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Full Actuator Nonlinear Dynamic Inversion for Enhanced Hybrid UAV
Control

Justin P. G. Dubois*, Evangelos Ntouros†, Ewoud J. J. Smeur‡

Abstract— Expanding the operational capabilities of Micro
Air Vehicles (MAVs) hinges on control systems that manage
highly nonlinear dynamics across broad flight envelopes. Incre-
mental Nonlinear Dynamic Inversion (INDI) is popular for its
simplicity and modest modeling needs, but its assumption of
infinitely fast actuators and neglect of state-dependent effects
limit performance when actuators have slow or heterogeneous
dynamics or when aerodynamic effects are significant. Actuator
Nonlinear Dynamic Inversion (ANDI) overcomes these limi-
tations by explicitly incorporating state-dependent dynamics
and finite actuator bandwidth into the control law, enabling
improved tracking performance across diverse actuator config-
urations.

This work implements the full ANDI stabilization controller
on the Cyclone, a hybrid MAV tail-sitter, using cascaded
complementary filtering for state estimation. Simulation and
flight experiments validate the approach and assess whether this
compensation yields practical performance gains, establishing
ANDI as a viable, generic control solution for MAVs. Code is
available at https://github.com/tudelft/paparazzi/
tree/feat_stabilization_andi_controller

Index Terms— actuator nonlinear dynamic inversion, feed-
back linearization, hybrid UAV, incremental nonlinear dynamic
inversion, nonlinear control, tail-sitter

I. INTRODUCTION
MAVs are experiencing rapid growth and adoption in an

increasingly wide range of industrial applications where they
address the need for agile, cost-effective, and versatile aerial
platforms. To satisfy the mission requirements, these vehicles
are often tailored to best fulfill a specific mission, resulting
in a diverse landscape of vehicle types, including fixed-
wing, rotary-wing, and hybrid configurations [1]. Hybrid
Unmanned Aerial Vehicles (UAVs), such as tail-sitters and
tiltrotors, combine the vertical takeoff and landing capabil-
ities of rotary-wing aircraft with the efficient forward flight
characteristics of fixed-wing designs, enabling a broader
range of operational scenarios

This diversity in airframe design poses challenges for
flight control development and deployment. Their low cost
and small size drive tight budgets and rapid prototyping,
increasing demand for generic, adaptable controllers deploy-
able across platforms. However, unconventional airframes
can exhibit highly nonlinear and coupled dynamics, making
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reliable high-performance control challenging [1]. Linear
controllers relying on local linearization often struggle across
wide operating envelopes. Therefore, nonlinear approaches
are needed that remain easy to implement and transferable
across MAV configurations.

INDI has emerged as a promising control technique to
address these challenges. INDI leverages sensor feedback
to locally linearize the dynamics of the vehicle, effectively
transforming the system into an equivalent linear one over
a broad operating envelope without needing a full model of
the system dynamics [2]. This enables the use of classical
linear control techniques for systems with significant non-
linearities. Furthermore, INDI decouples airframe-dependent
characteristics from the controller design, thus facilitating the
reuse of control architectures across different UAV platforms.
INDI has demonstrated excellent performance on a variety
of MAVs [3–5].

INDI limitations in modeling actuator dynamics and state-
dependent terms motivate advanced techniques that address
these effects more directly in the feedforward path.

To overcome these limitations, Steffensen et al. [6] devel-
oped ANDI, which explicitly models both state-dependent
drift dynamics and finite actuator dynamics directly in the
feedforward path of the control law. By compensating for
these effects in the feedforward path, rather than relying on
feedback correction, ANDI enables faster error rejection and
improved tracking performance. ANDI has been validated in
simulation and shown to offer theoretical advantages such
as well-defined error dynamics and exact reference track-
ing [6]. Previous experimental work by De Ponti et al. [7]
has demonstrated ANDI’s effectiveness in compensating for
actuators with differing bandwidth. However, the ability to
compensate state-dependent effects through the feedforward
path has yet to be experimentally validated on a real MAV
platform.

This project aims to bridge this gap by implementing
and experimentally validating full ANDI with explicit state-
dependent compensation on a tail-sitter MAV. The Cyclone
tail-sitter exhibits strong state-dependent effects, including
lift and drag caused by the large wing, providing a repre-
sentative testbed for evaluating feedforward state-dependent
compensation. The work comprises: (i) designing and imple-
menting a full ANDI stabilization (attitude) controller with
explicit state-dependent compensation; (ii) generating unde-
layed feedback estimates through a cascaded complementary
filter as proposed by Steffensen et al. [8]; and (iii) conducting
flight tests to experimentally validate the compensation of
state-dependent effects and compare performance against
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Fig. 1: Diagram of the Cyclone tail-sitter UAV with its body axis
convention. [9]

the INDI baseline, extending beyond prior actuator-only
studies [7].

II. EXPERIMENTAL PLATFORM AND CONFIGURATION

A. Platform Overview
The experimental platform is the Cyclone tail-sitter UAV,

a hybrid Vertical Takeoff and Landing (VTOL) platform
combining rotary-wing hover capabilities with efficient fixed-
wing forward flight [9]. The vehicle transitions continuously
across all pitch angles from vertical hover to horizontal
forward flight, requiring a globally valid control law. The
body frame uses 𝑥-axis forward, 𝑦-axis right, and 𝑧-axis
downward (to tail), shown in fig. 1.

