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ABSTRACT

The problem of maintaining control of a quad-
copter following the failure of motors is well
established within the Fault Tolerant Control
(FTC) community. While Incremental Nonlin-
ear Dynamic Inversion (INDI) has been success-
fully applied to achieve relaxed hover in multi-
rotors under opposing motor failures, its frame-
work typically assumes in nitely fast actuators
and neglects state-dependent effects. However,
for a quadcopter in a failure scenario where two
opposing motors are lost, the vehicle must spin
rapidly to stabilize. At high spin rates, the gy-
roscopic stabilization effect becomes signi cant,
and the assumption of negligible state effects
becomes unreasonable. To address this limi-
tation, this paper investigates the use of Actu-
ator Nonlinear Dynamic Inversion (ANDI), a
re ned control strategy that explicitly incorpo-
rates actuator dynamics and state-induced effects
into the control allocation. Through theoreti-
cal analysis, simulation, and real-world ight
tests at the TU Delft indoor test facility, the pro-
posed ANDI controller is directly compared to
a baseline INDI controller. The results demon-
strate that by compensating for state-induced gy-
roscopic effects, the ANDI framework is capable
of guiding and stabilizing the quadcopter at sig-
ni cantly higher spin rates than INDI. Further-
more, the ANDI controller exhibits better con-
trol allocation, evidenced by a lower control ef-
fort variance during stationary ight compared
to INDI. To the best of the authors’ knowledge,
this work presents the rst successful real-world
ight demonstration of an ANDI controller ap-
plied to a quadcopter under the failure of two op-
posing motors.

1 INTRODUCTION

The problem of maintaining control of a quadcopter fol-
lowing the failure of one or more motors is a well-established
challenge within the Fault Tolerant Control (FTC) commu-
nity. [1] rst introduced the periodic solution to the so-
called reduced-attitude (or relaxed-hover) problem for cases
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involving one, two, or three failed motors. Subsequently, [2]
demonstrated that this solution could be realized in practice
using an Linear Quadratic Regulator (LQR). An alternative
and highly effective control strategy for the relaxed-hover
problem is Incremental Nonlinear Dynamic Inversion (INDI),
as proposed by [3] and [4].

INDI has been successfully applied across a broad
range of platforms, including multirotors [5], xed-wing air-
craft [6], Vertical Take-Off and Landing (VTOL) vehicles [7],
and helicopters [8]. Its primary advantages over traditional
controllers include rapid disturbance rejection [5, 6, 9], a re-
duced need for gain scheduling, and a minimized reliance on
accurate model information due to its sensor-based formula-
tion [10]. In [3], these disturbance-rejection capabilities were
exploited to achieve relaxed hover in the presence of varying
airspeed with a single failed motor. [4] further extended this
high-speed INDI FTC framework to accommodate the failure
of two motors. More recently, in [11], INDI was applied to
control a large quad-plane experiencing a failure of two op-
posing motors.

In the standard INDI framework, actuator dynamics are
not explicitly modeled, and state-dependent effects are typi-
cally neglected. This simpli cation is often justi ed by as-
suming that state effects evolve slowly compared to the fast
response of the actuators, as discussed in [12]. However,
this assumption breaks down when state-induced effects are
highly dynamic or when the system utilizes actuators with
varying response times.

To address this limitation, the work of [13] reformulated
the INDI control law, modifying the control effectiveness ma-
trix used in the allocation process to explicitly account for
actuator dynamics [14]. Building on this, the methods pre-
sented in [13], [15], and [16] derived the control law by tak-
ing an additional time derivative of the system output, seam-
lessly incorporating actuator dynamics directly into the effec-
tiveness matrix. This re ned control strategy, referred to as
Actuator Nonlinear Dynamic Inversion (ANDI) in [16], en-
hances the compensation of actuator lag and improves over-
all system stability. The framework established in [16] was
later extended to more generalized actuator dynamics in [17].
Furthermore, [18] and [19] exploited ANDI to control sys-
tems featuring heterogeneous actuator dynamics, demonstrat-
ing clear improvements over standard INDI. In contrast, [20]
focused on analyzing the bene ts of using ANDI to compen-
sate for state effects arising from aerodynamic interactions of
a winged platform, concluding that the performance improve-
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ment over INDI was marginal because the aerodynamic state
effects were small and evolved slowly.

