35TH CONGRESS OF THE
7 INTERNATIONAL COUNCIL OF
"' THE AERONAUTICAL SCIENCES

(wAl— m =] —

SYDNEY | AUSTRALIA . icas2026.com

13-17 SEPT 2026

FIXED-WING AIRCRAFT PORT-HAMILTONIAN DYNAMICS AND
CONTROL

Joao Erick de Mattos Fernandes!, Flavio Luiz Cardoso Ribeiro? & Mauricio Andrés Varela Morales?

IDSc Student, Aeronautical Engineering, Instituto Tecnolégico de Aeronautica, Brazil
2Assistant Professor, Aeronautical Engineering, Instituto Tecnolégico de Aeronautica, Brazil

Abstract

This paper presents an approach to modeling and controlling fixed-wing aircraft longitudinal dynamics utilizing
the port-Hamiltonian (pH) framework. In this work, the complete aircraft longitudinal model is derived by in-
terconnecting inertial, rotational, and quasi-stationary aerodynamic subsystems. To achieve precise trajectory
tracking during approach phases, a pH control law based on generalized canonical transformations is imple-
mented, which explicitly accommodates time-dependent tracked variables. The proposed model and controller
are validated in a simulated decelerating, descent and leveling-off scenario representative of an Instrument
Landing System (ILS) approach. Results are compared against a benchmark TECS controller as both meth-
ods successfully manage the flight profile.

Keywords: Port-Hamiltonian dynamics, Flight dynamics, Port-Hamiltonian control, Canonical transformation
of port-Hamiltonian systems

1. INTRODUCTION

Understanding and controlling airplanes based on assessing and modifying their energy states is
not an unusual concept. Pilot training to this date focuses on this task, as can be seen in the “Air-
plane Flying Handbook” published by FAA. This publication dedicates a full chapter on energy
management, and concepts such as kinetic and potential energy and their relationship with airplane
commands in different flight situations.

The development of a flight control technique known as TECS (Total Energy Control System) follows
the same logic by controlling the total energy of the airplane and the energy distribution 4. How-
ever, TECS was conceived from a Newtonian representation of the longitudinal dynamics of airplanes.
A representation based on energy would be more suitable both for visualization and implementation
of such system.

Port-Hamiltonian systems, as introduced by [5, 6] enables modeling, simulation and control of phys-
ical systems and the interconnection of them. Several engineering applications approach were con-
ducted such as [7, 8], that proposed a framework for modeling and control of water channels. Other
works include [9] that studied a fluid-structure interaction prototype that mimics a flexible airplane
wing with piezoelectric actuators and tip-tank, and applied a passivity-based control technique for
damping injection. Also, used the same approach for modeling and control of complex structural
dynamics of civil engineering structures, such as a high-rise building.

Several works can also be found on the aerospace field. For instance, and proposed a model
and control of quadcopters. Even more aligned with the present work, for the fixed-wing dominium,
some very meaningful advancement was made by and their more recent works 15]. They
were able to introduce some terms of the aerodynamics - which poses a challenge since aerody-
namic forces both introduces and removes energy from the system - and obtain a port-Hamiltonian
description of the airplane dynamics. This approach made possible the derivation of a control based
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on [16]. These later works, however, used some simplifications that hindered the simulation of the
dynamics using the model whose control was based.

Recently, these authors proposed a fixed-wing longitudinal model that, for the first time, enabled a
simulation solely with the use of a port-Hamiltonian system in [17]. While previous efforts to incor-
porate complex aerodynamic forces into port-Hamiltonian descriptions were limited by simplifications
that prevented direct simulation, recent advancements [17] have introduced a longitudinal model that
allows for the first complete simulation of fixed-wing dynamics using a port-Hamiltonian framework.

1.1 Classical Approach vs port-Hamiltonian framework

The port-Hamiltonian framework offers several distinct advantages over classical models, most no-
tably its inherent modularity and energy accountability [18]. While other modeling paradigms allow
for system interconnections, the pH framework is constructed around this philosophy, enabling the
interaction of several different types of physical systems.

The basic outline of a port-Hamiltonian system is

x=(J—R)V,H+ gu . | R
; ng H=_p'M 1
y= oV H ; being 7P p+U (1)

where U comprises the sum of all system potential energy.

