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ABSTRACT

Controlling single-rotor tail-sitter unmanned aerial vehicles poses significant challenges due to highly nonlinear
dynamics, severe aerodynamic couplings, and kinematic singularities at pitch angles near 90 degrees. This paper proposes
an integrated, robust guidance and control architecture for hover and 3D trajectory tracking. To address these challenges,
a cascaded hybrid control framewaork based on a 6-DOF model is developed. The outer loop utilizes a quaternion-based
vectorial formulation to generate singularity-free reference attitudes, entirely resolving the gimbal lock issue inherent in
Euler angles. The inner loop employs an Incremental Nonlinear Dynamic Inversion controller. By feeding back angular
accelerations, this algorithm minimizes.reliance on complex analytical aerodynamic models and guarantees robustness
against uncertainties. Furthermore, aWeighted Least Squares control allocator dynamically distributes commands among
aerodynamic surfaces and the propeller’s swashplate, utilizing real-time penalties. Command filters are embedded to
attenuate sensor noise and strictly enforce actuator saturation limits. Extensive 6-DOF simulations under severe
parametric uncertainties (30% modeling error) and/continuous Dryden wind turbulence validate the system’s
performance. Comparative results with the classical Nonlinear'Dynamic Inversion demonstrate the proposed strategy’s
superiority in disturbance rejection, elimination of high<frequency actuator chattering, and ensuring smooth, stable

transitions.
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1. Introduction

Single-rotor tail-sitter UAVs represent a highly efficient
class of hybrid aircraft, bridging the gap between the
vertical agility of rotorcraft and the aerodynamic
efficiency of fixed-wing platforms. However, the
transition between hovering and forward flight phases
introduces severe control challenges. These include
highly “nonlinear dynamics, massive flow separation,
large angle of attack (« ) variations, and complex
propellersslipstream interactions. Furthermore, attitude
control in these platforms relies on an over-actuated
hybrid combination of thrust vectoring (via a swashplate
mechanism), conventional aerodynamic surfaces, and
differential tipthrusters.

Conventional control™ strategies, utilizing linear
approximations (PID/LQR) and Euler angles, are
vulnerable to aerodynamic uncertainties and inevitably

suffer from gimbal lock singularities near the 90° pitch
attitude required for hovering. While standard Nonlinear
Dynamic Inversion (NDI) covers larger flight envelopes,
its performance degrades< rapidly _without precise
analytical aerodynamic models. To-address this critical
gap, this paper proposes a unified; robust cascaded
control architecture. By integrating a,singularity-free
quaternion-based vectorial guidance logic with an
Incremental Nonlinear Dynamic = Inversion (INDI)
attitude controller and a dynamic ‘Weighted' Least
Squares (WLS) allocator, this frame work systematically
manages over-actuation, mitigates severe atmospheric
disturbances, and analytically guarantees system stability
without relying on exact aerodynamic parameters[1].

2. System Modeling and Dynamics
The 6-DOF nonlinear mathematical model of the single-
rotor tail-sitter is developed using quaternion formulation

q=[0,|c|a, | gs]" torigorously avoid singularities in

vertical postures. The UAV is an over-actuated system
comprising seven independent control inputs [2]:

T
U=[6, 16/6ml5./04l5]5, ]

In hovering and low-speed flight, where the free-stream
dynamic pressure is negligible, aerodynamic surfaces
derive their effectiveness predominantly from the
propeller-induced slipstream. This effect is modeled
using momentum theory. Additionally, due to extreme
attitude variations during transition phases, linear
aerodynamic models are inadequate. Hence, a nonlinear
stall model is integrated for angles of attack exceeding

18’ (a >18"). The combined control moments acting
on the center of mass are mathematically formulated as a
coupled function of the aerodynamic surfaces,
swashplate mechanism, and differential tip thrusters.

3. Cascaded Guidance and Control Architecture
The proposed control framework features a hierarchical
time-scale separated architecture [3]:

3.1. Outer Loop: Vectorial Guidance
The outer loop maps the saturated velocity error to a

commanded acceleration (@, ) via a Pl controller. To
completely resolve the gimbal lock problem near
6 ~90°, a vectorial formulation generates a singularity-
free reference quaternion (Q,;). The desired

longitudinal axis ( X, ) aligns with the resultant vector

of a4 and gravity (g ):

.
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Using the desired heading, the full Direction Cosine
Matrix is constructed and mapped to (. . Raw thrust (

Traw) is computed by projecting gravity and acceleration

onto Xd , bounded by a threshold to prevent horizon
singularities.

