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Classical Model Reference Adaptive Control (MRAC)
approaches cannot simultaneously enforce

* Hard constraints on the tracking error, and

* Soft constraints on quantities such as actuator
saturation

¢ Existing adaptive control systems enforce hard
constraints through barrier Lyapunov functions (BLFs)

BLFs used to enforce a user-defined rate of
convergence of the trajectory tracking error may lead to
aggressive control effort

Hard and soft constraints may compete with each other
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Develop an MRAC framework able to simultaneously

* enforce hard constraints on the tracking error

* enforce soft constraints on user-defined parameters

mediate between competing hard and soft constraints through an adaptive mechanism

be robust to unmatched uncertainties

* enforce user-defined rate of convergence without leveraging BLFs

* decouple the tuning of the convergence rate from the reference model
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Overview of MRAC

Plant model Reference model
X(f) = Ax(1) + BA [u(t) + ©To(t,x(1) et (1) = Arciet (1) + Bretfema (1)

Matching conditions Trajectory tracking error

At = A+ BAKY,  Bis = BAK e(t) = x(t) — Xt (1)

Algebraic Lyapunov equation Control law

ATP 4+ PAy=—Q u(t) = K{ (D)x(t) + KX (D) rema (t) — OT (1) (1, x(1))

ref

Adaptive laws
K(1) = —Txx(1)e" (1) PB
Ko(t) = —Trroma (€T (H)PB
O(t) = Fed(t, x(1))e' (t)PB
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Overview of Two-Layer MRAC

Plant model Reference model
X(t) = Ax(t) + BA [u(t) + ©To(t, x(1))] et (1) = AretXies(1) + BretTema 1)

Auxiliary reference model Trajectory tracking error and

étran(t) = Atranetr,—m(t) e(t) £ X(t) - Xref(t)y 5(t) £ e(t) — etran(t)

Matching conditions Control law
At = A+ BAKY,  Bus = BAK], u(t) = K ()x(1) + KT (t)rama(t) — ©T()(t, x(1)) + K5 (t)e(t)
Atran = Ares + B/\KgT Algebraic Lyapunov equation
Adaptive laws AL P+ PAuan = —Q

(1) = —Fox(DET(1)PB
Ko(t) = —Trroma ()" (H)PB
O(t) = Fed(t, x(1)" (1) PB
Ko(t) = —Fge(t)e" (1) PB
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Overview of Robust MRAC - Projection Operator

Plant model Reference model
X(t) = Ax(t) + BA [u(t) + ©To(t, x(1))] + a(1) et (1) = AretXier(1) + Bretfema (1)

Matching conditions Trajectory tracking error

Awt = A+ BAKY, Bt = BAKT e(t) = x(t) — Xeet(1)

Algebraic Lyapunov equation Control law

AT P+ PAy=-Q u(t) = KT ()x(1) + KT (D)ema () — 6T ()(1, x(1))
Adaptive laws
A A Outer
Kx(t) = Proj (Kx(t), fl'xx(t)eT(t)PB) Bound

Adaptive T
Gain
Trajectory

f(r(t) = PI'Oj (kr(t)y _rfrcmd(t)eT(t)PB)

&(t) = Proj (é(r), Fe<l>(t,x(t))eT(t)PB)

Inner
Threshold
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Two-Layer Adaptive Funnel MRAC Systems

Plant model
x(t) = Ax(t) + BA [u(t) +oTo(, x(t))] +eq(t)
Auxiliary reference model
€tran(t) = Atran €tran(£)
Matching conditions

Awet = A+ BAKY,  Bret = BAK],
Atran - Aref + B/\Kg

Adaptive law
K(t) = Proj (R(t), ~Tu(le(t) ) H~"(t,=(1)
[r Tt (P+ Ve(t ()M B] )
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Reference model
)-(ref(t) = Areeref(t) + Brefrcmd(t)
Trajectory tracking error and
e(t) £ X(1) — Xt (1),
Control law
w(t) = [X(1), (1), ~0"( x(1)), €' (0)]
X - - . - T
Rty = [RI(0), KT (1), 07 (1), R (1)]
u(t) = KT (t)w(t)

e(t) £ e(t) — euan(t)

Algebraic Lyapunov equation

AL P+ PAuan = —Q
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Two-Layer Adaptive Funnel MRAC Systems

Constraint set
g5 {eeR": H(te) >0}
Constraint function (hard constraint)
H(t,€) £ nmax — 72 (t) —eT Me, —Qu = AL M + MAwan
R
Funnel diameter

Barrier Lyapunov function

Example of function for regulating funnel diameter (soft constraint)

Umax — [[u(?)]]