1.2  Work outline

This work is organized as follows: Section [2.| comprises a reconstruction of the longitudinal fixed-
wing airplane model from inertial, rotational and aerodynamic subsystems. Section [3.| covers port-
Hamiltonian control and its challenges, placing an emphasis on Canonical Transformation. Lastly,
a simulation is carried in order to compare the port-Hamiltonian model and control with classical
approaches on Section

2. FIXED-WING AIRCRAFT PORT-HAMILTONIAN LONGITUDINAL MODEL

The classical longitudinal model for fixed-wing airplanes can be derived directly from the forces acting
on the vehicle with varying degrees of complexity.

For this work, the forces considered are depicted in the figure below. Scalar equations can easily be
derived from the previous model, rendering the following set of equations.

L . 1
1% = (=D +Tcos () —mgsin(y))

1
Vel 0t =g+ - (~L—T'sin (@) + mgcos(y))

— M D 1
“ q=7—(M+2z,T)
Ly
6 —g
h =V sin(y)
x=Vcos(y)

(2)

Figure 1 — Classical Model Variables.

The previous equations are largely applied to modeling and simulation [19]; therefore, they are used
in the development of control laws applied in the aviation industry. It constitutes a solid benchmark
against which a properly developed model can be compared.

The first aim of this work is to derive energy-based equations matching |2, which will be carried out in
the following sections.
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2.1 Inertial System

The inertial system reduces the airplane to a point-mass system and deals solely with gravitational
potential and kinetic energy.

There is no dissipation since the Drag force D is embedded in Fy, which is a system input parallel
to V .The input forces considered are applied vertically and horizontally in reference to the mass dis-
placement, not to the inertial reference frame. For the same reason, T is not considered. Additionally,
T effects depend on a, which is not a variable for the system at this point. Thrust, nevertheless, can
be added by summing its effects to inputs L and D.

The main operator in this system is y, which defines the rate of change between kiznetizc and potential
energy. Thissystemhasx=1[g p|'=[x h mV, mV,]" and Hamiltonian H = ’W‘Zﬂ +mgh:

m

B 0 0 10 8 8
i 0 0 0 1 Fy
= . = ) - V7 % ; =
=1 | 1 0 00| B v e | <—FH > @
. VX —Vh
mVj, 0 -100 VIV TERVOTE

Alternatively, using the pair V and vy, which are more familiar for this kind of system, as can be inferred
by Equation 2 the same system can be rewritten in the following form:

X 0 0 cos(y) 0 00

. h o, 0 0 sin(y) cos(y) | oo
= P I - cos(y) —sin(y) 0 0 e “)

mvVy 0 —cos(y) 0 0 10

Input vector remains unchanged and Hamiltonian is given by H = g% +mgh.

It is also important to highlight that y varies only with 7, which, in turn, is controlled by L. This
dynamic does not affect H, given that L is a centripetal force. For this reason, y=1[0 V]’. This
system is representative of the phugoid mode of the airplane, where a disturbance would cause a
lightly dampened harmonic tradeoff of potential and kinetic energy, as long as the interdependence

of Fy and Fy is respected.

2.2 Rotational Dynamics

The rotational dynamics account for the aircraft's motion about its center of mass, decoupled from
the rotational components induced by changes in the flight path angle, 7.

The angular acceleration, defined as A = @, is governed by three primary torque components: the
commanded torque 7. applied by the elevator; a dissipative aerodynamic damping torque M,A; and a
restorative ’spring’ torque G, a. The latter is proportional to the angle of attack o and represents the
potential energy contribution to the system’s Hamiltonian.

(=0 ) w6 o= (D) v

The Hamiltonian is, therefore, given by:

_ @ G 02

H=
21, 2

In this formulation y = é.
This system is representative of the short period mode of the airplane, where an excitation of a would
initiate an oscillatory motion around the center of gravity, dampened by M,.
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2.3 Aerodynamic System

For the Aerodynamic System, the primary concern is to build a model that supplies the quasi-
stationary values for the stationary behavior, using an input vectorof u=[V Va a]':

oc

CL:CLU+CLaa+CLq(2V)

Cp =Cp, +C, 2 e 7

p =Cp, +Cp, 00 +Cp , +CD"(2V) (7)
oc

Cn :CmO—I—Cma(X—i—Cmq(ﬁ)

This formulation differs from the classical approach in not providing the stability derivatives and their
dependencies regarding control. This is deliberate since the control inputs for the interconnected
system are forces and moments exerted in the boundary of the system.