Despite these advancements, little research has addressed
the application of ANDI in scenarios where state-dependent
effects are highly signi cant and evolve as rapidly as the actu-
ator responses themselves. The reduced-attitude control of a
quadcopter presents an ideal test case for this problem, as the
gyroscopic stabilization effects inherent to a rapidly spinning
body cannot be deemed negligible, especially for platforms
with speci c inertia distributions operating at high spin rates.
Crucially, the faster the required spin rate, the closer the fre-
quency of the state-induced effects approaches the bandwidth
of the actuator dynamics. Such scenarios are particularly rel-
evant for heavy-lift quadcopters. These platforms typically
feature relatively compact, aerodynamic bodies paired with
large motors and propellers. In the event of two opposing mo-
tors failing, the substantial aerodynamic drag of the propellers
requires the drone to spin rapidly to maintain lift. Concur-
rently, larger motors inherently possess slower dynamic re-
sponses, rendering the standard INDI assumption of in nitely
fast actuators and negligible state effects unreasonable.

To address this gap in the literature, the main contribu-
tions of this paper are twofold: (1) to the best of the authors’
knowledge, this work presents the rst successful real-world
ight demonstration of an ANDI controller applied to a quad-
copter experiencing a complete failure of two opposing mo-
tors; (2) a comprehensive comparative analysis between the
proposed ANDI framework and a baseline INDI controller,
demonstrating the operational limits and control allocation
bene ts of explicitly accounting for gyroscopic state effects.

2 SYSTEM MODEL

Figure 1: The quadcopter used in the experiments with body
axis de nition.

The drone utilized in the experiments, along with the
body axis de nition, is shown in Figure 1. The drone is
equipped with four identical motors, denoted as Mg, Mg,
mp, and My, for the front, right, back, and left motors, re-
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spectively. It is assumed that the motors exhibit rst-order
dynamics with corner freqeuncy ". Furthermore, the thrust
generated by each motor is modeled as being proportional to
the square of its rotational speed, such that:

T, =kp! 2 (1

where T; is the thrust generated by the i-th motor, K1 is
the thrust coef cient, and ! ; is the rotational speed. Con-
sequently, the control force F . exerted in the body frame is
given by:

2_ 3 2 3223
Fe, 0 0 0 0 4,5
4F,2=4 0 0 0 0 5§;§é 2)
Fe, kr kr kr ko %

L

All motors are located at the same distance | from the center
of gravity. Thus, the resulting control moment M . exerted in
the body frame is modeled as:

2 3 2 3223
o 0 ky 0 Iy g%

M, 2=4ky 0 Ik o5§;§é: ?3)
MCZ Ig
L

Here, the reaction torque produced by the motors is also
modeled as being proportional to the square of the rotational
speed, with a proportionality coef cient . The inertia tensor
of the platform is assumed diagonal with principal moments
of inertia | ;5, | 4y, and | ... Finally Table 1 reports the pa-
rameters of the model of the platform.

Parameter Vaule Unit
m 9.38e-1 kg
|y 2.70e-3 kg m?
Ly 3.60e-3 kg m?
.. 4.50e-3 kg m?
kr 7.564¢-7 | Ns?rad?
7.657¢-9 | Nms?rad?
" 29.0 rads?
| 1.30e-1 m

Table 1: Parameters of the quadcopter.