B. Actuators and Sensors
Actuation comprises two counter-rotating tractor motors

(providing thrust and differential roll control) and elevons
(providing pitch and yaw control via symmetric and differ-
ential deflections). Both surfaces remain effective in hover
due to the propeller slipstream. The vehicle carries an
Inertial Measurement Unit (IMU) measuring angular rates
and specific forces, with an onboard flight computer running
Paparazzi Autopilot [10] for sensor acquisition, state
estimation, and control execution. Actuator feedback is pro-
vided as motor speed and elevon angle measurements.

C. Specific Thrust Modelling
The total specific thrust 𝜏 generated by the two propellers

is approximated as a linear function of the squared motor
rotational speeds, 𝜔2

𝑚𝑙
and 𝜔2

𝑚𝑟
for the left and right motors,

respectively. The resulting model is expressed in eq. (1).

𝑓𝜏(𝐮) = 𝜏 = 𝑐𝜏(𝜔2
𝑚𝑙

+ 𝜔2
𝑚𝑟

) (1)

This simple representation is valid for hover and low-speed
flight, where inflow angle and induced-velocity coupling are
small.

D. Φ-Theory Aerodynamic Model
The aerodynamic model follows the Φ-theory formulation

for tail-sitter aircraft, which expresses forces and moments in
body-axis velocity components, avoiding singularities inher-
ent to angle-of-attack parameterizations [11, 12]. The exact
model structure and parameters are relegated to Dubois [13],
to comply with page limits.

III. ANDI CONTROLLER DESIGN
ANDI extends INDI by controlling one derivative order

higher, enabling explicit compensation for first-order actu-
ator dynamics and state-dependent effects [6]. This section
derives the ANDI stabilization law for the Cyclone platform
and presents the reference model and error controller that
shape the closed-loop dynamics.

A. Control Law Derivation
The ANDI attitude control law for the Cyclone platform

is derived following Steffensen et al. [6], beginning with the
state, input, and output vectors in eqs. (2) to (4) respectively.

𝐱 = [𝜔𝑥 𝜔𝑦 𝜔𝑧 𝑣𝑥 𝑣𝑦 𝑣𝑧]⊤
(2)

𝐮 = [𝛿𝑒𝑙
𝛿𝑒𝑟

𝜔2
𝑚𝑙

𝜔2
𝑚𝑟]⊤

(3)

𝐳 = [𝜔̇𝑥 𝜔̇𝑦 𝜔̇𝑧 𝜏]⊤
(4)

The state vector 𝐱 contains the body-frame angular rates
𝝎 and linear velocities 𝐯, the output vector 𝐳 contains the
body-frame angular accelerations 𝝎̇ and specific thrust 𝜏 , and
the control input vector 𝐮 contains the left and right servo
deflections 𝛿𝑒𝑙

, 𝛿𝑒𝑟
and the squared motor rotational speeds

𝜔2
𝑚𝑙

, 𝜔2
𝑚𝑟

. Squared motor rotational speed is chosen as the
control input to linearize the command-to-thrust relationship,
exploiting the quadratic relationship between propeller thrust
and rotational speed.

Unlike classical INDI, ANDI models actuator dynamics as
first-order systems. Motor and elevon bandwidths (35 rad s−1

and 20 rad s−1) are collected in 𝜺𝑢 in eq. (5).

𝐮̇ = 𝜺𝑢(𝐮𝑐 − 𝐮), 𝜺𝑢 = diag(𝜀𝑒𝑙
, 𝜀𝑒𝑟

, 𝜀𝑚2
𝑙
, 𝜀𝑚2𝑟

) (5)

The controlled outputs are angular acceleration and spe-
cific thrust, defined in eq. (6).

𝐳 = [𝝎̇
𝜏 ] = [𝐟𝑚(𝐱, 𝐮)

𝑓𝜏(𝐱, 𝐮)] (6)

In Equation (6), both 𝐟𝑚(𝐱, 𝐮) and 𝑓𝜏(𝐮) are derived from
the aerodynamic and thrust models. The reactive torque from
the motors, and the moment generated by elevon angular
velocity are neglected in this formulation. Although compen-
sation terms proportional to motor angular accelerations and
elevon angular rates can be included [14], these contributions
are small compared to the dominant aerodynamic and thrust
moments and are further minimized by the slow actuator
dynamics.

Differentiating eq. (6) yields the output dynamics in terms
of 𝐱̇ and 𝐮̇, with state-dependent contribution 𝐹𝑥 and control
effectiveness 𝐹𝑢. The Jacobians are computed symbolically
(MATLAB Symbolic Toolbox).

̇𝐳 = [𝝎̈
̇𝜏 ] = [

𝜕
𝜕𝐱 𝐟𝑚(𝐱, 𝐮)
𝜕

𝜕𝐱 𝑓𝜏(𝐱, 𝐮)]
⏟⏟⏟⏟⏟⏟⏟

𝐹𝑥

𝐱̇ + [
𝜕

𝜕𝐮 𝐟𝑚(𝐱, 𝐮)
𝜕

𝜕𝐮 𝑓𝜏(𝐱, 𝐮)]
⏟⏟⏟⏟⏟⏟⏟

𝐹𝑢

𝐮̇ (7)

The term 𝐹𝑥 represents the sensitivity of the dynamics to
state changes. In prior work by De Ponti et al. [7], this term
is neglected under the assumption that the contribution of the
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state-dependent dynamics 𝐹𝑥𝐱̇ is significantly smaller than
𝐹𝑢𝐮̇. This work retains 𝐹𝑥𝐱̇ to evaluate its impact on tracking
performance when state-dependent effects are significant.