3.2. Inner Loop: INDI Attitude Control

A spatial PD controller computes the desired angular
acceleration (v) from the attitude error. To track v, the
INDI controller applies the time-scale separation
principle (At —0) and a Taylor series expansion,
deriving the incremental control law:

AU =G/, (v-9,) )

where AU represents incremental commands, G, is

the pseudo=inverse of the effectiveness matrix, and €2,
is the previeus step’s angular acceleration, smoothed by
a low-pass filter (7,5 = 0.015 s).

3.3. WLS Control Allocation

The tail-sitter utilizes ‘six effectors (elevator, aileron,
rudder, tip thrusters,zand cyclic swashplate) to control
three rotational DOFs. To solve this over-actuation, a
WLS optimization with. Tikhonov regularization (

A =0.1) is used:

-1~T
matW Gmat

Ginv_WLS =W™G,

(e SRNC)

The weight matrix W dynamically schedules,actuator
authority based on flight phase (e.g., penalizing
aerodynamic surfaces in hover and the swashplate in
forward flight). Hard constraints, including position



limits (£20° ~ £25"), rate limits (80° / $), and servo
delays (7., =0.04 s), are strictly enforced.

act

4. Multi-Loop Stability Analysis

The stability of the proposed cascaded architecture is
analytically evaluated based on singular perturbation
theory and Lyapunov stability criteria:

«lnnercoop;Stability (UUB): Defining the angular rate
tracking error as €, , a quadratic Lyapunov candidate

Te s analyzed. Through the

[OR 0]

1
functionV, = Ee

application of the, Rayleigh quotient and Cauchy-
Schwarz inequality, it is,proven that by selecting
sufficiently large control gains, the inner loop error
remains Uniformly Ultimately Bounded (UUB) despite
bounded approximation errors, “actuator delays, and
sensor noise [4].

* Outer Loop Stability (GAS): Assumingthe inner loop
dynamics are infinitely fast, theskinematic attitude error
is analyzed using a radially “unbounded d.yapunov

function V, = qJ g, + (1— o )2. Applying LaSalle’s

invariance principle confirms that the, outer doop is
Globally Asymptotically Stable (GAS).

» Overall Cascaded Stability (I1SS): Based on Input-to-
State Stability (ISS) theory, the combination of @ GAS
outer loop and a UUB inner loop guarantees that the
entire hierarchical architecture remains stable under
bounded disturbances. Additionally, the WLS allocator
actively mitigates the unbounded growth of tracking
errors during actuator saturation, thus preventing limit-
cycle oscillations.

5. Simulation and Results

Extensive 6-DOF nonlinear simulations were conducted
in MATLAB/Simulink to benchmark the proposed
architecture against standard NDI. The scenario involved
a challenging 3D trajectory tracking maneuver
(ascending from 100m to 200 m while displacing 50m
spatially) under severe operational conditions: 30%
parametric uncertainties in aerodynamic derivatives,
10% thrust uncertainty, 15% loss in actuator
effectiveness, and continuous 3D Dryden wind

turbulence (o = 3, wind fluctuations up to 5 m/s) [5].

» Tracking Accuracy: The proposed INDI+WLS
strategy successfully bounded the final position error (

Ep) to 4.3989 m, whereas the standard NDI
suffered catastrophic divergence, resulting in an error of
1051.2141 m. The position Root Mean Square Error (
RMSE,) plummeted by 88.2%, from

379.6941 m (NDI) to 44.8313 m (proposed).

« Stall Prevention: Graphical analysis demonstrated that
the INDI+WLS controller maintained the pitch angle

near the nominal 90° hover state and strictly clamped
the angle of attack (¢ ) within the safe aerodynamic

envelope (£10°). Conversely, standard NDI exhibited
divergent pitch oscillations, forcing the UAV into deep
stall.

« Actuator Protection: The Control Effort Variance (
CEV ) metric demonstrated a dramatic 97.8%

reduction, dropping from 0.16668 (NDI) to 0.00362
(INDI+WLS). The optimal command distribution via
WLS completely eliminated high-frequency actuator
chattering and prevented the physical control signals
from hitting their absolute saturation limits.

