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RESUMEN

Este trabajo evalia diversas estrategias de control PID en el sistema Quanser Aero 2 con un
grado de libertad (1-DOF). El controlador PID clésico se utiliza como referencia y se compara
con estrategias mejoradas como el PID 2-DOF, el PID fraccionario, el PID no lineal (todos
basados en modelo) y el controlador iPI (libre de modelo). Estas estrategias se analizan en
cuanto a su desempefio ante diferentes cambios de referencia y perturbaciones externas. La
eleccion de la configuraciéon 1-DOF se relaciona con aplicaciones reales, como el control de
cabeceo en vehiculos aéreos no tripulados (UAV) durante el despegue y el aterrizaje. Para
garantizar evaluaciones objetivas y consistentes, los pardmetros de los controladores fueron
optimizados mediante algoritmos genéticos. Las métricas de desempefio consideradas incluyen
el Integral del Error Absoluto (IAE), el Integral del Cuadrado de la Sefial de Control (ISCO),
el sobreimpulso maximo y el tiempo de establecimiento. Los resultados obtenidos resaltan los

beneficios y compromisos de cada estrategia en aplicaciones aeroespaciales.

Palabras clave: Control PID, Quanser Aero 2, 1-DOF, PID clasico, PID 2-DOF, FOPID, NPID,

iP1, evaluacion de desempeiio



ABSTRACT

This paper evaluates various PID controller strategies on the 1-DOF Quanser Aero 2 system. The
classical PID controller serves as a reference, compared to improved strategies like 2-DOF PID,
fractional-order PID, nonlinear PID (all model-based), and model-free iPI. These are assessed
for performance improvement under different reference signals and disturbances. The choice
of 1-DOF configuration relates to real-world applications, such as UAV pitch control during
takeoff and landing. Consistent and unbiased evaluations were ensured by optimizing controller
parameters using genetic algorithms. Performance metrics include Integral of Absolute Error
(IAE), Integral of Squared Control Output (ISCO), maximum overshoot, and settling time.

Results highlight the benefits and trade-offs of each strategy in aerospace

Keywords: PID control, Quanser Aero 2, 1-DOF, classical PID, 2-DOF PID, FOPID, NPID,

iPI, performance evaluation
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| 1
CHAPTER

INTRODUCTION

Aerospace and mechatronic applications have evolved significantly, becoming a central focus
in automation and control engineering. Unmanned Aerial Vehicles (UAVs) and drones have
emerged as essential tools across various sectors, from security and surveillance to precision
agriculture (Fellag and Belhocine, 2024). Consequently, designing effective control strategies

for these dynamic systems remains a key research area.

The Quanser Aero 2 platform, developed for educational and research purposes (Quanser, ),
offers a compact aerospace laboratory equipped with two configurable rotors (1-DOF or 2-DOF),
capable of simulating the dynamics of a half-quadrotor system (Quanser Inc., 2022). This
platform serves as an ideal testbed for validating control algorithms for UAV's and autonomous

aerial vehicles.

Controlling aerial systems presents challenges due to delays, nonlinearities, and external
disturbances (Beard and McLain, 2012). Although the Proportional-Integral-Derivative (PID)
controller has been widely adopted for its simplicity (Astrém and Hiagglund, 1995), its fixed
structure limits its adaptability in complex dynamic environments (Ogata, 2010). Recent research
has led to the development of enhanced PID variants, including the two-degree-of-freedom PID
(2-DOF) that decouples reference tracking and disturbance rejection (Taguchi and Araki, 2000);
the Fractional-Order PID (FOPID) that introduces non-integer operators for greater dynamic
flexibility (Herrera et al., 2023)); the Nonlinear PID (NPID) that adjusts gains based on error
magnitude (Quinonez et al., 2019, Proano et al., 2025); and the Intelligent PID (iPI) based on

model-free control principles (Fliess and Join, 2013)).