The magnitude of the state-dependent term 𝐹𝑥𝐱̇ scales
with the rate of state change. For the attitude control problem,
this becomes significant during aggressive maneuvers where
angular accelerations are large, as the aerodynamic forces and
moments that comprise 𝐹𝑥 scale with both angular velocity
and angular acceleration. Conversely, in quasi-steady-state
flight with small angular rates, the state-dependent contribu-
tion becomes negligible.

The linearizing control law is obtained by solving eq. (7)
for the commanded actuator rate 𝐮̇𝑐, assuming 𝐹𝑢 has full
row rank in the operational region, admitting a right pseudo-
inverse. Introducing the pseudo-control vector 𝝂 = [𝝎̈⊤ ̇𝜏 ]⊤
yields the control law in eq. (8).

𝐮̇𝑐 = 𝐹 †
𝑢 (𝝂 − 𝐹𝑥𝐱̇) (8)

Substituting the actuator dynamics eq. (5) and solving for 𝐮𝑐
yields the incremental law in eqs. (9) and (10).

𝐮𝑐 = 𝜺−1
𝑢 𝐮̇𝑐 + 𝐮 (9)

𝐮𝑐 = 𝜺−1
𝑢 𝐹 †

𝑢 (𝝂 − 𝐹𝑥𝐱̇) + 𝐮 (10)

The commanded input 𝐮𝑐 adds an increment to the current
actuator state 𝐮: 𝜺−1

𝑢 𝐹 †
𝑢𝝂 tracks reference jerk/thrust-rate and

−𝜺−1
𝑢 𝐹 †

𝑢𝐹𝑥𝐱̇ compensates state-dependent dynamics. Includ-
ing 𝜺𝑢 accounts for heterogeneous actuator bandwidths. The
bandwidth matrix 𝜺𝑢 within the pseudo-inverse accounts for
heterogeneous actuator dynamics.

B. WLS Control Allocation
To maintain predictable behavior under saturation,

Weighted Least Squares (WLS) control allocation priori-
tizes objectives while respecting actuator limits. Rather than
computing the pseudo-inverse directly, the WLS control
allocator solves a constrained optimization problem 𝑛 that
minimizes the weighted error while respecting actuator limits
in eqs. (11) to (13).

minimize
𝐮̇𝑐

‖𝐖 (𝝂 − 𝐹𝑥𝐱̇ − 𝐹𝑢𝐮̇𝑐)‖2 (11)

subject to the constraints:

𝐮̇min ≤ 𝐮̇𝑐,𝑛 ≤ 𝐮̇max (12)
𝜺𝑢(𝐮min − 𝐮𝑛) ≤ 𝐮̇𝑐,𝑛 ≤ 𝜺𝑢(𝐮max − 𝐮𝑛) (13)

where 𝐖 = diag([1000, 100, 1, 10]) prioritizes 𝑥-axis rota-
tion, then 𝑦-axis, thrust, and 𝑧-axis rotation. The constraints
eqs. (12) and (13) enforce rate and position limits.

C. Error Controller Design
The error controller is designed through pole-placement to

achieve desired disturbance rejection dynamics in the pres-
ence of model-plant mismatches and external disturbances.
Conventional linear system theory is used to design and
the error controller, leveraging the fact that ANDI linearizes
and decouples the system dynamics from the pseudo-control
input 𝝂 to the output 𝐳.

Considering an additive disturbance 𝐷 acting on the
system at the angular acceleration and specific thrust 𝑧,
as illustrated in fig. 2. This disturbance represents external
forces acting on the MAV and any errors in the inversion
due to model mismatch. By assuming the disturbance is
independent of the state and input [15], the designed poles
remain unaffected by complementary filtering. Consequently,
the error controller gains can be designed without explicitly
accounting for filtering, with the impact of complementary
filtering analyzed subsequently in section III-E.

 

 

+-

+-

+

+

OBMComp
Filter

Comp
Filter

+  +-

MAV

Fig. 2: ANDI attitude control of system 𝐺 with actuators 𝐺𝑎.
The error controller generates pseudo-control input 𝝂 from attitude
errors and reference commands. The incremental control law inverts
system dynamics while compensating state-dependent effects 𝐹𝑥𝐱̇
to compute actuator commands. Cascaded complementary filters
fuse noisy measurements with model-based estimates to provide
undelayed feedback of angular acceleration and rates; translational
filtering is omitted for clarity.

The pseudo-command vector 𝝂, containing the angular
jerk and specific thrust rate, is regulated by a linear error
controller designed to track the reference commands and re-
ject disturbances with desired dynamics, as given in eq. (14).
A third-order parallel error controller is used for the angular
jerk and first-order parallel error controller is used for the
specific thrust rate, this allows for attitude and specific thrust
reference tracking.