6. Conclusion

This study successfully developed and validated an
integrated hybrid control architecture for over-actuated
single-rotor tail-sitter UAVs. The quaternion-based
vectorial guidance fundamentally eliminated singularity
issues during hover-to-cruise transitions. Replacing
standard inversion schemes with the INDI algorithm
decoupled system stability from highly uncertain
aerodynamic models. Furthermore, the dynamic WLS
allocator seamlessly resolved over-actuation while
strictly adhering to servo-mechanical constraints.
Mathematical stability proofs (UUB, GAS, and ISS)
were thoroughly validated through aggressive numerical
simulations. The results verify that the INDI+WLS
framework guarantees safe 3D trajectory tracking,
mitigates actuator chattering, and robustly prevents
aerodynamic stall under massive parametric uncertainties
and severe wind disturbances, offering a highly reliable
autopilot/solution for VTOL operations.
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Fig. 1. Flight phases of a tail-sitter UAV
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Table 1. Geometric specifications of the wing, horizontal tail, and vertical tail
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Table 2. Quantitative comparison of the performance indices under uncertainties and disturbances
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8. Performance comparison of the two methods based on lateral-directional control commands applied to
the aerodynamic surfaces, swashplate, and differential thrusters during the maneuver
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9. Performance comparison of the two methods based on the UAV’s angular rate responses ( P,(, ') and

longitudinal control commands applied to the aerodynamic surfaces and swashplate

Y-



e 5 cpmsl s330me 3 1S 5l Jsbs plos 5 slasgls slag s sy (ol 5 ((INDIFWLS) (solgindon, bs,)
b Jsb lad, amio 5 0sile B i 5 305 ,5mall a5 Jlael oy ilons walass (4l a0 £ Yo oS 51 2aS o)
313 dil polin (kS o el gLosl Al 4 3959 g |y ok J5ES ez, 40 B -V (o B 03l 53 Jlsen SIS >
Jsieicasdse ol slb> 4 oliws 5 ()15 ail> oslhae 3 Shoe jludice) o alfl s 50d Sealis g)ls Sho, 4o (5
Ll 00l (592> Glilizel g SO el )b awal slacuabdess 04>9 L (Ep ( = F,¥am)

Jals” jglsay sl dil> 5,k YO asl 5l s g 00 5leT slasgly slag iy Sblug VO sl sga 5 :(NDI) asly hg s
S PIR s rolie s 5035 joue (4l ez ,0 Vo) slre slojye 5l ol 4 (P, G, 1) 232 g 5 456 eba 199,00 Cews
5% g oot Sblag 51 o)ly (Glad; axio 5 55l Job slo Shee g lbl (ol b plojon w00 a5l a2 )0 V-
e Blyzal (Lolgds Eondg J oS ail> jo (LAhg 3 cul Wl oo JaB (a2 )0 10 5 YO Sgu> o5 5 @) gl lagl,S
el Y Jgo 0 (ITAEL & YOV 10) (caos slas (gWU o 4y polie ol g onip