3 CONTROL LAWS

Both the ANDI and INDI control laws, as for example
shown in [11] and [18],can be derived for a general nonlin-
ear system by assuming rst-order actuator dynamics and in-
nitely fast actuators, respectively. Consider a system with
outputy 2 R ™, state vector X 2 R k and actuator state vec-
tor u 2 R ", governed by:

x=f(x;u); y=h(x): 4)
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The system has a relative degree r with respect to U (i.e., the
output Y must be differentiated r times before the input u
appears explicitly [16]), such that:

y& =F(x u): (5)
Taking an additional time derivative yields:
F
—_ Xt 7UU_:F ’EX_+F u W (6)
For notational simplicity, we assume r = 1. Next, consider

stable actuator dynamics of degree d, described by the trans-
fer function:

u_ L
ASU TR gy @
¢ i=1 i

where "; denotes the i-th pole with <f* ;g < 0, and capi-
tal letters indicate variables expressed in the Laplace domain.
Here, U, denotes the commanded actuator input and U the
realized actuator state after actuator dynamics. For the mul-
tiple input multiple output (MIMO) case, A2 R(s) "" isa
diagonal matrix of transfer functions. The incremental com-
manded control input can then be de ned in terms of the ac-

tuator dynamics as:

u=uU U= 1T A U )
From Eq. (8), it follows that:

Lfug=sU =sAU .=sA[l A] ' Uu=w U:

)
Let the pseudo-control vector 2 R ™ (denoted as N in
the Laplace domain) represent the desired system output y .
Additionally, we de ne the transfer function matrix V. 2

R(s)™™ , which maps the tracking errore =y to y:
Lfyg=sY =V N Y (10)

To maximize performance without overdriving the actuators,
a natural design choice is to match the desired closed-loop
output dynamics along each axis directly to the bandwidth
of the slowest in uencing actuator. Substituting Y = AN
into Eq. (10) for each individual control axis and rearranging
gives:

SAN=V 1 A N(OV =sA(1 A) L=w: an

Assuming F , and F ,, are approximately constant over one

control step, we can substitute Egs. (9) to (11) into Eq. (6)

and rearrange to obtain the general closed-loop expression:
VNY =F,WU+F _ sX;

. (12

u= F.W V N Y F »sX
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3.1 INDI

The INDI approach assumes in nitely fast actuators.
Equation (7) implies that as the actuator dynamics become
in nitely fast (i.e., <f* ;g ! 1), A ! 1, which conse-
quently means W ! 1 and V ! 1. Under this assump-
tion, Eq. (12) reduces to the INDI control law:

u= F, NY ;

13)

+

u= F. y

In this control law, F ,, is commonly referred to as the control
effectiveness matrix.

3.2 ANDI

In contrast, ANDI explicitly accounts for rst-order actu-
ator dynamics:

A= S+": (14)

It follows that W is a diagonal matrix containing the corner
frequency of each actuator:
2

w=g8 - £ (15)

while V is a diagonal matrix containing the corner frequency

of the slowest actuator associated with each controlled axis:
2 3

v=% . & (16)

n
Ym

For a fully actuated system with identical actuators, it is clear
that W =V, which simpli es the control law to:

F W © (F.sX);
F.W " (F.x):

U= F, (N Y)
u= F. (Y

Equation (17) highlights a fundamental operational difference
between ANDI and INDI: ANDI explicitly compensates for
the state-driven term F ,SX in its control allocation.

a7

4 STATE EFFECT

To illustrate the effect of neglecting the state-driven term,
consider the problem of controlling the roll angular accelera-
tion of a spinning gyroscope with the same physical param-
eters of the test platform as reported in Section 2. A con-
stant yaw moment M , is applied to the gyroscope, resulting
in a continuously increasing yaw rate. The controller aims to
track a desired roll angular acceleration [ by manipulating
the moment exerted about the body x-axis, M ,.. This moment
is generated by a rst-order actuator with corner frequency "
and is proportional to its state U, such that

M, =k u: (18)
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Aerodynamic effects and other disturbances are neglected, so
that M, = 0. From Euler’s equations for the rotational mo-
tion of a rigid body, expressed in the body frame, it follows
that

23 2 3 2 3
E ?:xu IZZ - = qr kx Y+ C :Eq r
4% =9 ’**Ify“ L-a™ c,pr 5: (19
r M, 7”1211 X_pQ M. +C.pq
Taking one extra derivative in time leads to:
23 2,3 2 32 3
p T 0 Gor mq
r 0 Czq Czp O I
[z} | {z }
Fy Fx

Figure 2: Structure for the gyro controller. Red signals and
blocks are only present in ANDI.

