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Abstract— Coupling-Tiltable Unmanned Aerial-Aquatic Ve-
hicles (UAAVs) have gained increasing importance, yet lack
comprehensive analysis and suitable controllers. This paper
analyzes the underwater motion characteristics of a self-
designed UAAV, Mirs-Alioth, and designs a controller for it. The
effectiveness of the controller is validated through experiments.
The singularities of Mirs-Alioth are derived as Singular Thrust
Tilt Angle (STTA), which serve as an essential tool for an
analysis of its underwater motion characteristics. The analysis
reveals several key factors for designing the controller. These
include the need for logic switching, using a Nussbaum function
to compensate control direction uncertainty in the auxiliary
channel, and employing an auxiliary controller to mitigate
coupling effects. Based on these key points, a control scheme
is designed. It consists of a controller that regulates the
thrust tilt angle to the singular value, an auxiliary controller
incorporating a Saturated Nussbaum function, and a logic
switch. Eventually, two sets of experiments are conducted to
validate the effectiveness of the controller and demonstrate the
necessity of the Nussbaum function.

I. INTRODUCTION

With advancements in sensor technology and manufactur-
ing techniques, robotics has been embraced in a multitude of
fields with the aim of reducing the demands on human labor.
The integration of aerial and underwater robotics holds the
potential to increase the efficiency and efficacy of various
tasks, particularly in the realm of underwater search and
rescue operations [1]. Many innovative unmanned aerial-
aquatic vehicles (UAAVs) have been designed, such as those
in [2]–[5].

Considering both improved maneuverability for under-
water locomotion and a proper weight for aerial flight, a
novel UAAV called “Mirs-Alioth”, is designed based on our
proposed design method [6]. As it has a tiltable component
to change the all rotors plate’s direction in a coupling
mechanically-linked manner while keeping the whole body
static [7], as shown in Fig. 1(a). Therefore, it is classified
as a coupling-tiltable UAAV. Our previous published work
[8] has mentioned and roughly discussed that the vehicle
can generate leveling motions, like surge motion and spiral
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Fig. 1. Mirs-Alioth. (a) Tilting mechanism diagram. (b) Snapshot of the
experiment when operating a leveling motion under the proposed controller.

motion with invariant pitch or roll angle. These motions are
unprocurable to the fixed-tilted UAAV but crucial. Because
large attitude changes can disrupt onboard sensors like cam-
eras, adversely affecting localization algorithm. Additionally,
significant attitude changes can result in the loss of tracking
or inspection targets, complicating exploration and monitor-
ing tasks. However, unfortunately, previous work on Mirs-
Alioth has not provided a comprehensive analysis that clearly
defines control objectives based on motion characteristics to
support controller design. Additionally, due to the unique
tilting mechanism of coupling-tiltable UAAVs, there has
been little contribution from other researchers in the area
of motion analysis for this type of vehicle.

Many researchers have conducted extensive work on the
control of tiltable vehicles, including UAAVs, ROVs, and
UAVs. The control research on tiltable UAVs has developed
over many years, resulting in numerous mature studies, such
as [9]. However, to the best of our knowledge, there has been
little work focused on controlling coupling-tiltable UAVs.
Most research in this area has concentrated on systems where
each rotor tilts independently or in pairs, but not on systems
where all rotors tilt coupling. For tiltable ROVs, the only
work that has addressed control for coupling-tiltable ROVs,
to our knowledge, is [10]. Unfortunately, their approach
uses fixed control angles for the tilting surfaces, rather than
continuous control. This method can lead to undesirable
consequences, such as system oscillation or even divergence.
A similar issue is seen in the coupling-tiltable UAAV. Their
control strategy also adopts a discrete tilting mechanism,
with other aspects controlled by conventional PID methods,
as used in typical quadrotor systems (see [11], [12]). It
is evident from the current research on coupling-tiltable
vehicles that there is still a significant gap in this area of
control development.
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To this end, this paper builds upon the work in [8] by
conducting a more comprehensive and detailed analysis of
the underwater motion characteristics of Mirs-Alioth based
on its unique model. These characteristics and constraints
are categorized as Singular Thrust Tilt Angle (STTA). Based
on the motion analysis, a controller leveraging singularities
is designed, accompanied by a logic switching algorithm to
toggle between different channels. To address the coupling
effects that arise during complex motions between different
channels, an auxiliary controller is introduced. Additionally,
to mitigate the control direction uncertainty caused by the
tilting mechanism, a Saturated Nussbaum function is incor-
porated into the auxiliary controller for stabilization. In this
paper, the vehicle operates under the proposed controller is
able to conduct leveling motion with continuous thrust tilt
angle control. The effectiveness of the designed controller
is validated through a series of experiments, as shown in
Fig. 1(b).