(1) = max{||u(t)]| — Umin, AUmin}
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Two-Layer Adaptive Funnel MRAC Systems

Adaptive law funnel diameter

min{0, MO 46 o)) > e, H,2(0) = 52 0(0) € (V57 i =52,
orom(1), ()] > Emims H(L2(1) > b2, n(t) € (VBT Vi —35).
T2 maxf0, onam(). 1] > e, (1) = V5 () =
min{0, omom(D), ()] > Emin, 1(t) = vVimar — 55,
0, ()] < emin,
where

nom(t) £ min {n(H)E(1), Xsat(t, e(1))},

H(I,E) |:>\min <O+ Ve(t,€)QM - & (P+ Ve(t,é‘)M)> - V:| }

Asat(t,€) & max¢ 0, —— 2
salt) { 2rman(PY(D) el
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Adaptive Law Funnel Diameter

A

/}llliL\

51 {

€min
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Numerical Simulations
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Choice of the Physics Engine/Simulator

Main requirements for choosing a simulator

Simulators for UAVs

e AirSim ® Accurately capture dynamics of UAV & payload
* FlightGear e Capture effects such as contact forces and moments,
* RotorS deformable components, and fluid-solid interaction
* Flightmare * Account for geometric and inertia properties of UAV
. from CAD model
* FlightGoggles ) .
’ e Real-time rendering
* PyChrono
* Open-source
‘ Simulator soozscne Rendering Dynamics :\Ine":_:;i:f;: FEM Contact Collision p:;il';id oril:r\\‘tled DOC:VT;:;T:M“
Irrlicht/
PyChrono Yes POVray/ Chrono::engine Yes Yes Yes Yes Yes No Yes
OpenGL
Gazebo-based/
Flightmare Yes Unity Real-world Yes No No Yes No Yes No
dynamics
multicopterDynamicsSim/
FlightGoggles Yes Unity Real-world Yes No No Yes No Yes Yes
dynamics



Simulation Wrapper

Purpose:
¢ Automates running multiple simulations in sequence

e Enables rapid testing and performance evaluation over a
wide envelope of operating conditions

Parameter Variation:
e Control algorithm
e Simulation environment

Implementation:
¢ Built using the PyChrono physics engine

e Can run multiple simulations in parallel, up to the
number of threads

Example Hardware:
e CPU: 13th Gen Intel® Core™ i9-13900H
e Cores: 14, Threads: 20
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Software Repository: Simulator

UAV_Sim_PyChrono

* High-fidelity simulations
® PyChrono-based dynamics

github.com/andrealaffly/UAV_Sim PyChrono
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https://github.com/andrealaffly/UAV_Sim_PyChrono

Numerical Simulations: Sensitivity Analysis
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Proposed Control System (Left) - Ref. [7] (Center) - Ref. [8] (Right)

[7]1 M. Gramuglia, G. M. Kumar, and A. L'Afflitto. Two-layer Adaptive Funnel MRAC with Applications to the Control of Multi-Rotor UAVs. 13th IEEE International Workshop on Robot Motion and
Control (RoMoCo), Poznan, Poland, July 2024.

[8] M. Gramuglia and A. L'Afflitto. A Robust Multi-Constraint Funnel MRAC System with Applications to Autonomous Multi-Rotor UAVs Transporting Payloads Connected by Ropes. AIAA Science and
Technology Forum and Exposition (SciTech), Orlando, FL, USA, January 2026.
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Numerical Simulations
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Total thrust [N]

T
l—Proposed control system
- - -Ref. [7]

'
S

30

20

10

Numerical Simulations: Unknown Unsteady Payload

L o -norm Tracking Error

Controller Lo-norm Tracking Error Loc-norm Thrust | L£,-norm Thrust
Position [m]  Velocity [m/s] | Position [m\/s] Velocity [m/+/5] [N+/s] [NV/s]
Proposed control system 0.0745 0.3728 0.0699 0.2371 57.28 149.82
Ref. [7] oo oo oo oo oo oo
Ref. [8] 0.2031 0.5405 0.4466 0.7227 54.21 149.55
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Numerical Simulations: Unknown Unsteady Payload