The control structure of an ANDI controller (red signals
included) is shown in Figure 2. It uses the control law of
Eq. (17), designed to track a desired roll angular acceleration
using the roll effectiveness F P, i.e., the entry of F corre-
sponding to the roll axis. In particular, by rearranging the di-
agram, it can be shown that the state compensation signal (1)
cancels the state effect on the controlled signal (2). In other
words, because the state compensation is embedded directly
in the control law, ANDI tracks [y with the same dynamics
regardless of the gyroscope spin rate. More precisely, as dis-
cussed in Section 3, these dynamics are equal to the actuator
dynamics.

Figure 2 also shows the control structure of an INDI con-
troller (red signals excluded), which uses the control law of
Eq. (13), designed to perform the same task. It is clear that,
unless Fyx or is zero, the closed-loop dynamics differ from
the actuator dynamics. The controller allocates the actuator
input while completely neglecting the effect of the state on the
controlled signal. As the yaw rate I increases, the gyroscopic
coupling becomes progressively stronger, and neglecting this
effect is therefore expected to degrade performance.

This conclusion is con rmed by the simulation shown in
Figure 3, in which the gyroscope spins increasingly faster
about the yaw axis. ANDI is able to track the desired si-
nusoidal p accurately, with dynamics matching those of the
actuator [y,,, whereas INDI exhibits increasing attenuation
and lead as r grows. The INDI behavior can also be con-
rmed analytically by linearizing the nonlinear plant around
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Figure 3: Simulation of a spinning gyroscope.

a trim condition z = [po; 0p;ro]”, where rq is constant and
non-zero and the remaining angular rates are zero. This al-
lows the linearized dynamics to be expressed in state-space
form as:

23 2 323 2,3
E 0 C$r0 0 p ﬁ
4p=4C,ro 0 B4gd+405u 1)
T 0 0 0 r 0
I {z } | {z-}
A B

The resulting transfer function for the tracking dynamics of
the INDI controller is given by:

S .
s?+"s C ,Cy,ro?

1Y -
o (s)1 (22)
Equation (22) shows how the INDI controller behaves as a
second-order system with a zero at the origin and a pair of
complex conjugate poles. As rg increases, the poles move
further to the right in the complex plane, resulting in in-
creased attenuation and phase lead at frequencies below the
actuator bandwidth. Such system reduces to the actuator dy-
namics only when rg = 0, which is the condition under which
the state effect is negligible and the INDI assumption holds.

A Bode plot for the transfer function in Eq. (22) is shown
in Figure 4. It con rms that as r o becomes larger, the con-
troller increasingly attenuates the signal and introduces phase
lead at frequencies below the actuator’s bandwidth.

Consequently, for a rapidly spinning body, such as a gyro-
scope or a quadcopter experiencing a failure of two opposing
motors, the INDI approach is expected to suffer from pro-
gressively degraded performance as the spin rate increases.
In contrast, ANDI will properly compensate for these state-
dependent effects and maintain the expected actuator dynam-
ics.

5 REDUCED ATTITUDE

When a quadcopter loses two opposing motors, it be-
comes underactuated and can no longer independently con-
trol all its attitude degrees of freedom. Typically, yaw control
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Figure 4: Bode plot of the INDI dynamics at different yaw
rates.

is sacri ced, causing the vehicle to spin continuously about
its vertical axis. This necessitates a control framework that
can still achieve stabilization independently of the yaw angle,
a method commonly known as the reduced attitude control
problem.

The key idea is to regulate the principal axis of rotation,
expressed in the body frame as  © 2 R3, such that it tracks a
desired inertial direction n Y 2 R3. To apply ANDI or INDI to
this problem, we differentiate the relevant kinematics until the
actuator states appear explicitly, and then differentiate once
again with respect to time, as shown in Eq. (6).