In this study, a comparative experimental evaluation of different PID controller approaches

is conducted for the 1-DOF Quanser Aero 2 system. The classical PID controller serves as the
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baseline, and several improved variants are compared, including 2-DOF PID, fractional-order
PID, nonlinear PID (all model-based), as well as the model-free iPI approach. The results
demonstrate that these enhanced controllers can improve system performance under varying
reference inputs and external disturbances. The 1-DOF configuration is specifically selected as
it simulates real-world scenarios such as pitch control during UAV takeoff and landing, where
angular stability is crucial (Pounds et al., 2006,/ Tayebi and McGilvray, 2006). All controller
parameters are tuned using genetic algorithms to ensure a fair comparison. The performance
indicators employed in this study are the Integral of Absolute Error (IAE), Integral of Squared

Control Output (ISCO), maximum overshoot, and settling time.

The document is organized as follows: Section 2 presents the mathematical model of the
Quanser Aero 2 platform. Section 3 describes the control techniques employed. Section 4
discusses the experimental results and the performance metrics used to evaluate each control

strategy. Finally, Section 5 presents the conclusions and future research directions.
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| 2
CHAPTER

QUANSER AERO 2 FUNDAMENTALS

The Quanser AERO 2 is a tabletop device, Fig. [2.1] designed for education and research in flight
dynamics and control. It simulates a helicopter system with 2 degrees of freedom, where pitch
and yaw are adjusted using propellers. This platform is ideal for practical learning in control

systems, dynamics, and aerospace engineering. It facilitates real-time experiments and controller

design when integrated with MATLAB/Simulink.

Figure 2.1: Quanser Aero 2 plant.

2.0.1 Mathematical Modeling
The Quanser Aero 2 system is modeled by analyzing the rotational dynamics around the

pitch axis. Key variables and parameters are listed in Table [2.1]



Table 2.1: System Variables, Parameters, and Acting Torques

Symbol Description Units
0(t) Pitch angle rad
9(2&) Pitch angular velocity rad/s
o(t) Pitch angular acceleration rad/s?
Jp Moment of inertia kg-m?
" Viscous damping coefficient | N-m/(rad/s)
K, Pitch stiffness N-m/rad
T,(t) External torque (rotor) N-m
d; Thrust offset from axis m
K,, Thrust gain N/m
M, Aero body mass kg
D,, COM distance from axis m
Tinertia = J, - O(t) | Inertial torque N-m
Taamping = Dy - O(t) | Damping torque N-m
Trestoring = Ksp - O(t) | Restoring (spring) torque N-m
Trotor = 1 (%) Rotor torque (external input) N-m

16

Dynamic Equation Derivation

Applying Newton’s second law for rotation:
> r=1,-6(t) 2.1)

Thus, the motion equation becomes:

J,-0(t) + D, - 0(t) + K.y - 0(t) = T,(t) (2.2)
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Rotor Torque Modeling

The rotor torque is defined as:

Tp<t) = -Fthrust(t) : dt = Kpp : wn(t) : dt (23)

Final Dynamic Model

Substituting into the motion equation:

Jy - 0(t) + D, - 0(t) + Koy - 0(t) = K,y - wp(t) - dy (2.4)

Transfer Function

Using the Laplace transform with zero initial conditions:

@(S) Kp . dt

= 2.5
wn(s)  Jps® + Dps + Ky 2

Normalized Form

Dividing by J,, yields the normalized transfer function:
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K. .
O(s) _ m;) dt/Jf( (2.6)
wn(s) 82+ TSt

This model accurately captures the pitch-axis dynamics and serves as the foundation for

controller design and simulation in Simulink.

The parameter values in Table [2.2]are specific to the pitch dynamics of the Quanser Aero 2
used in this study. While these values are kept constant throughout the simulations, they can be
modified to reflect changes in environmental conditions or system calibration.