The remainder of the article is organized as follows.
Section II and Section III illustrate the mathematical model.
Section IV introduces the derivation of STTAs and analysis
of underwater motion based on STTAs. Section V introduces
the details about the proposed controller. Lastly, experiment
validations are conducted in Section VI.

II. BACKGROUND

In this section, some predefined parameters are demon-
strated as background knowledge used for the latter analysis,
followed the benchmark proposed by Fossen [13]. The
inertial matrix M is organized as:

M =


M11 0 0 0 M51 0
0 M22 0 M41 0 0
0 0 M33 0 0 0
0 M14 0 M44 0 0

M15 0 0 0 M55 0
0 0 0 0 0 M66

 , (1)

where M11 = m − Xu̇, M22 = m − Yv̇, M33 = m − Zẇ,
M44 = Ixx−Kṗ; M55 = Iyy−Mq̇; M66 = Izz−Nṙ, M15 =
M51 = mzg −Xq̇, M14 = M41 = −mzg − Yṗ, m denotes
the mass of the vehicle, zg denotes the distance between
center of gravity (CoG) and center of buoyancy (CoB), I =
diag([Ixx,Iyy,Izz]) is the moment of inertia of the vehicle.
The damping term D neglecting the nonlinear damping is
defined as D = diag{Xu, Yv, Zw,Kp,Mq, Nr}.

The Coriolis/centripetal matrix C(ν) consisting of the
rigid body part and the hydrodynamic part is defined as:

C(ν) =


0 0 0 C11 C12 C13

0 0 0 C14 C15 C16

0 0 0 C17 C18 0
−C11 C12 −C17 0 C21 C22

C14 −C15 −C18 C23 0 C24

−C13 −C16 0 C25 C26 0

 , (2)

where C11 = C15 = mzgr, C12 = −C14 = mw − Zẇ,
C13 = −mv+ Yv̇v+ Yṗp, C16 = mu−Xu̇u−Xq̇q, C17 =
−m(zgp−v)−Yv̇v−Yṗp, C18 = −m(zgp+u)+Xu̇u+Xq̇q,
C21 = −C23 = Izzr −Nṙr, C22 = −C25 = −Iyyq +Mq̇q,
C24 = −C26 = Ixxp−Kṗp.

The generalized restoring force matrix g(η), vectored by
the gravitational and buoyancy force is organized as g =
[(G−B)sθ,−(G−B)cθsϕ,−(G−B)cθcϕ, zgG · cθsϕ,
zgG · sθ, 0]T, where sθ denotes sin(θ), cθ denotes cos(θ), tθ
denotes tan(θ), so as ϕ and ψ. G and B denote the gravity
and buoyancy of the vehicle respectively.

III. MODELLING

In this section, we further introduce the nonlinear model
and the decoupled model of our vehicle, based on the back-
ground knowledge. Tow assumptions are given following
for the analysis later. Mirs-Alioth, as a morphable robot,
exhibits different dynamics compared to unmorphable robots,
but these variations can be treated as disturbance. Then
first assumption is made. Additionally, in the subsequent
discussion of this paper, motions without significant attitude
changes will be considered. Therefore the second one is
given.

1) CoG/CoB and moment of inertia are time-invariant.
2) The approximations are made as sθ ≈ θ, sϕ ≈ ϕ,

cθ ≈ 1, and cϕ ≈ 1.

A. Nonlinear Mathematical Model

Assuming the vehicle is fully submerged, Fig. 2 introduces
two reference frames: the body reference frame (b-frame)
affixed to the vehicle body with its origin at the CoB, denoted
as Ob, and the inertial reference frame (e-frame) for tracking
global motion, with its origin at Oe.

bw

bu

bv

x
z

y
bO

eOφ
θ

ψ

β

Fig. 2. Coordinates of Mirs-Alioth

As in [14], ν = [bv bω]T as the velocity, represented
in the b-frame is defined. The body-fixed linear velocity
is denoted as bv = [u v w]T. And bω = [p q r]T

denotes the body-fixed angular velocity, the pose variable
η = [Pe Θe]

T, consisted by the position Pe = [x y z]T and
the attitude with Euler angles labeled as Θe = [ϕ θ ψ]T, both
represented in e-frame. We define J = diag([Re

b,S
−1])

is the transformation matrix, consisting of Re
b, the rotation

matrix from the body frame to the world frame and S−1, the
lumped transformation matrix of angular velocity in [15].