Let n’ and n®Z denote the same geometric vector ex-
pressed in the inertial and rotating body frames respectively
such that:

n® =L grn’; (23)

where L gy is the rotation matrix from the inertial frame to
the body frame. The time derivative of n ® observed in the
inertial frame is given by: The time derivatives of a generic
vector Q observed in these frames are related by the transport
theorem:
B B
o 7. Q0 +12Q P 9
dt dt ;

where the superscript indicates the frame in which the quan-
tity is expressed, and the subscript indicates the frame with
respect to which the derivative is taken. Higher-order deriva-
tives are obtained through repeated application of Eq. (24).
Compactly, the m-th derivative is:

= ——+1 5 () Q% (25

dmQ B d() (m)
dtm dt

where [ ]¢™ denotes m successive applications of the oper-
ator in brackets.
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Using this result, one can derive expressions for the time
derivatives of n Z as observed in the body frame. For the rst
derivative:

(ig?=1 2 n Pa(ni)?; (26)
and for the second derivative:
Mig?= (1L, nP+1 B 1BqnB

27
20 % (ni)”+(ni )7 ()

The term ( ![ B)B n B can be written more conve-
niently in matrix form by introducing the skew-symmetric
cross-product matrix associated with n 2. De ning

0 n?Z nf
Hp=M"] =4n2 0 nB5 (2
n nZ 0

and using the property a b =[a] b, we obtain:

(i nf=nB (ipnP=Hp % 9
From Euler’s equations for the rotational motion of a rigid
body about a xed point, expressed in the body frame, we
have:
It B=Mu;x) ! & 1 B, (30)
which yields:
=1 T Mu; 1 B o B o (31)

where | is the inertia tensor and M is the applied moment.
Finally, the full kinematics of the reduced attitude can be ex-
pressed by substituting Eq. (31) into Eq. (27).

Both the INDI and ANDI control laws (Eq. (13) and
Eq. (17), respectively) require an expression for the control
effectiveness matrix F ,, , to regulate (nj B)B. Speci cally,
differentiating the term H 5! ¥ with respect to the control

input yields:
@ i )" @” L @MU;x) |
F u, B = =H B =H B | .
@u @u @u 32)

To apply ANDI, the state compensation term is also re-
quired. This is retrieved via:

. \B
F,. = @ 6 ) (33)

n @xe

where

Xps = 1B iLg nl(niphni)t T G4

It then follows that:
FooXs =!8 18 nB 4218

L BB BB 31 B ()

LB (njp? o8t B o(njpf(ijp”

|l|B I|B|B ||B

1B n B

+31 B

(35)
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Finally, it is important to note that an INDI or ANDI re-
duced attitude controller is not strictly limited to fault-case
scenarios; it can also be used under nominal conditions. A
standard nominal controller allocates for the body z-axis ac-
celeration a alongside the angular accelerations p, g, and r.

By simply replacing the targets for p and g with the x and y

components of §j )8, the modi ed controller not only re-  Figure 5: Allocation diagram. Red signals and variables are
tains full nominal ight capabilities but also inherently sup- additional in ANDI compared to INDI.

ports the stabilization of spinning bodies. However, employ-

ing this relaxed attitude structure requires a different Error, .

antroller (EC) than that of a nominath controller, which will based on Eq. (23) and Eq. (26) is used, such that:

be discussed in the next section. 2 az, 3 2 az, s
_ E(nmgdz:gkiks 2oy kE(nb)T.
(M )y, kiks § n§ k3(ng),
S|,S S
6 CONTROLLER DESIGN Iy kik3( a0 ) k 3r @7

The controller, whether based on INDI or ANDI, adopts The desired acceleration magnitudg gogether with its di-
a cascaded structure consisting of an inner stabilization loofgction, is computed by the outer-loop guidance controller
and an outer guidance loop. The objective of the stabilizashown in Fig. 6.
tion controller is to realize a desired linear acceleration vec-
tor. To achieve this, its rst task is to align the principal
axis of rotation B with the desired inertial unit vector'n
which represents the direction of the desired speci c force ex-
pressed in the inertial frame. This principal axis arises from
the relaxed-hover equilibrium solution and, in the case of two
opposing motor failures, is aligned with the body z-axis, i.e.,