Table 2.2: Parameter Values of the System

Parameter | Description Value
Ky, Pitch stiffness 0.0204 N-m/rad
D, Viscous damping coefficient 0.00104 N-m/(rad/s)
K,y Thrust force gain 2.52 x 107* N/m
M, Mass of the Aero body 1.07 kg
dy Distance of thrust from the axis 0.167 m
Jp Moment of inertia 0.0232 kg-m?

The following parameters and values were provided by the official documentation of the

Quanser Aero 2 system, (Quanser Inc., 2022]).



19

| 3
CHAPTER

CONTROL TECHNIQUES FUNDAMENTALS

This section outlines the control strategies utilized in this study. The analysis covers five
controllers: the traditional PID, 2-DOF PID, FOPID, and NPID, all of which are model-based,
alongside the iPI, a model-free or data-driven controller that relies solely on input-output data.
This arrangement facilitates a comparison between the effectiveness of model-specific and
model-independent approaches in dynamic environments. The controllers are engineered to

modify the rotor speeds in order to control the pitch angle € of the Quanser Aero 2.

3.0.1 Proportional-Integral-Derivative (PID)

The PID controller is widely adopted in industrial systems for its simplicity and effectiveness
in regulation tasks (Astrom and Hégglund, 1995). It combines proportional, integral, and
derivative actions to reduce error, eliminate steady-state offset, and improve transient response,

respectively. Its control law is as follows:

de(t)
dt

u(t) = Koe(t) + K / o(t) dt + K, 3.1)

where K, K;, and K, are the proportional, integral, and derivative gains, e(t) = r(t) — y(t)
is the tracking error , r(t) is the reference and y(t) the output of the process (Camacho et al..

2020).

3.0.2 Two-Degree-of-Freedom PID (2-DOF PID)
The 2-DOF PID controller extends the classical PID by decoupling reference tracking from
disturbance rejection, offering greater tuning flexibility (Taguchi and Araki, 2000). It modifies

the proportional and derivative actions using weighting factors 5 and ~:
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u(t) = Kp[B - r(t) —y(t)] + K; /[T(t) —y(®)]dt + Kaly - 7(t) — 4(t)] (3.2)

where 3, v € [0, 1]. This structure helps reduce overshoot and derivative kick during setpoint
changes, while preserving robustness against disturbances. The controller is tested on the Aero

2 platform to assess its benefits over the classical PID.

3.0.3 Fractional-Order PID (FOPID)
The FOPID controller is a generalization of the classical PID controller (Vega et al., 2024).

Its structure can be expressed as:

GFOPID(S) = Kp (1 + + TdS'u) . (33)

T;s*

This fractional configuration incorporates two tuning factors, A and p (A, u € R™), thus
increasing the number of tunable parameters from three to five. This expands upon the traditional

PID controller, with the conventional PID configuration being restored by setting A and p to 1.

FOPID controllers offer improved robustness, stability margins, and better performance in
reference tracking and disturbance rejection compared to classical PID controllers (Vega et al.!

2024)), making them well suited for systems with complex or uncertain dynamics.

This study implemented the FOPID controller using the Toolbox FOMCON, a MATLAB

and Simulink-based toolbox for fractional-order control (Tepljakov et al., 2019).

3.0.4 Nonlinear PID (NPID)

In traditional PID controllers, the control actions (proportional, integral, and derivative)
are generated based on a constant error signal, which is used to compute the controller gains.
However, in many practical applications, the linear nature of a standard PID controller is

insufficient to handle nonlinearities within the system. To address this, Nonlinear PID (NPID)
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controllers were developed, which introduce a nonlinear gain in cascade with a traditional PID

controller (Proano et al., 2025)).

The general form of a nonlinear PID controller can be described as:

u(t) = K,(+) - e(t) + Ki(-)/o e(t)dt + Kd(-)%e(t) (3.4)

Where K,,(-), K;(-), and K4(-) are time-varying gains, and e(t) is the error signal. These
time-varying gains are modeled using nonlinear functions that depend on the system error. The

nonlinear function allows for different behavior depending on the size of the error.

Various nonlinear functions can be used for this gain, including smooth sigmoidal functions.