Then the nonlinear model can be described as,

η̇ = Jν, (3)

Mν̇ +C(ν)ν +Dν + g(η) = τ . (4)

Besides, τ = [Fb Mb]
T is the vector of generalized force

and moment, following by τ = B(β)u. Here, β denotes
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TABLE I
DETAILS OF SUBSYSTEM

Index Name States Inputs

1 Longitudinal η1 = [x z θ]T ϖ2
1 = ϖ2

3 ̸= ϖ2
2 = ϖ2

4
2 Transverse η2 = [y z ϕ]T ϖ2

2 = ϖ2
3 ̸= ϖ2

1 = ϖ2
4

3 Heading η3 = ψ ϖ2
3 = ϖ2

4 ̸= ϖ2
1 = ϖ2

2
4 Heave η4 = z ϖ2

1 = ϖ2
2 = ϖ2

3 = ϖ2
4

the symmetrically thrust tilt angle ranging from −π/2 to
π/2 [8], represented in the b-frame, as shown in Fig. 2. We
further define the input u = ϖ2

i (i ∈ {1, 2, 3, 4}), with ϖi

denoting the rotational speed of the motor. Then the Control
Effectiveness Matrix (CEM) is reorganized as

B(β) =

√
2

2



cβKT · ex
cβKT · ey

−
√
2sβKT · ez
k1(β) · eϕ
k2(β) · eθ√
2k3(β) · eψ

 , (5)

with
k1(β) = l · sβ ·KT + cβ(KM − ztKT), (6)

k2(β) = −l · sβ ·KT + cβ(KM + ztKT), (7)

k3(β) = KTl · cβ − sβ ·KM, (8)

where ki(β) is the coefficient of the body moment, related
to the thrust tilt angle β, wheelbase l, and force/torque coef-
ficient of motor denoted as KT and KM, and zt denotes the
distance from the force plane to CoB, as shown respectively
from (6) to (8). ex denotes the unit directional row vector
for x direction, so as the other states, where ez, eϕ, eθ and
eψ are linearly independent, for example, ez = [1 1 1 1],
eϕ = ey = [-1 1 1 -1], eθ = −ex = [-1 1 -1 1], and
eθ = [1 1 -1 -1].

Then the kinematic model converted by the dynamic
model can be reorganized as

η̈ = J̇ν + Jν̇ = Beu+ f(η, η̇), (9)

where
Be = JM−1B(β), (10)

f(η, η̇) = (J̇−JM−1C−JM−1D)J−1η̇−JM−1g(η).
(11)

B. Decoupled Model

Due to its symmetrical features, Mirs-Alioth can be decou-
pled into several subsystems for easier analysis, as commonly
done in complex nonlinear systems as illustrated in [16].
Then the subsystem model can be shown as:

η̈i = Beiui + f(ηi, η̇i) (i = 1, ..., 4). (12)

Table I shows that different subsystems with various input
constraints are represented depending on the selection of
index i, i.e., i = 1 ≜ longitudinal subsystem, etc.

IV. UNDERWATER MOTIONS ANALYSIS

In this section, we thoroughly explore and analyze the
underwater motion characteristics of Mirs-Alioth. Through
this analysis, we aim to derive insights that guide the design
of the controller. Specifically, first, we derive the singularities
caused by morphing in the vehicle using the CEM (5). Next,
this serves as a mathematical tool for a deeper analysis of
the underwater motion characteristics of the vehicle. Finally,
from the results of the analysis, we gain valuable insights
for the design of the controller.

A. Singular Thrust Tilt Angle

Typically, as a result of the additional tilting mechanism,
there exists a series of thrust tilt angles that result in certain
states being unable to produce a corresponding response.
These angles hereafter be referred to as Singular Thrust
Tilt Angle (STTA). We define a collection of all STTAs
of our vehicle as T , containing four elements derived from
subsystem (12),

T = {β∗
ϕ, β

∗
θ , β

∗
ψ, β

∗
heave}, (13)

where

β∗
ϕ = arctan

(
M14KT −KMM22 + ztKTM22

lKTM22

)
, (14a)

β∗
θ = arctan

(
−M15KT +KMM11 + ztKTM11

lKTM11

)
, (14b)

β∗
ψ = arctan(KTl/KM), (14c)
β∗
heave = 0. (14d)

From heading and heave subsystem in Table I, when β =
β∗
ψ or β = β∗

heave, these subsystems are reformulated as

(m− Zẇ)z̈ + Zwż − (G−B) = 0, (15)

(Izz −Nṙ)ψ̈ +Nrψ̇ = 0. (16)

From (15) and (16), the control input u in these original
subsystems is canceled out, leading to these channels being
unrelated to the control inputs, confirming that these values
are STTAs.

