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Keywords ABSTRACT

Variable structure PID,

Multivariable attitude Cross-axis torque coupling degrades transient performance in multivariable rotary wing attitude systems
control, Cross-axis when fixed gain PID controllers are tuned under single loop assumptions. Variable structure PID control
coupling, Gain introduces state dependent switching between predefined gain sets and offers a low order approach for
switching, MIMO modifying transient behavior without increasing controller complexity. This study evaluates fixed gain
Systems and variable structure PID control on a coupled pitch yaw helicopter platform modeled as a linearized

two input two output system with explicit torque interaction. Switching logic selects aggressive or
damping gains based on the sign of the error and its derivative. In this paper, closed loop responses are
assessed using overshoot, peak deviation, settling behavior, and integral of absolute error under identical
reference commands and actuator conditions. The switching configuration reduces transient amplification
and cumulative tracking deviation in the axis most influenced by coupling while maintaining comparable
convergence characteristics in the less affected axis. The observed axis dependent behavior aligns with
asymmetry in the plant coupling structure. These results indicate that state dependent gain modulation
within a classical PID framework improves disturbance rejection in coupled attitude dynamics and
provides a practical control strategy for multivariable UAV and eVTOL stabilization problems.
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Variable Structure PID Control for Multivariable Attitude Stabilization Under Cross-axis Coupling in Helicopter Systems

1. INTRODUCTION

Precise multi-axis attitude control is necessary for modern
unmanned aerial vehicles and eVTOL platforms to keep
stability and tracking performance under unpredictable flying
conditions and disturbances. As system complexity increases,
interactions between rotational degrees of freedom and actuator
constraints impose fundamental challenges on control design.
In fact, strong coupling between rotational axes exists due to
reaction torques and aerodynamic interference. In this paper,
we mainly focus on a pitch yaw model in which these
interactions remain under linearized operating conditions and
significantly affect transient response. When controllers are
designed using independent single loop assumptions, coupling
appears in the closed loop as a structured disturbance. This
behavior leads to overshooting as well as increased control
effort, and sensitivity to gain tuning during transient maneuvers
[1]. Laboratory helicopter platforms provide a practical
benchmark for studying multivariable control under coupling.
For helicopter systems with multiple degrees of freedom, pitch
actuation induces yaw motion through reaction torque while
yaw inputs alter pitch dynamics through aerodynamic coupling
[1]. These effects occur even for small amplitude commands
and intensify near actuator saturation [2]. Decentralized control
structures experience performance degradation when cross-axis
interactions are not explicitly addressed [ 1], [3].

PID control remains widely used in aerospace and
electromechanical systems due to structural simplicity and
transparency. Fixed gain PID designs rely on a compromise
between transient speed and damping. In coupled systems, this
compromise becomes restrictive. For one, integral action
amplifies cross-axis disturbances and increases susceptibility to
windup. Also, PID controllers do not have a good response for
aero dynamic systems with poles on the imaginary axis [4], [5],
[6]. Advanced controllers such as sliding mode controllers
might overcome the disadvantages of PID controller. However,
these controllers might have chattering, which can harm
actuators [7], [8], [9].

Variable structure PID (VS-PID) control introduces state-
dependent switching between multiple gain sets. Switching
based on the error trajectory enables different controller
behavior depending on whether the system state moves toward
or away from equilibrium. Scientific papers show improved
disturbance rejection and reduced oscillatory behavior
compared to fixed gain PID control while preserving
implementation simplicity [10]. Such an approach avoids
extensive offline tuning associated with gain scheduling and
adapts controller behavior in real time. State dependent
switching laws for linear systems establish conditions for stable
switching based on measurable state variables [11]. Switching
PID control applied to nonlinear systems demonstrates
improved transient performance under changing dynamics and
external disturbances [ 12]. These results motivate the extension
of variable structure PID concepts to multivariable systems
with explicit coupling.

Despite these advances, applications of variable structure
PID control to coupled helicopter dynamics remain limited. In

pitch yaw systems, coupling terms vary in magnitude and sign
during transients and act as structured disturbances rather than
constant offsets. Applying variable structure PID to such
systems requires explicit modeling of cross-axis dynamics and
integration of coupling effects within the control architecture
itself.