The sigmoidal function used in this case is expressed as:

2
= — 1 :
ke = ko + k1 (1 o ) (3.5)

The parameters kg, k1, and ko define the characteristics of the sigmoidal function. Specifi-
cally, kq sets the central value of the nonlinear gain, k; determines the range of variation, and k-
controls the rate of change. The gain k(e) is bounded between ki, = ko — k1 and ko = ko + k1,
with typical conditions ensuring £ < & to maintain positive gains. This configuration allows
precise adjustment of the controller’s sensitivity depending on the magnitude of the system error

(Quinonez et al., 2019).

3.0.5 Intelligent Proportional-Integral (iPI) Controller
Model-free control aims to bypass the need for explicit modeling of system dynamics.

Instead, the behavior of the system is approximated by a simple ultra-local model:
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y W (t) = F(t) + au(t) (3.6)

where y(*)(t) denotes the v-th time derivative of the output y(#), u(t) is the control input,  is

a tuning parameter, and F'(¢) aggregates all unknown system dynamics and external disturbances.

This framework enables the design of robust controllers, such as the Intelligent Proportional-
Integral (iPI) controller, without relying on detailed physical models, significantly simplifying

implementation (Fliess and Join, 2013)).

The Intelligent PI (iPI) controller is derived from the ultra-local model and eliminates the

need for exact system identification. Its control law is given by:

u(t) = é —F(t) +7(t) + Kpe(t) + K; /t e(t)dt} (3.7)

The reference trajectory is represented by r(t), while F(t) serves as an online approximation

of F'(t), generally calculated through numerical differentiation.

The iPI controller exhibits strong robustness against modeling uncertainties and external
perturbations, making it highly suitable for practical applications where accurate models are

unavailable or expensive to derive.
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| 4
CHAPTER

RESULTS AND DISCUSSION

4.0.1 Model Identification and Analysis

To implement the different PID controller alternatives, we characterize the plant. The system
under study operates in a cascaded configuration, comprising a motor and a pitch mechanism, as
illustrated in Figure The primary objective was to begin with the classical PID controller by

analyzing the system’s response to a step input using MATLAB’s Model Analyzer.

Primary Secondary
Disturbance Disturbance  pj¢ch

Model

Set
Point 1

Set
Point 2

Master Slave Rotor
PID Pl Model

Secondary Circuit

Output
—

Primary Circuit

Figure 4.1: Block diagram of the cascade control system.

System Linearization and State-Space Representation

The plant was linearized at its initial operating point using MATLAB’s Model Analyzer, resulting

in the following continuous-time state-space representation:

—0.04485 —-0.8797 0 1154 0
1 0 0 0 0
A — , B =
0 —-0.0182 0 —1154 3
0 0 1 —63.89 0
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C = lo 0.00182 0 0] , D= M

The state variables are defined as follows:

* z1: Pitch angle (Model 1)
e 19: Pitch rate (Model 2)
* x3: Integrator state

* z4: Rotor dynamics

The input u; corresponds to the control signal applied to the system, and the output 7,

represents the measured pitch angle.
Transfer Function Derivation

From the linearized state-space model, the transfer function from input u; to output y; was

derived:

2.1

G(s) = ‘
() = 163935 + 11585 + 1085 7 1016

4.1)

This fourth-order transfer function indicates the presence of four energy storage elements

within the system, corresponding to the four state variables identified earlier.