B =[0;0; 1] T [1]. The controller must then ensure that
the magnitude of the generated acceleration is also correct by
modulating the total thrust. Finally, when the vehicle is not
operating under fault conditions, a desired yaw acceleration

Figure 6: Guidance controller.

vector for both control laws, is: erence trajectories for the desired principal axis and its deriva-
_ tives. This avoids relative delays between the signals, which

h B g T is critical for state estimation within the stabilization con-

= ; (R (] ; : 36) i i -

X az; (M g)y (] B)y . ( troller. Moreover, the guidance structure consists of a ve

locity PID loop nested inside an outer proportional position
loop. Finally, Table 2 reports the gains used in the presented
The innermost control loop in which the two control laws control loops.
are applied to regulate x is shown in Figure 5. The signals

shown in red are present only in the ANDI implementation. ki | ki | Kk§ [kg | kP | k]

The control increment u is computed through a Weighted 4.2110.0{0.6|/1.8(0.4|0.2

Least Squares (WLS) allocator [21, 22]. This routine is com-

monly used to handle actuator saturation while also establish- Table 2: Parameters used in the controllers.
ing a hierarchy among control objectives through the pseudo-

control weighting matrix W. By setting speci c diagonal 7 FLIGHT TESTS

entr_les of W, to zgro, the correspondmg_control _axes are E‘Tf' To evaluate the ANDI and INDI controllers, and to an-
fectively relaxed in the WLS cost function. This makes it

ible to di d that tb trolled under f lyze their differences in order to draw meaningful conclu-
possible fo discard axes fhat cannot be controfled underiaug, o ight tests were conducted at the indoor test facility

conditions. For example, yaw is always sacri ced, while el- ot Tu Delft, shown in Fig. 7. Attitude and position are es-

. B . B . .
;hﬁrémB )tx or (v B)y IS drttalzag(]ed dltlapenq[mhg on whether the timated using an external motion-capture system running at
alled motors correspond to € roff or pitch axis. approximately 80 Hz. All data les and processing scripts are

As for the computation of , a linear error controller accessible at [23].
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Figure 9: Motor commands and yaw rate in the loss of control

_ o _ test of the ANDI controller. The red area indicates that loss
Figure 7: Test platform ying in the Cyberzoo, the indoor test of control has occurred.

facility of TU Delft.

For both controllers, the steadily decreasing command

The failure scenario considered in this work is a completgq he pitch motors produces a progressively increasing
loss of active control authority of the front and back motors.yaw rate. Notably, the INDI controller loses stability at

The left and right motors are then responsible for stabiliz-33.g2 (54 g , while the ANDI controller remains stable up
ing and ggiding the.platform undgrfault conditions, while the 4 considerably higher rate of 43:33rall's As the drone
drone spins about its body z-axis. In contrast, the front a”%pins faster, the gyroscopic coupling induced by the state
back motors are only passively modulated to produce a fastgjyo\s larger, and failing to account for it in the INDI con-
or slower spin and are not used for stabilization; indeed, theyo| |aw leads to a progressive degradation in allocation ac-
are always commanded identically. ~curacy. The ANDI controller, by explicitly compensating
The rsttest is designed to identify the yaw rate at which ¢, this term, is able to maintain stable ight at higher spin
each controller loses the ability to stabilize the drone. To thigtes. Nevertheless, ANDI eventually also experiences a loss
end, the drone is commanded to hold a xed position in spacyt control, which is to be expected. As discussed in Section 4,
while the front and back motors are slowly commanded a conanp) does not alter the actuator dynamics; rather, it ensures
tinuously decreasing setpoint. Figure 8 and Figure 9 show thg,,¢ the innermost allocation loop follows those dynamics.
motor commands and the resulting yaw rate for the INDI and; js worth noting that the spin rate of 43:33 rad salready
ANDI controllers, respectively. exceeds the 29rad's corner frequency of the actuator dy-
namics, at which point the actuator transfer function exhibits
an attenuation of 4:9dB and a phase delay of 55:4As the
spin rate increases further beyond this threshold, the atten-
uation and phase delay grow, and the ANDI controller will
inevitably also fail.