Assuming there are velocities for the air around the airfoil that could be different from the airplane
velocity vector Vy = [uy  wy qy]', the output for the port-Hamiltonian Aerodynamic system is thus:

CCDq

D Cp, (CDoc + CDaz Ol) 2 us
qS CCLq 8
y=| L | = v | S CL, 3 wy (8)
M Czcm q
Cry Cp, ony f

In case the air velocity vector matches its counterpart for the airplane ([uy wy gqf]" = [(V cos(a) ~
V) (Vsin(a)~Va) '), the aerodynamic forces are given by the aerodynamic system of when
the derivatives are multiplied by ¢S for forces or ¢Sc for moments.

Following the surrounding airspeed assumption, the Hamiltonian is then:

2 2 2

pz px pe
H= — 9
2mz+2mx+21 ©

Where m, = prt (£)%b, m. = px (4)*b, and 1 = 22 (£)*,

The remainder matrices are not relevant to this present work, since the port-Hamiltonian model pre-
sented here will not deal with aerodynamic transients. Additionally, the apparent masses described
by m, and m, are mostly negligible when dealing with airplane dynamics. Bottom line, for the purpose

of the present work, only the quasi-stationary part of the model will be considered.

2.4 Interconnections

Before interconnecting the system, the next figure non-exhaustively shows how the main interactions
among the systems produce a trajectory and airspeed change through the input of a control moment
and thrust.

cL,
- m
Mc »y a dt o dt o Lo L }/ dt y
Zp \Clia
int) N TN
T D2V 25V /m

cos(a)

Figure 2 — Model main interactions
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It is imperative to note that the input must be a moment applied in the boundary of the system, as
stated before, and its magnitude is relative to the control input generated torque only. Nevertheless,
the effect of this moment must be dealt with by the entire aerodynamic behavior of the aircraft. For
that reason, although Lift and Drag are presented as a closed value for their effects - both divided by
V to produce Ly and Dy - parts of the aerodynamic system governing moments must appear in the
final port-Hamiltonian form.

Interconnecting the above subsystems, therefore, renders the final form of the port-Hamiltonian

model as expressed by the equations below, considering [¢ p]"=[t 7 & mV mVy IyyA]T.

0 0 0 cos(y) O 0 0 0 0
0 0 0 sin(y) cos(y) O 0 0 0
0 0 0 0 0 1 0 0 0
=1 _ cos(y) —sin(y) 0 0 —Ly 0 |’ B= —Dy, 0 cos(a) (10)
0 —cos(y) O Ly 0 0 Ly, 0 sin(a)
0 0o -1 0 0 0 1 g

For this final system, R=diag([0 0 0 Dy 0 —-My)andu=[7 1 T]T, where 7. is the com-
manded elevator moment, 1 is the trim torque and T the engine thrust.

Since there is no superposition of dynamic behavior, the final Hamiltonian should be the sum of the
individual subsystem Hamiltonians:

Tas—1 P%/ P o 0
5P p+Viq) o T o, +——tmg (11)

It is important to note that no Hamiltonian elements for the Aerodynamic System are present since
this system deals with the fluid and not the airplane. The aerodynamic effects are accounted for when
Lift and Drag forces, in terms of the Aerodynamic system, are considered.

3. PORT-HAMILTONIAN CONTROL

Control of the port-Hamiltonian system is achieved by either an interconnection with a secondary port-
Hamiltonian system or a transformation of the original system. In any case, control laws must result
in a final system that obeys the port-Hamiltonian structure. This prerequisite narrows the options for
control compared with the myriad of options for linear systems and constitutes a research field on its
own, according to [6].