Closed-Loop System and Stability Analysis

To analyze the closed-loop behavior, a proportional controller with gain k was considered. The

closed-loop transfer function is given by:
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k-G(s)

T 1+ k-G(s) (*2)

GCI(S)

2.1k

G. =
((5) s* 4+ 63.93s% 4+ 115852 + 108s + 1016 + 2.1k

4.3)

To study the stability of any control system, control theory says that we need only to look at the

characteristic equation of the system:

s* 4 63.935% 4+ 11585 + 108s + (1016 + 2.1k) = 0 (4.4)

Utilizing the substitution method (Smith, 2002) related to the Ziegler—Nichols closed loop
marginal stability approach, the critical gain K., and the critical period P, are determined
by analyzing the closed-loop characteristic Eq. (4.4)), by substituting s = jw, the result is as

follows:

(jw)* + 63.93(jw)?® + 1158(jw)?® + 108(jw) + (1016 + 2.1 - k) = 0 (4.5)

Separating into real and imaginary parts:

* Real part:

w* — 115802 + (1016 +2.1 - k) =0 (4.6)

* Imaginary part:
—63.93w> 4+ 108w = 0 4.7)
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w(—63.93w* 4+ 108) = 0

* Solving:

108
W= 5393~ 1.680 = w~ 1.3rad/s

With the natural frequency w obtained, the critical period is computed as:

P,=—=—=483s

P, ~483s (4.8)

By substituting the value of w into the equation for the real part, the critical gain can be

determined as shown:

k= K., <4412 (4.9)

4.0.2 PID Controller Parameters Using the Ziegler—Nichols Method
The resulting values of K., and P, are used to compute the PID gains, following the
standard tuning rules summarized in Table based on the Ziegler—Nichols formulas compiled

by (Camacho et al., 2020). These values correspond to the initial tunings for the PID controller.



Table 4.1: Ziegler—Nichols PID tuning equations and calculated values (Camacho et al., 2020)
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Parameter Equation Value
Key
Proportional gain | K, = i 262
K
Integral gai K;=—"2 108
ntegral gain P./2
I
Derivative gain | Ky = K, - = 158

4.0.3 Optimal tuning using Genetic Algorithms

The Genetic Algorithm (GA) is a model of biological evolution inspired by Charles Darwin’s

theory of natural selection. It was developed by John Holland as a method for solving complex

optimization problems through adaptive processes (Lambora et al., 2019). In this work, the

GA is applied to automatically tune the parameters of a PID controller (Kp, K, and K d). The

algorithm begins with a population of randomly generated candidate solutions, each representing

a possible set of PID gains. These candidates are evaluated by simulating the control system and

measuring their performance using two criteria: IAE (Integral of Absolute Error) and ISCO

(Integral of Squared Control Output). These metrics reflect tracking accuracy and control effort,

respectively (MathWorks, 2023)).

The multi-objective function (FO) is defined as follows:

fIAE =

f ISCO —

(

IAE + 100, ifIAE > 107°

IAE, otherwise
) (4.10)

ISCO + 100, if ISCO > 1075

otherwise

ISCO,
\

FO = /IAEdt—i—/ISCOdt 4.11)
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The best-performing solutions are selected and used to generate a new population through
crossover and mutation. This evolutionary cycle continues until a stopping condition is met,
such as reaching a predefined number of generations or achieving an acceptable performance

level (Lambora et al., 2019)).

Initialize population

L Z

a )

Decode individuals to
PID parameters

\ J
v

Simulate system
response

¥

Calculate fitness (IAE
and ISCO)

Return optimized
PID gains
T

-—----—J

No

v

Select best
individuals

|

Apply crossover

v

Apply mutation

|

Form new population

Figure 4.2: Flowchart of the Genetic Algorithm used for tuning all PID-based controllers.
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This approach was employed to tune all PID-based controllers, achieving a balance between
tracking accuracy and control effort. The optimized parameter values obtained through the
Genetic Algorithm are presented in Table 4.2]

Table 4.2: Final tuning parameters used in the experimental implementation of each controller

Parameter

PID

2-DOF PID

FOPID

NPID

iPI

235

440

120

240

280

210

100

490

500

400

300

1

0

ko - - - 07 | -
ko - - - T2 | -
ko - - - 05 | -
a - - - 1| -
K - - - — o1
Kn - - - — 70
Kipt - - - — 100

Kips - - - - 200

4.0.4 Experimental Results

To evaluate the performance of each controller, two experimental scenarios were conducted
on the Quanser Aero 2 platform in its 1-DOF configuration. The first assessed the tracking of a
reference change, generated by a Pulse Generator block, while the second was introduced to
an external disturbance at 50 seconds. All tests respected the platform’s input voltage limits of

[—24,24] V.