& S 4o -
ool ot je (2bogly bl Slon (ulas jolaie 4z LS 5 pglie g e (JSES ilone SO alis cnl o
O 0l ;os 358 ol 5 (Kool Kyt o has b ity Sl ayar g bad 2yl 5 (b 0,535 ST (e
2 it o hate 5l sl B il o il arws g linl LEle 5l g pFor b oolpiin ol dnodsy ;)
S by SNl G S Al 130090388 b elS job  ly 4z 0 Ve 4 Suo 5l sLlys yo (ST Gl dagsa SlsS
G5 ladae @ gl (Kily ool b d Sealos og)ly (sl (S Seelus og)ly eanS S8 L SedS
Seolizog ] sl Glee ol B et Ca e 5B a4 rizpen i )| s psliie (5l 5 o0l (el (Seoliyog
855 silwoslks Jlogse Slape Jlas J3S arads o )08 5 9
Slebd 3l o s 213 S Hlle oyl B g0 ESRe (S3luancd sk 5l soleiing silone 3Shee o))
(s e Seslins (g)ly o )lliul (Bg) b (008 ol amliaind plul S el )b Cuabidpae wo ) Yo g (Gl)e ol Joe) 552
e300 LS eds 1) 5 slasgliws
FIYA Jgd B osguzs j3 1) (Bp 1) Cundse led sllas o8 (3894 solfin (g, 1 2ld) €89 g )lualy L1 o
Gl 0,5 Sl e Ve O 5l 18 sl wundy U8 adl> 0 Q1STy dds a5 b o saiS > e
B adl> (YL Cuoglin onuims s (golpainn (hg, jo e FY/AY @y 4y, 58 2 YYY/FQ RMSE, a5l
Sl Olalazel ply o
wiysS a5 ams e ol (CE ) JpuS (o35 Luilly pasls oo Lo yRked’ )l cliblns 9 wllugs Bi> o
M atls Gl el lag s o JiKww 8,95 1 5l Canilos g (el B i @595 L P59 Slaagpe Bloo 5 arass
5 (S yiz) Yol 5 llogs ol i (gline 4 yal cpl ol o0l LgalS +/ - PEY &) alyrig, o -/\SFFA
ol ($5lg 5 debusl Lol )0 b Shee SOl 5l (6 25 ol
ITAE, ) ce o 5 (ITAE ) coumdge gllas 1,801 glaasli a0 il rosnd glbas GBS g &yl 3,500 @
lhs 5 coslio (@l s Joo s (BFWl 2 (B9 oS (St Salns ()l 4 S SOl g5 9 (
) 322l s File i
S5 (INDIFWLS) aigy 5 mrass w0 b )33l 0aiiS 8 5eils 45 Wi o ol idgly ol ldd cgsodite o
b 5 il Wl slacasbdpse joa> )3 (iips laskey S5 5 Salas Gl el 5 plvsiluosly il Bl
3,80 g poges Slrodiy ;o 5053 LS Glaptuns axwgi sl WILE ys G plsie & Wlgie yloxe (nl 2510 p2l3
S8 1,8 oolall]

A



Bailis g pidhe Caw b -V
Sl s g Soilodow (5o piio V-
(syl) (6 3l Olaisrs olKiws ;o 0di py CoxBge oy P= [X, Y, Z]T
B 4 Jate olSws 3 o Sy oV :[u,v,w]T
250 oS5 43 (a3 j1,3 i slag ) (slassly ey Sl : Q=[P ]
oy shassly oles s Q=] p, 6, '
(S 31,3 02de) Jlogl sblss 4,0,
S U S PR NEERIEERROEIE VY. [V
s i) ol &y G ol 5 (99) (0l gt s yile : Ry
i g5l Qlow G ile g 0 02 M, |

ey 1S ol - g

shaxo 9 Saolg pT (sl yuiio V-Y
5T ol alsd Cae
alo coty QW slon (s e Vg
po >l o (Seelioo jlad g °‘}1 Ol (Seelon jlas :Qdyn , Qtail
Pl oo agly g e sl B
(Drag) L ¢ (Lift) 1, s o <ol :C,Cp
S 3 gL (Gla g0 Jo> (IS5 b il Gy LG LG

(b ,Shoc) JycS Zobaw g b )glils (ag s V-V

"
‘S:J.) oli}'_wé)é ca.s)_;).;o)\g d..u‘f L5L°’9)33)|°ﬁ:Fbody :|:FX Fy‘in|

.

i 55 53 iy ol T GloglES o Mg, = MM [ M, |

(W8 o Slas) im0 528 705 slasss,s 1 :U

(Thrust) Lol 1555, lusiicods ol pim ot T

(305 sl o3l (Seinss | Sy sl Sl a3 16,5, 6,
(Swashplate) las, axio p35lKe oo,0 5 Job S5L5 o5 20, o,

sw_ pitch? ~'sw_lat

o J S gz Jb S S8 slayess, (Lolss canl 5 : 04

WLS 3§ pumazs g INDI (J pis’ g miio V-F
(Sndg 0aisS J5uS (29,%) wolhasl s 5lme slangly Sldsls paW
INDI i) 50 (58 (el 2 o3 Jlagp: AU
(Control Effectiveness Matrix) J ;=S isw il w il :Gog
Jo0s5s Slarye Pl 5 parass 0,58l 5 55k (2ojs il W
Sorrass 3 g ile (g Lo Gags (el S Seigied weiis i)y A