Some of the approaches are Damping Injection, Energy Shaping and Passivity-based control, as
briefly discussed below:

3.1  Damping Injection

One common approach is the use of dissipative control, which basically increases the stability or rate
of dissipation of the system by use of a control law such as u = —Cy. This is typically achieved by
adding a feedback term to the system dynamics that drives the energy towards a desired state of min-
imum energy. For instance, in the case of mechanical systems, a common form of port-Hamiltonian
control law might involve a feedback that is proportional to the velocity (momentum), ensuring that
energy is dissipated as the system moves toward equilibrium point.

3.2 Energy shaping

Energy shaping in a control technique based on the interconnection of systems, where a secondary
control system is connected to the port-Hamiltonian original plant. The total energy H, = H + H, is
then used as a Lyapunov function candidate. An equilibrium point other than the minimum energy
state can be chosen with the aid of a Casimir function. The challenge to this control technique is
to find such control system, since the Casimir function dictates a set of restrictions, being the most
important a "dissipation obstacle" [6], which prevents the use of this technique in most mechanical
applications.
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3.3 Interconnection and Damping Assignment-Passivity-Based Control

IDA-PBC, as it is commonly referred to, is a technique that expands the possibilities of system inter-
connection. Not only the Hamiltonian function is a design parameter but also the framework matrices
J; and Ry, being the d subscript for "desired". Nonetheless, these parameters are not independent,
which rises two possibilities for the method implementation:

* Non-parametrized IDA-PBC - where J; and R, are set and the controller is given by the resolu-
tion of the PDE dH,;/dx. The solution satisfying x* argmin{H,} is selected.

« Algebraic IDA-PBC - where H; is fixed, producing an algebraic set of equations depending on
Ja and R,.

» Parametrized IDA-PBC - where H, is fixed, imposing constraints in J; and R;.

3.4 Trajectory Tracking via generalized canonical transformations

Trajectory tracking via generalized canonical transformations is a technique that further expands the
limits of IDA-PBC by enabling the control of a time-varying Hamiltonian function [16]. This technique
preserves passivity even with a time varying desired Hamiltonian function. A time varying desired
signal is therefore possible.

According to [16], for purely mechanical systems, a passive error system with a positive definite
Hamiltonian regarding track error can be obtained from the Equations

A =H(g.p) + 5d'(0) M(@)d"(1)~ p" (1) + Ul —a")(0)

a=u—Mij,(t)+

oUT  (19M(q)4a)" 19(M(q)ga) 1, d(M~'(q)p) :
dq +(2 8qd 2 9 A7 >qd(t)

In this formulation, U is a free design parameter representing the virtual potential energy and, there-
fore, should be positive definite. The matrix D is a positive semi-definite matrix containing the dissipa-
tion elements associated with %, representing the viscous dissipation. For the system studied
in this work, D = diag(Dy,Dy,M,), since these are the dissipation associated with 1, 4 and ¢.

For the longitudinal airplane system, a valid canonical transformation aided by equations [12] can be
achieved by the following values:

0= (Ke(x — x4)* + (K (h — hg)* + (Ko (0 — 0g)*) + mgh (13)
X—Xxg xX— %f’cos(}/d)t2+Votcos(}/d) + X0
q=| h—ha | =| h—"%sin(y) + Vorsin(y) +ho (14)
o — 0y o — 0y
X — Xy & — Vi + Vicos(ya)t
q;: h—hd = h—Vyo—l—Vd sin(}/d)t (15)
o — 0y a—0
iy i—Vycos(y)
672 h—ild = h—Vd Sil’l(’}/d) (16)
& — by 0

These parameters, along with Equation [17}, render the effort needed to stabilize the system in the
desired trajectory.
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.d -1
T g3y L 2DD) gy L PO 3y 4 ) -y

(17)

Uprel = qu (t) -

After the calculation of Equation[17] considering the values of Equations[14}[15and[16] a final control
law for a totally actuated system is presented in Equation Additionally, since the control inputs for
the system are, according to the system presented by Equation[10] 7. and T, a transformation has to
be carried on, considering the geometric aspects of the system as described by Figure

m}id — CQ(Vh — /’ld) — 2/{;,(/1 — hd) +Dvhd +mg
—kg(a—ay) —Cs0

cos(oe+7y) —sin(y) Treq
|: sin(cc+7)  cos(y) ] [Lreq]

F, m)'C'd—Cl(Vx—)'Cd) —2kx(x—xd)—|—Dde
Uprel = Fy = =

Tcreq

(18)

0 1

Tcreq

In order to produce the desired lift amount and match the real actuation of the system, the necessary
lift L., shall be embedded in 7., in a manner that the change in « supplies the Lift the system needs.
This is accomplished by the relations depicted by Equation where Lo, accounts for all the lift that
is generated that does not relate to «. Not accounting for L,,, would produce a «, greater than the
one needed for producing L,,.