𝝂 =[𝝎̈𝑟 + (𝝎̇𝑟−𝝎̇)𝐾𝑒3
+ (𝝎𝑟−𝝎)𝐾𝑒2

+ 2 vec(𝐪𝑟 ∘ 𝐪∗)𝐾𝑒1
̇𝜏𝑟 + (𝜏𝑟 − 𝜏)𝑘𝑒𝜏

]
(14)

The complete decoupled linearized system including the
disturbances and error controller in the Laplace Domain
is shown in eqs. (15) and (16) for each attitude axis
𝑖 ∈ {𝑥, 𝑦, 𝑧} and specific thrust 𝜏 respectively. The gains
𝑘𝑒1,𝑖, 𝑘𝑒2,𝑖, 𝑘𝑒3,𝑖 are the diagonal elements of the gain ma-
trices 𝐾𝑒1

, 𝐾𝑒2
, 𝐾𝑒3

corresponding to axis 𝑖 and 𝑘𝑒𝜏
is the

gain for the specific thrust error. It can be seen that the error
controller shapes the closed-loop response from disturbance
𝐷 to attitude and specific thrust output 𝑌 , but does not affect
the reference tracking dynamics.

𝑌𝑖 = 𝑌ref𝑖
+ 𝐷𝑖

𝑠
𝑠3 + 𝑘𝑒3,𝑖𝑠2 + 𝑘𝑒2,𝑖𝑠 + 𝑘𝑒1,𝑖

(15)

𝑌𝜏 = 𝑌ref𝜏
+ 𝐷𝜏

𝑠
𝑠 + 𝑘𝑒𝜏

(16)

Pole placement sets the desired disturbance rejection
dynamics. The pseudo-actuator bandwidths are constrained
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by physical limits: roll and thrust by motor bandwidth
(𝜀𝑚2

𝑙
, 𝜀𝑚2𝑟

= 35 rad s−1) and pitch/yaw by elevon bandwidth
(𝜀𝑒𝑙

, 𝜀𝑒𝑟
= 20 rad s−1).

The gains 𝑘𝑒3,𝑖 = 𝜀𝑦𝑖
set the pseudo-actuator bandwidths.

The remaining gains follow from eq. (17) by expressing
the closed-loop transfer function as a second-order system
cascaded with an additional pole.

𝑌𝑖 = 𝐷𝑖
𝑠

(𝑠2 + 2𝜁𝑖𝜔𝑛𝑖
𝑠 + 𝜔2𝑛𝑖

)(𝑠 + 𝑝𝑖)
(17)

Equating the characteristic polynomials of eq. (15) and
eq. (17) yields the expression of the error controller gains in
terms of the desired closed-loop dynamics parameters.

𝑠3 + 𝑘𝑒3,𝑖𝑠2 + 𝑘𝑒2,𝑖𝑠 + 𝑘𝑒1,𝑖
= (𝑠2 + 2𝜁𝑖𝜔𝑛𝑖

𝑠 + 𝜔2
𝑛𝑖

)(𝑠 + 𝑝𝑖)
= 𝑠3 + (2𝜁𝑖𝜔𝑛𝑖

+ 𝑝𝑖)𝑠2 + (𝜔2
𝑛𝑖

+ 2𝜁𝑖𝜔𝑛𝑖
𝑝𝑖)𝑠 + 𝜔2

𝑛𝑖
𝑝𝑖

= 𝑠3+ 𝜀𝑦𝑖⏟
𝑘𝑒3,𝑖

𝑠2+(𝜔2𝑛𝑖
+2𝜁𝑖𝜔𝑛𝑖

𝜀𝑦𝑖
−4𝜁2

𝑖 𝜔2𝑛𝑖
)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

𝑘𝑒2,𝑖

𝑠+𝜔2𝑛𝑖
𝜀𝑦𝑖

−2𝜁𝑖𝜔3𝑛𝑖⏟⏟⏟⏟⏟⏟⏟
𝑘𝑒1,𝑖

(18)

The error controller is tuned via pseudo-actuator band-
width 𝜀𝑦𝑖

, natural frequency 𝜔𝑛𝑖
, and damping ratio 𝜁𝑖.

Table I summarizes the chosen parameters. Bandwidths
match dominant physical actuators: 35 rad s−1 (motors) and
20 rad s−1 (elevons). Critical damping prevents overshoot;
natural frequencies are empirically tuned through simulation
and flight testing to balance disturbance rejection speed
against unmodeled delays.

TABLE I: Controller Gain Design Parameters.

Parameter 𝐱 𝐲 𝐳 𝝉
𝜀𝑦 (rad s−1) 35.0 20.0 20.0 35.0
𝜔𝑛 (rad s−1) 7.0 7.0 7.0 -
𝜁 (-) 1.0 1.0 1.0 -

D. Reference Model Design
The reference model shapes command tracking, while the

error controller shapes disturbance rejection. Because ANDI
inverts the combined aircraft and actuator dynamics, the
closed-loop command-to-output dynamics equal the refer-
ence model: 𝑌

𝑈 = 𝑌ref
𝑈 . Reference model design therefore

directly specifies the command response.
The desired command response is parameterized by 𝜔𝑛𝑖

,
𝜁𝑖, and 𝜀𝑦𝑖

. Attitude uses a second-order model cascaded
with pseudo-actuator dynamics; specific thrust uses a first-
order model. The resulting transfer functions are given in
eqs. (19) and (20).