Yy



6‘445‘) C).‘ 9 u...v.os LgL:e:\.a.l} )J (5’)""5 LSLQ‘})'QJ. w.I)JLA :Kp, Kd f Ka)
1o Shae Sanle (5l ol 5 5l ppmir 2L e ol ST Ty

‘5‘4.35‘) C).) 9 (09,,.’).:55) oo .9 B R "9,41 dua.’> LgLQ)‘»)JJ :epos,eve|,eR,ew

Olaisn Goliiws 5 biise V-0
(Hmb-G o Jl) (Jdowe (69l Olaizes oKws : NED

il s yd  Seslins s3luys)ls - INDI
Jogyse Sl ye PBla> :WLS

& ool y (il (55lL :GAS

a1y ol o)l : UUB

b wgin) V-F
wolbe b g2 po JuSew :d L ref
glesl 5 5928 Jlosl 51 ey sidarnlxe (5,500 JuSw :CMA

&l -A
[1] A. Manouchehri, H. Hajkarami, M.S. Ahmadi, Hovering control of a ducted fan VTOL Unmanned Aerial
Vehicle (UAV) based on PID control, in: 2011 International Conference on Electrical and Control Engineering,
IEEE, 2011, pp. 5962-5965.
[2] T. Matsumoto, K. Kita, R. Suzuki, A. Oosedo, K..Go, Y. Hoshino, A. Konno, M. Uchiyama, A hovering control
strategy for a tail-sitter VTOL UAV that increases stability against large disturbance, in: 2010 IEEE
international conference on robotics and automation, IEEE, 2010, pp. 54-59.
[3] J. Escareno, S. Salazar-Cruz, R. Lozano, Attitude_stabilization of a convertible mini birotor, in: 2006 |IEEE
Conference on Computer Aided Control System Design; 2006 IEEE International Conference on Control
Applications, 2006 IEEE International Symposium on Intelligent'Control, IEEE, 2006, pp. 2202—-2206.
[4] K. Wong, J.A. Guerrero, D. Lara, R. Lozano, Attitude stabilization in hover flight of a mini tail-sitter UAV
with variable pitch propeller, in: 2007 IEEE/RSJ International Conference on Intelligent Robots and Systems,
IEEE, 2007, pp. 2642—-2647.
[5] J. Escarefio, S. Salazar, R. Lozano, Modelling and control of a convertible VTOL aircraft, in: Proceedings of
the 45th IEEE Conference on Decision and Control, IEEE, 2006, pp. 69-74:
[6] A. Sanchez, J. Escareno, O. Garcia, R. Lozano, Autonomous hovering of a noncyclic tiltrotor UAV: Modeling,
control and implementation, IFAC Proceedings Volumes, 41(2) (2008) 803—808.
[7] P.-R. Bilodeau, F. Wong, Modeling and control of a hovering mini tail-sitter,International Journal of Micro
Air Vehicles, 2(4) (2010) 211-220.
[8] W. Wang, J. Zhu, M. Kuang, Design, modelling and hovering control of a tail-sitter with single thrust-
vectored propeller, in: 2017 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS),
IEEE, 2017, pp. 5971-5976.
[9] X. Lyu, H. Gu, Y. Wang, Z. Li, S. Shen, F. Zhang, Design and implementation of a quadrotor tail-sitter VTOL
UAV, in: 2017 IEEE international conference on robotics and automation (ICRA), IEEE, 2017, pp.3924—-3930.
[10] E.N. Johnson, A. Wu, J.C. Neidhoefer, S.K. Kannan, M.A. Turbe, Flight-test results of autonomous airplane
transitions between steady-level and hovering flight, Journal of guidance, control, and dynamics;31(2) (2008)
358-370.
[11] A. Frank, J. McGrew, M. Valenti, D. Levine, J. How, Hover, transition, and level flight control design for a
single-propeller indoor airplane, in: AIAA Guidance, Navigation and Control Conference and Exhibit, 2007,
pp. 6318.

Yy



[12] S. Kohno, K. Uchiyama, Design of robust controller of fixed-wing UAV for transition flight, in: 2014
International Conference on Unmanned Aircraft Systems (ICUAS), IEEE, 2014, pp. 1111-1116.