2(Lreq - Loreq )

o) =
T CLpvis

where L,., = F,cos(a+7)sec(a) — Fysin(a + y) sec(a)
(19)

Cr, pV3S

and Lo, = Lo, P>,

req 2 k4

Final control law is shown in Equation [20| A direct relation of 7., and z,, to V; and , - the actual
variables being controlled - can be derived recursively with Equations [14} [T5] [T6] [{8 and [I9] This
final form is omitted for brevity, as it does not further elucidate the core methodology of this work.

Treq = Fycos(y) sec(a) + Fsin(y) sec(a) (20)
Ty = —ka(@—04) —C30

The above control law, along with the derived Hamiltonian system, are used in the simulations. The
control parameters V; and v, are ideal to enable the comparison to the benchmark control method
presented in the next section.

4. SIMULATION AND COMPARISON TO CLASSICAL APPROACH

For a fair comparison to the method presented in this work, the Total Energy Control System was
selected as the Classical approach method both for its non-linearity and for the validated energy-
based approach.

4.1 Total Energy Control System - TECS

The Total Energy Control System (TECS) is an integrated control architecture that manages a fixed-
wing aircraft’s longitudinal dynamics by treating engine thrust and elevator deflection as tools for
energy flow and allocation. Introduced by Lambregts [20], this method calculates the aircraft’s total
energy state (E) as the sum of its potential energy (mgh) and kinetic energy (%mv2). The core logic of
TECS is that engine thrust (T) is the primary control for managing the total energy rate (E), while the
flight path - through elevator input - is utilized to rate of transformation between altitude and airspeed.

7
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(Vdotlg ) V_dot/g]

theta_req

-

KEI

Figure 3 — Total Energy Control System

This approach replaces independent SISO (Single-Input Single-Output) loops with a coordinated
system that views flight path and speed through the lens of physics-based energy trades.
Implementation of the TECS regulator involves generating demand signals for thrust (67;) and pitch
(66.) based on energy error rates. To ensure the system operates without undesirable coupling, the
regulator gains must be constrained such that the total energy rate error and the energy distribution
rate error reach zero simultaneously. These demand signals are eventually converted into control
inputs through a plant-dependent autopilot, facilitating precise trajectory tracking and airspeed man-
agement.

4.2 Simulation scenario

A scenario of a descent profile with multiple levelings off, also including decelerations, was chosen
to present the capabilities of both methods, enabling the performance comparison. This procedure is
very representative since it is commonly applied to approach procedures.

; IF FAF
TA 8000 EDMEG ANRAN
5100’ 3680' MAPT LOC
RWY 16

157

[ -7

| ' -

i 3600 -7 ILS RDH 55'

| THR ELEV 2032"
TO THR 16 (NM) 104 5.0 15 00
TO 1SJ (DME) 12.1 6.7 32 17

Figure 4 — ILS V RWY16 - Sao Jose dos Campos - Vertical Profile

The controller task is to level off at 5100 feet at 200 knots, 15 nautical miles from the runway thresh-
old—a bit less than five miles prior to the EDMEG position—decelerate to 160 knots until EDMEG,
descend in a 3 degree flight path to 3680 feet before reaching the ANRAN position, where it should
be leveled off, and then descend to the Decision Altitude of 2232 feet while decelerating to 140 knots.
It is important to note that, due to the simplicity of the aerodynamic system used in the simulation,
these speeds produce high angles of attack. A more detailed aerodynamic system would take into
account the use of flaps and slats, as well as the aerodynamic effects produced by the landing
gear. Such refinements would be advantageous to the controller since more drag would be added;
therefore, enabling higher possible values for deceleration and glide path.