For the longitudinal subsystem model, the generated ex-
pansion control allocation matrix of longitudinal subsystem
Be1 from (12) yields

Be1 =


√
2

2
cθeθ(−M55cβKT − k2M51)− sθsβmkKTez

−sθeθ(−M55cβKT − k2M51)− cθsβmkKTez√
2

2
eθ(k2M11 −M15cβKT)

 ,
(17)

where mk = (M11M55 −M51M15)/M33.
From the aspect of the rank of the control allocation matrix

directly, a certain channel cannot have a corresponding
response for the longitudinal subsystem model if and only if
when Be1 is rank deficient. Then from the control allocation
matrix (17), its third row can be reorganised as

cβ =
k2M11

M15KT
. (18)
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Substituting (7) into the term (18), it yields the result of
STTA (14b). Similarly, we can also derive the STTA of the
transverse subsystem, by substituting (6) into the term (19)
of the third row from the control allocation matrix Be2,

√
2

2
eϕ(k1M22 −M14cβKT) = 0. (19)

B. Hovering and Descending/Ascending Motion

Hovering is essential for new quadrotor-like vehicles,
particularly underwater. Traditional underwater quadrotors
depend on passive forces like gravity and buoyancy, making
key design parameters crucial. Moreover, these vehicles are
unable dive without angular motion due to a lack of active
z-direction force.

Based on the heave subsystem model presented in Table I,
to achieve stable hovering, the vehicle must maintain uni-
form motor rotational speeds to minimize extraneous torque.
Additionally, the force generated in the z-direction should
be sufficient to counterbalance the net force resulting from
gravity and buoyancy.

Furthermore, it can be concluded that the control inputs
that adhere to the constraints outlined in (20a) and (20b)
result in a descending/ascending motion,

sβϖ
2 ≥ (G−B)/4KT, (20a){

β > 0 ≜ ascending,

β < 0 ≜ descending.
(20b)

It is worth noting that, the first boundary implies that the
thrust force should be dominant. Otherwise, the vehicle is
driven by passive force.

C. Leveling Motions

Compared with the fixed-tilted vehicle both in the air
and underwater, the leveling motions are the most distinct
movement. From the analysis above, STTA (singularities)
can be used to generate the surge/sway motion with invariant
pitch/roll and heave. Generally, it should be noted that due to
the symmetry of quadrotor-based locomotion, the transverse
subsystem exhibits comparable conditions as the longitudinal
subsystem. Thus only the latter are discussed in the following
discourse.

One notes that the thrust tilt angle satisfying the constraints
in (21a) and the control inputs satisfying (21b) with condi-
tion (21c) will generate surge motion without considering
disturbance, 

β = β∗
θ , (21a)

i∑
4

ϖ2
i =

G−B

sβKT
, (21b)

zg = −Xq̇

m
. (21c)

In order to prove the constraints shown above, substituting
constraints β = β∗

θ and zg = −Xq̇

m into the longitudinal
subsystem model (12), we can get:

θ̈ = kz0ż + kθ0θ̇, (22)

where kz0 = C18M11, and kθ0 =M15C12 −MqM11.
Similarly, substituting constraint (21b) into heave motion

of the longitudinal subsystem model when the initial heave
velocity is zero, then the absence of heave motion is ob-
served. Combining what is illustrated above with (22), there
is no pitching motion but only surge motion exists.

Furthermore, some complex motions are generated by
compositing them. Theoretical, these motion can be achieved
by ensuring that the constraint in (21b) controls the net
force in the z-direction. And these motions, is characterized
by a substantially linear displacement with minimal angular
motion. It is also unattainable for fixed-tilted vehicles due to
the limitations imposed by the actuation mechanism.

Remark 1: From the above analysis, some insights are
drawn as follow:

1) It is evident that β∗
θ ̸= β∗

ϕ implies that if the control
input is β, it is not possible for both the roll and
pitch channels to simultaneously operate at STTA.
Therefore, a logic switching is required.