𝑌𝑖 = 𝑈𝑖
𝜔2

𝑛𝑖
𝜀𝑦𝑖

(𝑠2 + 2𝜁𝑖𝜔𝑛𝑖
𝑠 + 𝜔2𝑛𝑖

)(𝑠 + 𝜀𝑦𝑖
) (19)

𝑌𝜏 = 𝑈𝜏
𝜀𝑦𝜏

𝑠 + 𝜀𝑦𝜏

(20)

The bandwidth parameters 𝜀𝑦 should not exceed the domi-
nant physical actuator bandwidths: roll and thrust are limited

by motor bandwidth (𝜀𝑚2
𝑙
, 𝜀𝑚2𝑟

), while pitch and yaw are
limited by elevon bandwidth (𝜀𝑒𝑙

, 𝜀𝑒𝑟
).

To realize these dynamics, a cascaded reference model
generates attitude, rate, acceleration, and jerk references from
the pilot command 𝑈 (fig. 3). Exact quaternion kinemat-
ics with logarithmic mapping log(⋅) handle large attitude
changes without singularities [16]; a first-order model is used
for specific thrust. The reference model can be augmented

-
+

-
+

Fig. 3: Third-order attitude reference model. Converts desired atti-
tude 𝐪𝑑 into smooth references 𝐪𝑟, 𝝎𝑟, 𝝎̇𝑟, 𝝎̈𝑟 using exact quater-
nion kinematics and logarithmic mapping.

by saturating the desired angular rates, accelerations, and
jerk to further prevent actuator saturation. However, this
saturation introduces nonlinearities into the reference model,
complicating the closed-loop analysis. For simplicity, refer-
ence saturation is omitted unless explicitly specified.

The reference model structure in the Laplace domain for
each attitude axis 𝑖 ∈ {𝑥, 𝑦, 𝑧} and specific thrust is given
in eqs. (21) and (22).

𝑌𝑖 =𝑌ref,𝑖 = 𝑈𝑖
𝑘𝑟1,𝑖𝑘𝑟2,𝑖𝑘𝑟3,𝑖

𝑠3 + 𝑘𝑟3,𝑖𝑠2 + 𝑘𝑟2,𝑖𝑘𝑟3,𝑖𝑠 + 𝑘𝑟1,𝑖𝑘𝑟2,𝑖𝑘𝑟3,𝑖
(21)

𝑌𝜏 =𝑌ref,𝜏 = 𝑈𝜏
𝑘𝑟𝜏

𝑠 + 𝑘𝑟𝜏

(22)

The gains 𝑘𝑟1,𝑖, 𝑘𝑟2,𝑖, 𝑘𝑟3,𝑖 are the diagonal elements of
𝐾𝑟1

, 𝐾𝑟2
, 𝐾𝑟3

and 𝑘𝑟𝜏
is the specific-thrust gain. They are

computed by matching the reference-model characteristic
polynomials to the desired dynamics.

The reference model gains are derived by equating the
characteristic polynomials of eq. (21) and the desired dy-
namics in eqs. (19) and (20). Since all transfer functions have
zero steady-state gain, only the characteristic polynomials are
matched. For the specific thrust, equating the characteristic
polynomials simply yields 𝑘𝑟𝜏

= 𝜀𝑦𝜏
. For the attitude chan-

nels, the characteristic polynomial equation yields eq. (23).

𝑠3 + 𝑘𝑟3,𝑖𝑠2 + 𝑘𝑟2,𝑖𝑘𝑟3,𝑖𝑠 + 𝑘𝑟1,𝑖𝑘𝑟2,𝑖𝑘𝑟3,𝑖
= (𝑠2 + 2𝜁𝑖𝜔𝑛𝑖

𝑠 + 𝜔2
𝑛𝑖

)(𝑠 + 𝜀𝑦𝑖
)

= 𝑠3+(2𝜁𝑖𝜔𝑛𝑖
+ 𝜀𝑦𝑖

)⏟⏟⏟⏟⏟⏟⏟
𝑘𝑟3,𝑖

𝑠2+(𝜔2𝑛𝑖
+ 2𝜁𝑖𝜔𝑛𝑖

𝜀𝑦𝑖
)⏟⏟⏟⏟⏟⏟⏟

𝑘𝑟2,𝑖𝑘𝑟3,𝑖

𝑠+ 𝜔2𝑛𝑖
𝜀𝑦𝑖⏟

𝑘𝑟1,𝑖𝑘𝑟2,𝑖𝑘𝑟3,𝑖

(23)

To simplify tuning and reduce the number of free param-
eters, the reference model parameters are typically chosen to
match those of the error controller: 𝜔𝑛𝑖

, 𝜁𝑖, 𝜀𝑦𝑖
are identical

across both controllers as summarized in table I. This unified
approach ensures consistent closed-loop behavior for both
reference tracking and disturbance rejection.
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E. Cascaded Complementary Filtering

The ANDI control law in eq. (10) relies on accurate, unde-
layed state estimates and feedback. Raw IMU measurements
contain noise, making filtering necessary. However, filtering
introduces phase lag that degrades disturbance rejection
and can destabilize the closed-loop dynamics. The cascaded
complementary filtering approach presented in Steffensen
et al. [8] is adopted to provide undelayed estimates of
angular rates, angular accelerations, body velocities, and
body accelerations for feedback and compensation of state-
dependent effects in the control law.

No filtering is applied to actuator-feedback signals because
they exhibit sufficiently low noise. The controller computes
the specific thrust 𝜏 directly from the measured motor speeds
without additional filtering.