The controller commands are based on the distance from the runway threshold, as they would be if
the autopilot were receiving its orders from a Flight Management and Guidance System.

This profile is very representative of the autopilot tasks during actual operations.
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4.3 Simulation Results

The overall simulation result can be seen in the figure [5lwhere the path is depicted for both controllers
and can be compared to the path shown in figure {4}

Actual Glide Path
5500

5000
4500

— 4000

E

< 3500 —
3000 -

2500 -

EDMEG

2000
-15

X [nm]

Figure 5 — Simulation Results - Vertical Path

The real qualitative analysis comes, however, from the states, which are depicted in Figure [6]

State Variables

V [m/s]

0 100 200 300 400 500 0 100 200 300 400 500
ts] tls]

q [deg/s]
o
3
| —
?
6 [deg]
>

N
(4]

500 0 100 200 300 400 500

0 100 200 300 400
ts] tls]
x10*
1500F ; : ; 1
0
E 1000+ . Er
< x
2+
500 ‘ ‘ ‘ ‘ ] ‘ ‘ ‘
0 100 200 300 400 500 0 100 200 300 400 500
t[s] t[s]

Figure 6 — Simulation Results - State Variables

An analysis of these values reveals that the distinct theoretical approaches employed by each con-
troller yield slight, observable variations in the aircraft states. The root cause for this difference is
the management of speed. The subtle difference in airspeed is the source of a more pronounced
difference on « that is, as expected, carried out to 6.

State derivatives are also presented to complete the state-space picture of the simulation as can be
seen in Figure[7]

In Figure[7|the differences of each control method approach becomes more visible. While TECS pro-
vides more subtle control inputs, the hamiltonian control produces more acute variations. Undoubt-
edly this behavior can be attenuated by a more judicious choice of the control design parameters.
Nevertheless, the first seconds of simulation, specially regarding V values, demonstrate that due to
the difference between approaches, hamiltonian control behavior might not converge to TECS less
intense approach.

For the control inputs, the reached values are found in Figure 8]

In these figures, once again the difference in airspeed V produces a slight difference in the magnitude
of the control input, specially in regard of elevator deflection angle. A larger o is required for low
airspeeds in order to produce the same lift, as depicted by Figure This, in turn, translates into
higher elevator input.
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State Derivatives
1
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Figure 7 — Simulation Results - State Derivatives

Control Input

T

5 [deg]

0 50 100 150 200 250 300 350 400
t[s]

T [%Tmax]
o o
= ]
‘ é
| |

|
0 50 100 150 200 250 300 350 400
ts]

Figure 8 — Simulation Results - Control Inputs

It is also important to point out that in the approximate interval of seconds 220 and 245, both con-
trollers reach a lower boundary saturation, since, for obvious physical reasons %T,,., should be kept
in the interval between 0 and 1. Nonetheless the controllers kept working as expected despite the
saturation.

5. CONCLUSIONS

This work aimed to control the longitudinal flight of a fixed-wing aircraft modeled in the port-Hamiltonian
system framework. First, the step-by-step derivation of a canonic port-Hamiltonian system was pre-
sented. A control based on the work of [16] was implemented, enabling the comparison against
TECS, introduced by [20] and extensively researched, qualifying it as the benchmark.

Both methods successfully accomplished the task of controlling the aircraft through the vertical path
of an ILS approach while employing different methodologies. The use of Canonical Transformation
as the method of choice for the port-Hamiltonian system control is justified by the explicit dependence
on time for the tracked variables.

While TECS is an applied method with straightforward implementation, control via Canonical Trans-

10
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formations, as described by [16], is a generic approach to controlling port-Hamiltonian systems. Its
implementation is relatively cumbersome, compared to TECS. However, its value resides in enabling
control to complex systems and tracking time dependent variables.

Another contrast that must be pointed out is that while TECS is a system native to a Newtonian frame-
work and takes advantage of an energy approach formulation, control via Canonical Transformation
is native to an energy framework and aims to control trajectories, rather than energy itself.

Building upon the feasibility demonstrated in this work, the development of a less generic, purely
energy-based control presents a logical next step for future studies.
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