2) From what mentioned in the last item, for one channel
is located at singularity, but the control direction is un-
certain for the other channel. An extra tool is required
to handle the uncertainty.

3) Even though, the definitions of STTA are unrelated
to the disturbance directly. It is perturbed by them as
well. Then, controlling the thrust tilt angle into certain
constants are unreliable like [10].

4) When generating composited motions, coupling effects
are existed. Even though the control input cannot work
on the corresponding channel in T , the coupling term
might perturb the corresponding motion. Significantly,
these perturbations might deviate the motion out of
our expectations. One more controller is required to
compensate these effects.

V. CONTROLLER DESIGN

This section introduces the details of the designed con-
troller for operating in the STTA, based on the previous dis-
cussion. The leveling controller, detailed in Fig. 3, regulates
the vehicle based on the STTA. Here, some parameters are
defined. For example, taking δ = [δx; δy] as desired forces
and outputting ϖ+

i as motor speed via an auxiliary controller.
As presented in Fig. 3, a PID controller is specifically

deployed for attitude regulation within the STTA framework
by

β = −sgn(δ)

(
KPβx+ KDβẋ+ KIβ

∫
xdt

)
, (23)

where β = [βθ, βϕ], KPβ , KDβ , and KIβ are the propor-
tional, derivative, and integral gains for controller, respec-
tively. sgn(·) is a sign function.

As stated in Section IV-A, the control outputs in β cannot
be used to control two separate channels (roll and pitch)
simultaneously. Consequently, a primary channel and an
auxiliary channel are introduced, which can switch between
each other depending on specific operational scenarios, as
shown in Algorithm 1. In addition, an auxiliary controller
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Fig. 3. Leveling controller diagram.

is designed to ensure the stability of the auxiliary channel
while the primary channel is regulated by the controller in
(23). This is further complicated by the uncertainty in the
control direction, which is due to the variable nature of Be,
as outlined in (9). To address these issues while maintaining
the performance of the higher-level controller, a saturated
Nussbaum gain function in [17], [18] is employed as

Mb = N (ζϕ, ζθ)uaux, (24)

N (ζϕ, ζθ) = diag[N (ζϕ),N (ζθ)], (25)

N (ζ†) = Sat(cos
π · ζ†
2

· eζ
2
† ), (26)

ζ̇† = Kζ · |bω†| · |uaux,†|, (27)

where † ∈ [ϕ, θ] stands for the specific element index in
a vector, bω† is the current angular velocity, uaux is the
output of the PID controller, N†(s†) stands for the Nussbaum
function for different channels, with ζ as the state of this
function, modulated by a gain matrix Kζ , and Sat(·) is a
saturated function.

Algorithm 1 Primary-Auxiliary Switch
1: if |δx| > |δy| then
2: β = βθ //Pitch is primary channel;
3: † = ϕ //Roll is auxiliary channel;
4: else
5: β = βϕ //Roll is primary channel;
6: † = θ //Pitch is auxiliary channel;
7: end if
8: ϖ+

i

2
= Mixer(Mb,†);

9: ϖ2
i = Mixer(δ) +ϖ+

i

2
;

Subsequently, a logical state machine termed ‘Primary-
Auxiliary Switch’ is necessitated, as outlined in the Algo-
rithm 1, to preclude the simultaneous execution of roll and
pitch motions. This state machine serves a dual function:
it not only ensures the mutual exclusivity of roll and pitch
motions but also facilitates the dynamic interchange between
the primary and auxiliary control channels, and passed the
values to the mixer module in PX4 flight stack eventually
[19].

VI. EXPERIMENT VALIDATIONS

In this section, we discuss the experimental setup and
results of the proposed controller running on the Mirs-Alioth.
The avionics system setup for Mirs-Alioth is shown in Fig. 4.
The system is powered by a GAONENG 4s 1100mAh battery
as the power source, with a Power Distribution Board (PDB)
supplying power to each module. The tilt mechanism is
powered by a servo motor, with voltage regulated via UBEC
to fall within its operational range. The Pixhawk 4 mini
serves as the main control board. The propulsion system
consists of four HOBBYWING ESCs and T-MOTOR 1507
motors paired with 5146 propellers. Finally, a PPM encoder
and receiver, paired with a FUTABA 7CHP, form the signal
transmission system, which is designed to work underwater.