A complementary filter fuses high-frequency components
from a noise-free model estimate with low-frequency com-
ponents from noisy measurements.

For the On-Board Model (OBM), no additional model
knowledge is required beyond what is already used in the
ANDI control law. The OBM, is evaluated at the current
actuator commands and state estimates to produce model-
based estimates of angular acceleration 𝐟𝑚(𝐱, 𝐮) = 𝝎̇obm
and body acceleration 𝐟𝑓(𝐱, 𝐮)=𝐚obm. If no state-dependent
knowledge is available, a simplified OBM that neglects state
dependence can be used instead, at the cost inaccuracies in
the estimated signals.

The angular acceleration and angular rate estimates come
from cascaded complementary filters, expressed in the
Laplace domain in eq. (24). The angular acceleration mea-
surement 𝝎̇meas results from numerically differentiating the
gyroscope measurements, while the model-based estimate
𝝎̇obm comes from evaluating the OBM at the current ac-
tuator commands and state estimates. Integrating the filtered
angular acceleration 𝝎̇𝑓 and combining it with the gyroscope
angular rate measurement 𝝎meas yields the filtered angular
rate 𝝎𝑓 .

𝜔̇𝑓𝑖
= 𝐻𝜔̇𝑖

(𝑠) 𝜔̇meas𝑖
+ (1 − 𝐻𝜔̇𝑖

(𝑠)) 𝜔̇obm𝑖
(24)

𝜔𝑓𝑖
= 𝐻𝜔𝑖

(𝑠) 𝜔meas𝑖
+ 1

𝑠(1 − 𝐻𝜔𝑖
(𝑠)) 𝜔̇𝑓𝑖

(25)

Similarly, the controller estimates body acceleration and
velocity for state-dependent dynamics compensation through
complementary filtering, as shown in eq. (26). The accelera-
tion measurement 𝐚meas comes from the IMU accelerometer,
while the model-based estimate 𝐚obm comes from evaluating
the OBM at the current actuator commands and state esti-
mates. Integrating the filtered acceleration 𝐚𝑓 and combining
it with a velocity estimate 𝐯meas yields the filtered velocity
𝐯𝑓 .

𝑎𝑓𝑖
= 𝐻𝑎𝑖

(𝑠) 𝑎meas𝑖
+ (1 − 𝐻𝑎𝑖

(𝑠)) 𝑎obm𝑖
(26)

𝑣𝑓𝑖
= 𝐻𝑣𝑖

(𝑠) 𝑣meas𝑖
+ 1

𝑠(1 − 𝐻𝑣𝑖
(𝑠)) 𝑎𝑓𝑖

(27)

The undelayed state estimate 𝐱 used in the control law
eq. (10) is constructed from the filtered angular rates 𝝎𝑓
and filtered body velocities 𝐯𝑓 . The derivative 𝐱̇ is estimated
using the filtered angular accelerations 𝝎̇𝑓 and filtered body
accelerations 𝐚𝑓 . These undelayed estimates are used to
compute and update the control effectiveness matrix 𝐹𝑢 and
state-dependent matrix 𝐹𝑥 in real time.

Butterworth filters attenuate high-frequency noise while
minimizing phase lag. Acceleration signals use second-order
filters; angular rates and velocities use first-order filters.

Table II summarizes the empirically tuned filter cutoff
frequencies, which are chosen to be identical for all axes.

TABLE II: Complementary Butterworth Filter Specifications.

Filter Purpose Order Cutoff Frequency

𝐻𝜔̇(𝑠) Angular acceleration 2nd 𝜔𝑐𝜔̇ = 20 rad s−1

𝐻𝜔(𝑠) Angular rate 1st 𝜔𝑐𝜔 = 80 rad s−1

𝐻𝑎(𝑠) Translational acceleration 2nd 𝜔𝑐𝑎 = 20 rad s−1

𝐻𝑣(𝑠) Translational velocity 1st 𝜔𝑐𝑣 = 80 rad s−1

Assuming disturbances are exogenous and independent
of states and inputs, complementary filtering does not alter
reference tracking dynamics but affects disturbance rejection
by introducing additional poles and zeros. To characterize
this effect, the closed-loop transfer function for the attitude
error controller with filtering is derived by substituting the
complementary filters into the closed-loop dynamics, illus-
trated in fig. 2. The resulting transfer function for each axis
𝑖 ∈ {𝑥, 𝑦, 𝑧} is given in eq. (28).

𝑌𝑖
𝐷𝑖

=
𝑠2 + (1−𝐻𝜔̇𝑖

(𝑠))𝑘𝑒3,𝑖
𝑠 + (1−𝐻𝜔̇𝑖

(𝑠))(1−𝐻𝜔𝑖
(𝑠))𝑘𝑒2,𝑖

𝑠(𝑠3 + 𝑘𝑒3,𝑖
𝑠2 + 𝑘𝑒2,𝑖

𝑠 + 𝑘𝑒1,𝑖
)

(28)
Substituting the Butterworth filter transfer functions into
eq. (28) and simplifying yields the closed-loop characteristic
polynomial with filtering, shown in eq. (29).