This paper applies variable structure PID control to a
helicopter pitch yaw helicopter model formulated as a two input
two output system. The plant consists of linearized second order
rotational dynamics with explicitly modeled pitch yaw
coupling. Variable structure PID controllers are implemented
on each axis using gain sets and state dependent switching logic
consistent with previously established formulations [10], [11].
Coupling effects are selectively incorporated within the control
structure to evaluate their influence on tracking performance
and control effort. Simulation results compare variable
structure PID control with fixed gain PID under identical plant
dynamics, reference commands, and actuator constraints. The
study demonstrates the extension of variable structure PID
methods from single axis formulations to a physically
meaningful multivariable helicopter system with strong
coupling effects.

To examine the practical value of this gain switching in
coupled rotary wing dynamics, this study focuses on its
behavior under explicit cross-axis interaction. The main
contributions of this work are overall summarized as follows:

= Extension of variable structure PID control to a coupled
MIMO Aero2 attitude system with explicitly modeled
cross-axis torque interaction.

=  Development of a state-dependent gain switching strategy
applied directly to a multivariable system exhibiting
asymmetric coupling dynamics.

= Evaluation of switching behavior under transient
conditions with varying coupling influence, with emphasis
on disturbance amplification, convergence, and cumulative
tracking deviation.

=  Comparative analysis between fixed-gain and variable-
structure PID control under identical plant dynamics and
actuator constraints to isolate the effect of gain modulation.

= Identification of axis-dependent performance
characteristics arising from the structure and asymmetry of
cross-axis coupling.

The remainder of this paper is organized as follows. Section
2 presents the system description. Section 3 introduces the
variable-structure PID design. The subsequent sections provide
the simulation results, followed by the discussion in Section 5
and the conclusion.

2. SYSTEM DESCRIPTION
2.1. Symbolic Model

The system considered in this study represents a two degree
of freedom rotary wing attitude platform with coupled pitch and
yaw dynamics. The physical configuration of the helicopter
platform, including the orientation of the pitch and yaw axes
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and the placement of the front and rear rotors, is illustrated in
Fig. 1. The model is also able to capture essential characteristics
of eVTOL attitude subsystems like reaction torque effects and
aerodynamic cross-axis interactions. It is formulated as a linear
time-invariant, two-input two-output system derived from
rigid-body rotational dynamics and linearized about a nominal
operating point [ 14].

Fy

4

BACK

Pitch>0
Y

Fig. 1. Helicopter [ 13].

The control inputs are the rotor voltages V, for pitch rotor
voltage and V, for yaw rotor voltage. Additionally, the outputs
are the angular positions: 8 as pitch angle and 1 as yaw angle.

Given the helicopter model, the rotational dynamics are given
by [13]:

]Qé + Dge + Keg =Ty (1)

Jy + Dyip = 1y )

Here, Jg and ], are moments of inertia, Dg and Dy, are viscous
damping coefficients, Ky is the pitch restoring stiffness, and g,
Ty, are the applied torques.

The actuator torques are modeled as linear functions of the
rotor voltages with explicit cross-axis coupling [ 13],

Tg = apr + agyl/;, (3)
Ty = ayplp T @,V 4)

where a, and a, are the primary control effectiveness
coefficients, and ag, and ay, represent cross-axis coupling
gains.

Substituting (3) and (4) into (1) and (2) yields:
Job + Db + Ko0 = a,V, + ag,V, (5)
fwlﬁ + lep = aypVp + 4,V (6)

Taking the Laplace transform of (5) and (6) with null initial
conditions gives [13]:

0(s) _ ap agy (7
Vp(s)  Jgs2+Dgs+Kg = Jgs?+Dgs+Kg
W(s) Ayp ay (3)

= +
Vo(s)  JyS?+Dys  Jys?+ Dys

Defining the individual transfer functions,

Gop(s) = m ©)
Goy (5) =]652+aD% (10)
Gyp(S) Zws;l%ws (i
Gyy(s) =]1,,52a#¢s (12)

Here, Ggp(s), Ggy(s), Gyp(s), and Gy, (s) are the pitch
dynamics due to pitch actuation, the pitch response due to yaw
actuation, the yaw response due to pitch actuation, and the yaw
dynamics due to yaw actuation, respectively. The complete
multivariable representation is therefore [13]:

[G)(S) _ [Gep(S) Gey(S) [V;;(S)] (13)
W) T [Gyp(s) Gy )| 1)

Each denominator reflects the rotational dynamics of the
affected axis. The pitch channel includes a restoring stiffness
term associated with gravitational and aerodynamic moments
while the yaw channel is more so dominated by inertia and
damping. The coupling terms share the same denominator as
the axis they influence, indicating that cross-axis inputs excite
the same rotational modes as primary actuation.