Receiver
UBEC

Fig. 4. Avionics setup of Mirs-Alioth

Through the aforementioned hardware configuration, we
conducted a series of experiments in a water tank. Snapshots
and results from the experiments are shown from Fig. 5 and
Fig. 6 below.

In this set of experiments, under the proposed controller,
the vehicle completed the full process of lateral slip, lateral
slip turning, transition from lateral to longitudinal slip,
longitudinal slip, and longitudinal slip turning. The overall
performance can be observed from the snapshots in Fig. 5.
Specifically, during the first 10 seconds of the experiment,
the vehicle is in lateral slip (turning) mode, while for the
remaining time, it is in longitudinal slip (turning) mode..

From the roll and pitch angle variations during the ex-
periment, we can see that the attitude angles remained
stable without significant fluctuations. For the pitch channel,
although there is a relatively large angle amplitude at the
beginning, it does not exceed 5 degrees. At around 10 sec-
onds, when the pitch channel becomes the primary channel
for turning, there is a brief period of oscillation, but it is
quickly stabilized by the controller. On the other hand, the
roll channel experience much smaller variations throughout
the experiment. This is partly because the moment of inertia
for the roll channel is smaller than that of the pitch channel,
making it easier for the controller to stabilize.

Furthermore, from the two Nussbaum function curves in
Fig. 6, we can draw additional insights. For example, the
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(a) (b)

Fig. 5. Experiment of both lateral slip (turning) motion and longitudinal
slip (turning) motion. (a) Snapshots of lateral slip (turning) motion in top
and underwater views. (b) Snapshots of longitudinal slip (turning) motion in
top and underwater views. Red dot line denotes the trajectory of the vehicle.

Lateral Slip (Turning) Mode Longitudinal Slip (Turning) Mode *
θβ（ ）

*
φβ（ ）

Fig. 6. Results of the complete lateral slip (turning) motion and longitudinal
slip (turning) motion cycle. Colorful backgrounds correspond to different
modes.

Nussbaum function in the pitch channel adjusts the control
direction more frequently than in the roll channel. The pitch
channel’s Nussbaum function exhibit positive and negative
adjustments, while the roll channel does not. This suggests
that when the roll channel is the primary channel, the auxil-
iary channel (pitch) experiences control direction uncertainty.
Conversely, when the pitch is the primary channel and the
roll is auxiliary, no control direction uncertainty occurs. In
this case, the Nussbaum function mainly compensates for
uncertainties caused by system nonlinearity. This observation
aligns with the motion analysis results stated above.

Building on the previous experiments, we conduct an
additional set of ablation experiments. In this set, we com-
pare the performance of the system without the Nussbaum
function in Fig. 7 and Fig. 8. In this set of ablation exper-
iments, we compare the performance without incorporating
the Nussbaum function, analyzing how its absence impacts
overall control stability and performance. As shown in the
snapshot from Fig. 7, the performance without the Nussbaum

Fig. 7. Snapshot of the fail moment in the experiment without the
Nussbaum function.

Fail moment

Fig. 8. The attitude response during the experiment without Nussbaum
function.

function in the auxiliary controller leads to a catastrophic
failure. The curve illustrates that in the green-shaded section,
the system becomes unstable, with both channels showing
varying degrees of divergence. The input is cut off at 10
seconds, and the system only stabilizes due to its mechanical
characteristics. This experiment highlights the necessity of
the Nussbaum function in maintaining system stability.

VII. CONCLUSION

In this paper, we have conducted a necessary motion
analysis of Mirs-Alioth, designed a controller based on this
analysis, and validated its effectiveness through experiments.
Specifically, we have summarized the motion characteristics
of Mirs-Alioth as Singular Thrust Tilt Angles (STTAs)
and used this concept as a tool for motion analysis. This
analysis revealed four critical factors for generating leveling
motion: logic switching between multiple controllers, the
use of the Nussbaum function to suppress control direction
uncertainty, the need for an additional controller to maintain
the thrust tilt angle near singularities, and the management
of coupling effects through an auxiliary controller. Based
on these insights, we have designed a controller for Mirs-
Alioth and conducted two sets of experiments to verify
its effectiveness. The first experiment involved a complete
process covering all actions required for leveling motion,
with attitude angle fluctuations remaining within 5 degrees
throughout. The second experiment was a comparison test
without the Nussbaum function. The results demonstrated
instability in the vehicle, highlighting the necessity of the
Nussbaum function. For future work, we will focus more on
real-world robotic testing to lay the foundation for practical
applications.
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