The control algorithms were deployed through the QUARC real-time control software in
MATLAB/Simulink, with a sampling time of 0.01s. In addition, the system responses were

analyzed using performance metrics such as IAE, ISCO, overshoot, and settling time.
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Figure 4.3: Pitch angle response of PID-based controllers to a reference change on the Quanser Aero 2 system.

Figure 4.3 shows the controllers’ responses to a reference change. All schemes successfully

reach the new setpoint, but exhibit different dynamic behaviors. Some controllers present

noticeable overshoot and oscillations, while others provide smoother and more stable responses,

highlighting a trade-off between speed and damping performance.
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Figure 4.4: Voltage signals in response to a reference change for all tested controllers on the Quanser Aero 2.

Figure[.4land [4.7/demonstrates that each controller sustains a balanced voltage consumption

in the pitch motor. Even with differences in control aggressiveness and response speed, all

strategies avoid placing undue stress on the actuator, suggesting that the controllers effectively

ensure both efficient and safe system performance.
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Figure 4.5: Performance metrics for reference tracking: IAE, ISCO, M), and ¢, for all controllers.

Figure [4.5] presents the performance metrics for reference tracking. All controllers achieved
similar TAE values. In terms of control effort (ISCO), the FOPID required the most, while
the NPID and iPI showed lower energy consumption. The PID and iPI exhibited the highest
overshoot, around 9%, whereas the 2-DOF PID eliminated it. Regarding settling time, the
2-DOF PID and FOPID had the fastest responses (11-12 s), while the NPID and iPI were the

slowest, reaching 20 s.
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Figure 4.7: Voltage signals in response to an external disturbance for all tested controllers on the Quanser Aero 2.
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Figure 4.6 presents the system response to an external disturbance applied at ¢ = 50s.
Although the disturbance is identical for all controllers, their behavior varies significantly.
The PID and NPID controllers display sharp peaks, whereas the IPI, FOPID, and 2-DOF
PID controllers show better disturbance rejection, with smaller deviations and faster recovery,

demonstrating greater robustness to external variations.
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Figure 4.8: Performance metrics under disturbance rejection scenario: IAE, ISCO, M, and ¢, for each controller.

Figure [4.8|displays the performance metrics under a disturbance scenario. The 2-DOF PID
achieved the lowest IAE, indicating superior disturbance rejection, while the PID and NPID also
showed competitive accuracy. In terms of ISCO, all controllers maintained comparable control
effort, with FOPID showing a slight increase. The 2-DOF PID again stood out by completely
eliminating overshooting. Regarding settling time, the 2-DOF PID and FOPID demonstrated

faster recovery, while the NPID and iPI took significantly longer to stabilize.
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oHaPTER D
CHAPTER

CONCLUSIONS

This study evaluated various PID control strategies on the 1-DOF Quanser Aero 2 system. The
classical PID controller served as a reference point for comparison with model-based 2-DOF

PID, fractional-order PID, nonlinear PID, and the model-free iPI controller.

Utilizing genetic algorithms for parameter adjustment facilitated an equitable comparison of
controllers with different architectures. Consequently, this method removed the bias of manual

tuning and ensured uniformity in the evaluation criteria across all tested configurations.

The 2-DOF PID controller demonstrates superior performance, achieving a balance between
reference tracking and effective disturbance rejection without compromising system stability or

overloading the actuator.

The iPI controller exhibits a balanced performance in tracking and rejecting disturbances,
showing only slight high-frequency oscillations in the controller outputs, which in turn con-

tributes to the extended lifespan of the actuator component.

Future research should consider employing these controllers in Aero 2’s full 2-DOF configu-

ration to allow for evaluation within a more complex coupled dynamics.
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