the ailerons compensate for this imbalance by

generating corrective roll moments by the embedded control

algorithm, thus maintaining the desired attitude and reducing

the immediate impact of the fault on the aircraft’s trajectory.