(𝑠+𝜔𝑐𝜔,𝑖)⏟⏟⏟⏟⏟
𝐻𝜔

(𝑠2+
√

2𝜔𝑐𝜔̇,𝑖
𝑠+𝜔2𝑐𝜔̇,𝑖

)⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝐻𝜔̇

(𝑠3+𝑘𝑒3,𝑖
𝑠2+𝑘𝑒2,𝑖

𝑠+𝑘𝑒1,𝑖
)

(29)
The characteristic polynomial contains the designed poles
(eq. (17)) and the Butterworth filter poles. For positive cutoff
frequencies 𝜔𝑐, these filter poles lie in the left half-plane, so
stability is preserved; however, the additional poles and zeros
affect the response. This effect is minimized by using only
the filtering needed for noise attenuation and is analyzed in
section IV-B.

F. Controller Overview
To anchor the design, fig. 2 summarizes the attitude ANDI

controller described in this section. The figure illustrates
the error controller eq. (14), the incremental control law
eq. (10), and the cascaded complementary filters eq. (24) that
provide undelayed angular acceleration and rate estimates.
Although not shown in the figure for clarity, the controller
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also employs translational complementary filters eq. (26) to
estimate body velocities and accelerations for state-dependent
dynamics compensation. The state-dependent term 𝐹𝑥𝐱̇ in
the incremental control law becomes significant during ag-
gressive maneuvers with large angular accelerations, where
compensation can improve tracking performance; during
nominal flight with small angular rates, this compensation
becomes negligible. The reference model is presented sepa-
rately in fig. 3 and provides the desired state references to
the controller.

The ANDI control law and all associated filters are
discretized and implemented to run at 500 Hz, yielding a
Nyquist frequency of 250 Hz. The sampling period of 2 ms is
short relative to all relevant dynamics: the Nyquist frequency
is well above both the closed-loop bandwidth (approximately
4.3 Hz for roll and 3.4 Hz for pitch and yaw) and the
complementary filter cutoff frequencies (up to 80 rad s−1,
or 12.7 Hz). Consequently, the effects of discretization are
negligible, and the continuous-time analysis and gain design
presented in this section remain valid in the discrete-time
implementation.

IV. RESULTS

This section presents simulation and flight test results for
the ANDI controller on the Cyclone tail-sitter. Simulations
use Matlab Simulink; flight tests are indoors, limited
to hover and low-speed regimes. The focus is the yaw axis,
where state-dependent effects are most pronounced during
aggressive heading changes.

Three experiments assess: (i) ideal tracking to verify
inversion and the reference model; (ii) disturbance rejection
with and without complementary filtering; (iii) the impact
of state-dependent compensation versus a baseline without
𝐹𝑥𝐱̇.

A. Inversion and Reference Model Verification in Simulation

Correct implementation of the control law and proper
reference model design are verified by testing the closed-
loop feedforward path in ideal conditions: perfect model
knowledge, noiseless sensors, and no external disturbances.
Under these conditions, perfect tracking of the reference
trajectory confirms both the inversion and reference model
dynamics.

A 170° heading step is applied at 𝑡 = 0.1 s to three
configurations: full ANDI, ANDI without state-dependent
compensation, and INDI baseline. ANDI uses a third-order
reference model with actuator dynamics; INDI uses second-
order without actuator compensation.

Dubois [13] shows that ANDI without state-dependent
compensation matches INDI disturbance rejection when
pseudo-actuator bandwidth equals the physical bandwidth
for first-order actuators. Figure 4 validates this equivalence
experimentally.

Figure 4 shows the reference trajectories and yaw attitude
responses for all three controllers. The ANDI reference
model exhibits slower, slightly damped dynamics compared

to INDI; this reflects the explicit inclusion of actuator dy-
namics in the third-order reference model. The full ANDI
controller with 𝐹𝑥 tracks its third-order reference perfectly,
confirming correct inversion.

ANDI without state-dependent compensation and INDI
produce identical responses, validating the predicted equiva-
lence. Both exhibit small tracking error from unmodeled state
dynamics acting as a disturbance on the system. The error
remains small, indicating that the state-dependent effects are
minor.

Given this equivalence and the established correctness of
the control law, ANDI without state-dependent compensation
is used as the baseline for subsequent comparisons. This
isolates the effect of 𝐹𝑥𝐱̇ while keeping the remaining
architecture unchanged.
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Fig. 4: Step response comparison for three controller configurations
in ideal conditions, validating correct inversion and equivalence
between ANDI without state effects and INDI.

B. Complementary Filtering and Disturbance Rejection in
Simulation

Following verification of the control law and reference
model in the feedforward path, the feedback path is examined
to assess how cascaded complementary filters affect distur-
bance rejection. During the design of the complementary
filters in section III-E, it was established that filtering should
not affect closed-loop stability or reference tracking, but it
can influence disturbance rejection and noise attenuation.

The full ANDI controller is tested in simulation under
two conditions: with complementary filtering applied to
all measurement channels, and with direct unfiltered state
feedback. A step disturbance of 1.0 N m is applied to the
body yaw moment at 𝑡 = 0.1 s in hover.

Since the disturbance is unmodeled, 𝐹𝑥𝐱̇ cannot com-
pensate for it; this analysis isolates filtering effects. With
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filtering, disturbances enter through the measurement path,
creating a design-assumption mismatch visible in the step
response.