2.2. Numerical Helicopter Model

Using the identified helicopter parameters obtained from
system specifications and experimental characterization, the
symbolic model is instantiated into a numerical linear time-
invariant representation. Substituting the values given in Table
[ into (9)-(12) yields the following transfer functions [13]:

. _ 0.0281456
o) = 3 170.0689655 5 + 0.3793103 (14)
. ~ 0.0115469 (15)
0v(9) = 700689655 5 + 03793103

_ —0.0133663 (16)

Gyr($) = 701386555 5
0.0520581 17
Gyy(s) = "

s2 4 0.1386555 s

The negative sign in Gy, (s) reflects the opposing yaw torque
induced by pitch actuation. This overall numerical
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representation defines the exact plant used for the describing
function analysis of the variable-structure PID controller
presented in the subsequent sections.

Table 1. Identified helicopter model parameters.

Parameter Description
Jo = 0.0232 Pitch axis moment of inertia
Jy = 0.0238 Yaw axis moment of inertia
Dg = 0.0016 Pitch viscous damping coefficient
Dy, = 0.0033 Yaw viscous damping coefficient
Kg = 0.0088 Pitch stiffness coefficient
a, = 0.000653 Pitch motor gain constant

ag, = 0.000268
ay, = —0.000318
a, = 0.001239

Yaw-on-pitch coupling coefficient
Pitch-on-yaw coupling coefficient

Yaw motor gain constant

3. VARIABLE-STRUCTURE PID DESIGN

The control objective is regulation of the pitch and yaw
angles of the coupled helicopter system. The controller must
ensure fast convergence while limiting overshoot and control
effort under cross-axis interaction. The tracking errors are
defined simply as

eg(t) = 04(t) — 6(t)

ey(t) = Pa(t) — (1)

(18)
19)
A conventional PID control law for either axis is expressed as

u(t) = Kye(t) + K;[ e(t) dt + Kzé(t) (20)
Here, Kp, K;, K4 are the proportional, the integral and the
derivative gains. Fixed PID gains impose a tradeoff between
response speed and damping. Large gains reduce rise time but
increase overshoot and amplify cross-axis coupling. Small
gains improve damping but weaken disturbance rejection.

The VS-PID formulation is adopted following the phase
plane switching strategy introduced in [10]. The switching
signal is defined as

o(t) =e(t)eé(t) 21
The sign of ¢ (t) determines the gain set so that if
o(t)>0 (22)

the error magnitude increases. An aggressive gain set is applied

to increase corrective action if
a(t) <0 (23)

In this case, the error decreases toward equilibrium. A

damping oriented gain set is applied to reduce oscillation. The
VS-PID gains are defined as piecewise constants,

‘- K&, o(t)>0 24

P k®, s <o

p ’
X {Ki(l), o(t) >0 (25)
L (2

K, o) <0
_ K®, a(t)>0 (26)

“Tk®, ) <o

The resulting control input becomes

u(t) = K,(o)e(t) + Ki(0)] e(t) dt + K4(a)é(t) 27)

The final control structure is shown in Fig. 2. For the pitch and
yaw subsystems, the control structure uses two VS-PID
controllers. Coupling models are used to describe the
interaction dynamics because of the intrinsic cross-coupling
among the two axes. This ensures robust and precise tracking
accuracy in the coupled helicopter system by enabling each
controller to correct for cross-axis disturbances.

e VS-PID

L‘Vp*‘ Pitch Model }
L Cross-Coupling

Model Between
Pitch and Yaw

Cross-Coupling
Model Between
Pitch and Yaw

( £ ,,’T LV)”—; Yaw Model v
L

Fig. 2. Block diagram of the VS-PID controlled coupled
system.