Proposed control system
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Experimental Flight Tests
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Flight Stack Features and Specifications

Features:
* Modular
* Easy to implement new control algorithms

* Option to use either RTK-GPS, MoCap, or
VIO fusion

Tested with:

e Odroid M1S (8GB RAM, 4 Core 4 Thread Figure: Odroid M1S
processor)

* Pixhawk 6¢

* PX4 Autopilot v1.15

* VICON and RTK-GPS H-RTK ZED-F9P
e Ubuntu 20.04

® ROS2 Galactic

Figure: Pixhawk 6¢
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Flight Stack Architecture & Interface with PX4

Features Onboard | VIO state
Camera
Markers
MoCap MoCap
Pixhawk 6¢ state

ROS2
Micro XRCE-DDS

Motors MoCap state -
- J

State

ESCs DShot/ | T VIO state

PWM
Motors normalized
thrusts

@7$ ‘ ‘ Odroid M1S

O RTK-GPS Fusion Mode O Motion Capture Fusion Mode O VIO Fusion Mode
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Software Repository: Flight Stack

ACSL-flightstack

* Flight tests
* Real UAV deployment

github.com/andrealaffly/ACSL-flightstack
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https://github.com/andrealaffly/ACSL-flightstack

Experimental Flight Tests: Nominal vs Off-Nominal Conditions
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Nominal Conditions - Funnel Two-Layer MRAC (Selected Flight Tests)
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Nominal Conditions - Classical Two-Layer MRAC (Selected Flight Tests)
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Experimental Flight Tests: Nominal Conditions

Performance computed over all 20 flights executed for the nominal conditions mission.
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Off-Nominal Conditions - Funnel Two-Layer MRAC (Selected Flight Tests)
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Off-Nominal Conditions - Classical Two-Layer MRAC (Selected Flight Tests)
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Experimental Flight Tests: Off-Nominal Conditions

Performance computed over all 20 flights executed for the off-nominal conditions mission.
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Experimental Flight Tests: Off-Nominal Conditions

Funnel Two-Layer MRAC
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Experimental Flight Tests: Nominal vs Off-Nominal Conditions

Performance computed over all 40 flights executed for both the nominal and off-nominal conditions missions.
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Experimental Flight Tests: Nominal vs Off-Nominal Conditions

Mission Controller L-norm Average Maximum
Mean(|le(")llc,) Std(le()llc,) | Mean(fle(-)ll) Std(][e(-)I]) | Mean(|le(-)I}) Std(l|e(-)I])

1 Funnel Two-Layer MRAC 1.1044 0.0612 0.1936 0.0273 0.5501 0.2321
Classical Two-Layer MRAC 1.6624 0.1455 0.2944 0.0419 0.7408 0.1984
Improvement (vs Classical) [%] 33.6% 57.9% 34.2% 34.8% 25.7% -17.0%
2 Funnel Two-Layer MRAC 1.2199 0.1027 0.2136 0.0421 0.5077 0.2372
Classical Two-Layer MRAC 2.2471 0.2825 0.4070 0.0686 0.9215 0.2410
Improvement (vs Classical) [%] 45.7% 63.6% 47.5% 38.6% 44.9% 1.6%

M. Gramuglia & A. L'Afflitto Advanced Control System Lab - Virginia Tech May 04, 2026 33/37



Frobenius Norm of the Outer-Loop Adaptive Gains

Nominal: Two-Layer MRAC Nominal: Funnel Two-Layer MRAC

Off-Nominal: Two-Layer MRAC Off-Nominal: Funnel Two-Layer MRAC
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Thank you for your attention
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For more information, please
contact Andrea L'Afflitto (a.lafflitto@vt.edu)
or visit https://lafflitto.com
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Software Repositories

ACSL-flightstack UAV_Sim_PyChrono
Flight tests High-fidelity simulations
Real UAV deployment PyChrono-based dynamics

.
github.com/andrealaffly/ACSL-flightstack github.com/andrealaffly/UAV_Sim PyChrono
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