Figure 5 shows the true heading, yaw rate, and yaw
acceleration responses under filtered and unfiltered feed-
back. Unfiltered feedback matches the designed rejection
(immediate disturbance feedback), whereas filtering slows the
response and increases peak error due to low-pass lag.
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Fig. 5: Disturbance rejection comparison with and without comple-
mentary filtering. The unfiltered feedback case shows the system’s
designed disturbance rejection, while the filtered feedback case
shows how the system’s disturbance rejection degrades due to lag
from low-pass filters.

The analysis demonstrates that complementary filtering,
while essential for noise attenuation in real-world conditions,
introduces lag that degrades disturbance rejection perfor-
mance compared to ideal unfiltered feedback.

C. State-Dependent Compensation Impact in Real-World
Flight Testing

Having verified the control law implementation, reference
model design, and complementary filtering behavior through
simulation, the final analysis assesses the practical benefits
of state-dependent compensation on the physical MAV in
real-world flight conditions.

A 170° heading step is commanded to maximize an-
gular rates and accelerations, maximizing the influence of
aerodynamic drag effects. To prevent elevon saturation, the
reference model limits jerk to 100 rad s−3 and acceleration
to 20 rad s−2.

Three controller configurations are tested: full ANDI (state
effects in inversion and filtering), partial (state effects only
in filtering), and baseline (no state effects, INDI-equivalent).

Figure 6 presents the estimated body yaw rate and ac-
celeration responses for all three configurations, with mean

responses and one standard deviation bounds from repeated
flights, along with the corresponding true signals. True
angular rate and acceleration are obtained via zero-phase
filtering of raw IMU measurements post-flight: applying a
second-order Butterworth filter (20 rad s−1 cutoff) forwards
and backwards through the data, eliminating phase lag and
model-based assumptions.
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Fig. 6: Measured yaw rate and angular acceleration for a 170°
heading step applied at 0.2 s during flight testing. Plotted are the
three controller configurations: full ANDI (state effects in inversion
and complementary filtering), partial ANDI (state effects only in
complementary filtering), and baseline (no state effects, INDI-
equivalent). True acceleration is obtained through zero-phase low-
pass filtering of the raw IMU measurements.

From the estimated signals in fig. 6, all three controllers
achieve stable flight and excellent tracking of the commanded
heading step for both angular rate and acceleration. The
reference model effectively shapes the closed-loop dynamics,
with all configurations exhibiting similar overall response
characteristics.

Complementary filtering effectively attenuates noise and
provides clean estimates consistent with table II. Transient
mismatches between estimated and true acceleration are
attributed to unmodeled higher-order effects.

Performance differences are most evident at high angular
rates and accelerations where aerodynamic drag becomes
significant. The full ANDI achieves best tracking with close
estimated-to-true acceleration agreement, while partial shows
intermediate performance and baseline performs worst.

Table III summarizes Root Mean Square (RMS) tracking
errors for estimated (used by the error controller) and true
(actual MAV performance) yaw rate and acceleration.

The RMS results confirm state-dependent compensation
benefits. Rate RMS is more representative of controller
performance since it follows from the acceleration tracking.
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TABLE III: RMS Tracking Errors

RMS error Full Partial Baseline

𝑟est (rad s−1) 0.146 0.243 0.430
̇𝑟est (rad s−2) 1.278 1.676 2.332

𝑟true (rad s−1) 0.151 0.246 0.450
̇𝑟true (rad s−2) 2.092 2.071 2.707

Estimated yaw rate error reduced 66 % for full ANDI and
43 % for partial versus baseline, with estimated yaw ac-
celeration showing 45 % and 28 % reductions respectively.
While true acceleration RMS errors for full and partial are
nearly identical (2.092 and 2.071 rad s−2), both substantially
outperform the baseline (2.707 rad s−2). Notably, fig. 6
reveals qualitative differences: full ANDI slightly overshoots
the true acceleration signal instead of undershooting it like
in the partial case, resulting in the observed improvement in
rate tracking.

D. Discussion
The experimental validation confirms ANDI implementa-

tion correctness and practical viability. Control law inversion
is verified through perfect reference tracking in simulation;
ANDI–INDI equivalence is experimentally demonstrated;
cascaded complementary filtering is validated in real-world
flight. State-dependent compensation yields measurable im-
provements during aggressive maneuvers, particularly on
platforms with pronounced aerodynamic drag. However,
practical relevance depends on platform characteristics: for
MAVs with negligible state-dependent effects or benign op-
erating regimes, baseline ANDI without 𝐹𝑥 suffices. ANDI
unifies classical INDI while offering flexible incorporation of
actuator dynamics and state-dependent compensation when
needed.

V. CONCLUSION
This work implements and validates ANDI with ex-

plicit state-dependent compensation on the Cyclone tail-
sitter MAV. ANDI is demonstrated as a practical attitude
stabilization framework that generalizes classical INDI by
incorporating actuator dynamics and state-dependent effects.

State-dependent compensation yields clear benefits during
aggressive maneuvers (66% yaw-rate error reduction). ANDI
is the preferred framework due to its generality: it reduces
to INDI without additional modeling effort while retaining
capability for state-dependent effects when justified.

All tests were conducted indoors in hover and low-speed
flight on a single platform. The observed benefits are con-
servative and may underestimate impact in high-speed or
aggressive transition maneuvers.

Future work should extend ANDI to guidance control
with state-dependent body-force compensation, repeat exper-
iments across wider operational envelopes (outdoor high-
speed flight, transition maneuvers), and validate on additional
platforms.
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