Another conclusion drawn from the test is that both con-
trollers are expected to successfully stabilize the drone at
lower spin rates. It is therefore interesting to analyze whether
there are noticeable differences between the two controllers in
such conditions. To investigate this, the performance of both
controllers is compared in a task involving ying a square
trajectory at a yaw rate of approximately 20 ratl swhich is
achieved by commanding a constant setpoint to the pitch mo-
tors. Figure 10 shows the position tracking and the resulting
yaw rate for both the INDI and ANDI controllers.

Figure 8: Motor commands and yaw rate in the loss of control ~ As expected, Fig. 10 demonstrates that both controllers

test of the INDI controller. The red area indicates that loss ofare capable of accurately tracking the square trajectory at a

control has occurred. spin rate of roughly 20rad% . Furthermore, Fig. 11 and
Fig. 12 reveal that this performance is enabled by the accu-
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Figure 12: Principal axis of rotation tracking with the ANDI
controller.

Figure 10: Position tracking comparison of a square trajec-
tory with the INDI and ANDI controllers.

Figure 13: Comparison of control effort during the square
tracking task between the INDI and ANDI controllers.
Shaded areas indicate time intervals in which the drone is ac-

Figure 11: Principal axis of rotation tracking with the INDI tively moving.

controller.

_ _ S _ INDI. This behavior is expected, as the gyroscopic effect nat-
rate tracking of the desired inertial directiorl nising the urally opposes changes to the principal axis of rotation. Be-
projection of the principal axis of rotation onto the inertial cause ANDI explicitly compensates for this effect in advance,

frame, '. However, while both controllers appear to per- jt computes a higher commanded effort to force the required
form very similarly in this task, there are subtle differencesmotion.

between them, which are elucidated in Fig. 13. Interestingly, however, during the intervals when the
_ The commanded signals to the left and right motors durg e s stationary at the vertices of the square, where the
ing the square tracking test for both the INDI and ANDI con- ¢, nyrojier is simply regulating its position and rejecting dis-
trollers are presented in Figure 13. It also illustrates the variz  .hances. the control effort is instead higher for INDI. As es-
ance of the control effort for the actuated axis, which is cal-,pjished i’n Section 4, at a yaw rate of 20 rdd sthe control
culated as: bandwidth of the angular acceleration in INDI is already de-
Y N graded. This higher control effort indicates poorer control al-
m U ocm, s = c e (38) S - . L

L R location; even when the drone is nominally hovering in place,
where @ denotes the moving average of.@Thus, serves !NDI must continuqusly compensate for its own allpqation
as a measure of how much the control effort oscillates arountaccuracies, resulting in greater overall actuator activity.
its mean. Finally, ANDI was tested on a square trajectory above

The results in Figure 13 show that during the intervalsINDI's maximum stable spin rate of 33:82rads. Fig-

when the drone is actively moving and accelerating, the reures 14 and 15 con rm that ANDI successfully maintains ac-
quired control effort is generally higher for ANDI than for curate tracking at the yaw rate of roughly 34:5rdd s

Oc=U¢

SEPTEMBER 21-25, 2026, STRASBOURG, FRANCE 114



/[www.imavs.org/

http

IMAV2026-13 1 7t" INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND COMPETITION

Figure 14: 3D ight path of the square trajectory using
the ANDI controller at an average spin rate of 34:5rads
recorded at the Cyberzoo.

Figure 15: Command signals and yaw rate during the ANDI
square tracking test at high spin rate.

8 CONCLUSION

rates and relatively slow actuators, this extended operational
range marks the difference between successfully executing a
relaxed-hover solution and experiencing a total loss of con-
trol. An additional advantage of the ANDI controller is ob-
served in its ef ciency during stationary ight; the ANDI
framework exhibits a lower overall control effort variance
compared to INDI, indicating superior control allocation ac-
curacy and a reduction in unnecessary actuator compensation.
Future work should focus on a rigorous robustness anal-
ysis to determine the extent to which the ANDI controller
retains its performance advantages under severe model inac-
curacies, parametric uncertainties, and unmodeled delays.
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