[13] N.B. Knoebel, T.W. Mclain, Adaptive quaternion control of a miniature tailsitter UAV, in: 2008 American
Control Conference, IEEE, 2008, pp. 2340—-2345.

[247S.R. Osborne, Transitions between hover and level flight for a tailsitter UAV, Brigham Young University,
2007.

[15] E.J. Smeur, Q. Chu, G.C. De Croon, Adaptive incremental nonlinear dynamic inversion for attitude control
of'micro air'vehicles, Journal of Guidance, Control, and Dynamics, 39(3) (2016) 450-461.

[16]/P. Casau, D. Cabecinhas, C. Silvestre, Hybrid control strategy for the autonomous transition flight of a
fixed-wing aircraft, IEEE Transactions on control systems technology, 21(6) (2012) 2194-2211.

[17]).T. VanderMey; A tilt rotor UAV for long endurance operations in remote environments, Massachusetts
Institute of Technology, 2011.

[18] S. Park,J. Bae, Y«Kim, S. Kim, Fault tolerant flight control system for the tilt-rotor UAV, Journal of the
Franklin Institute,350(9) (2013) 2535-2559.

[19] R. Ritz, R. D'Andrea; A global controller for flying wing tailsitter vehicles, in: 2017 IEEE international
conference on robotics and automation (ICRA), IEEE, 2017, pp. 2731-2738.

[20] L.R. Lustosa, F. Defay,d:-M. Moschetta, Longitudinal study of a tilt-body vehicle: modeling, control and
stability analysis, in: 2015 International Conference on Unmanned Aircraft Systems (ICUAS), IEEE, 2015, pp.
816-824.

[21] A. Hajiloo, L. Rodrigues, Modeling and backstepping control of under-actuated spherical UAV, in: 2017
IEEE Conference on Control Technology and Applications (CCTA), IEEE, 2017, pp. 2069-2074.

[22] K. Kita, A. Konno, M. Uchiyama, Transition between level flight and hovering of a tail-sitter vertical
takeoff and landing aerial robot, AdvancedRobotics, 24(5-6) (2010) 763—-781.

[23] W. Wang, J. Zhu, M. Kuang, X. Zhu, Adaptiveattitude control for a tail-sitter UAV with single thrust-
vectored propeller, in: 2018 IEEE International.-Conference on Robotics and Automation (ICRA), IEEE, 2018,
pp. 6581-6586.

[24] A. Flores, A.M. De Oca, G. Flores, A simple'controller for the transition maneuver of a tail-sitter drone,
in: 2018 IEEE Conference on Decision and Control{(CDC), IEEE, 2018, pp. 4277-4281.

[25] S. Gupta, S. Doranala, M. Kothari, A. Abhishek,<Model Based Transition Control for Biplane Tailsitter, in:
AIAA SCITECH 2025 Forum, 2025, pp. 2128.

[26] J. Cai, M. Lovera, An Active Fault-Tolerant Online Cantral Allocation Scheme for a Dual-System UAV in
Transition Flight, arXiv preprint arXiv:2510.04853, (2025).

[27] D. Milz, M.S. May, S.F. Armanini, G. Looye, Stability and frobustness of a tandem tilt-wing VTOL with
dynamic inversion control laws, in: AIAA SciTech 2026 Forum, 2026; pp. 2070.

[28] R.M. Axten, E.N. Johnson, Robust Trajectory Tracking Flight Control of a'Tailsitter UAS, in: AIAA SCITECH
2026 Forum, 2026, pp. 2354.

[29] L.F. Fernandez, M. Bronz, T. Lefebvre, N. Bartoli, Simultaneous trajectory and design optimization of
small vtol uavs with controllability considerations, Journal of Aircraft, (2026) 1-24.

[30] H. Zhao, B. Wang, Y. Fu, N. Li, Z. Gao, Fixed-time adaptive fault-tolerant’control ofia multi-mode VTOL
UAV with variable prescribed performance boundaries under random disturbances, ISA transactions, (2026).
[31] A.R.S. Bramwell, D. Balmford, G. Done, Bramwell's helicopter dynamics, Elsevier, 2001.

[32] I.A. Raptis, K.P. Valavanis, Linear and nonlinear control of small-scale unmanned helicopters, Springer,
2011.

vf