The gain values used in the simulations are defined as
follows. For the pitch axis, the aggressive gain set is:

W _
Ky =500
KY =30
K& =70

The damping gain set is:

@ _

K3 = 40
K® =10
K5 =40

For the yaw axis, the aggressive gain set is:

@ _
Ky, =800
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K\ =01
Ky = 200

The damping gain set is:

@ _
K2 =200
K =01
K$) =100

For the fixed PID configuration, the damping gain set was
selected for both pitch and yaw in order to avoid overly
aggressive tuning and to ensure a fair comparison with the
variable structure controller. The PID gain values used in this
study were selected to provide aggressive and damping control
behaviors consistent with the objectives of the wvariable
structure setup. The gain sets were obtained through
preliminary tuning and refinement of the closed-loop response
of the linearized Aero2 model thus providing stable operation
and reasonable transient performance under cross-axis
coupling. The damping gain set was naturally chosen to yield a
well-behaved response with limited overshoot and oscillation
when applied as a fixed controller. The aggressive gain set was
therefore defined by increasing proportional and derivative
action relative to this baseline in order to enhance corrective
response during points where the tracking error grows.

This structure is implemented independently for pitch and
yaw axes. The plant remains linear as defined in (13). The
closed loop becomes piecewise linear due to state dependent
gain switching. The form follows the variable structure PID
framework in [10] and forms the basis for the simulation.

4. SIMULATION RESULTS

The closed-loop performance of the coupled helicopter
system was evaluated under cross-axis interaction using
standard time-domain step response metrics. Performance
measures include percent overshoot, Peak — steady-state
deviation, settling time within a 2 percent tolerance band, and
integral of absolute error (IAE).

Pitch Angle Fixed vs VS PID Comparison (w/ Coupling Effects)

= = Reference
Fixed PID
VS PID

——ee L 1T

Fig. 3. Pitch angle tracking response for fixed PID and
variable structure PID controllers with cross-axis coupling
enabled.

Fig. 3 shows the pitch tracking response for the fixed PID
and VS-PID controllers over the evaluation interval with cross-
axis coupling enabled in the plant model. The coupling
configuration represents the most demanding scenario for the
controller due to cross-axis disturbance propagation.

The selected performance metrics evaluate transient
amplification, convergence, and cumulative tracking accuracy
under cross-axis coupling. Percent overshoot and Peak minus
steady state deviation quantify transient excursion and damping
quality which are directly affected by coupling induced
disturbance. Settling time within a 2 percent band measures
practical stabilization and convergence speed. IAE captures
total tracking deviation over the evaluation interval and reflects
overall regulation quality. These metrics are widely adopted in
time domain controller assessment because they provide
complementary measures of speed, stability, and accuracy in
closed loop systems [15].

Table II. Performance metrics comparison of fixed PID and
variable structure PID controllers for pitch angle.

Metric Fixed PID VS-PID
Overshoot (%) 12.206 7.664
Peak — SS (units) 6.097766 2.973817
Settling Time 2% (s) 19.736 19.074
IAE (J|e|dt) 108.529938 83.820334
Table II summarizes the corresponding quantitative

performance metrics under coupling. For the pitch response,
percent overshoot decreases from 12.206 percent in the fixed
case to 7.664 percent under variable structure control. This
corresponds to a reduction of approximately 37 percent in
overshoot magnitude.

Peak — SS is computed as the difference between the
maximum transient peak and the final steady-state value. The
Peak — SS metric decreases from 6.0978 units to 2.9738 units,
indicating a substantial reduction in maximum transient
deviation under the variable structure formulation. This
represents a reduction of approximately 51 percent in peak
excursion amplitude.

The 2 percent settling time improves slightly from 19.736 s
in the fixed PID case to 19.074 s under the variable structure
controller. Although the improvement in convergence speed is
modest, the switching formulation achieves comparable
stabilization ~ while  significantly = reducing transient
amplification.

The integral of absolute error decreases from 108.5299 to
83.8203, corresponding to an approximate 23 percent reduction
in cumulative tracking error. This confirms improved overall
regulation quality under cross-axis interaction.

These results show that under cross-axis interaction, the
variable structure PID reduces transient deviation and
cumulative error relative to the fixed gain configuration and
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significantly so.

Following the analysis of the pitch response, the yaw axis is
evaluated under the same cross-axis coupling conditions. While
the pitch dynamics exhibit pronounced sensitivity to coupling,
the yaw axis shows comparatively smaller disturbance
amplification. This distinction allows assessment of how the
variable structure mechanism performs across axes with
different coupling sensitivity.

In the helicopter configuration, the dominant cross torque
term affects the pitch dynamics more strongly than the yaw
dynamics. As a result, yaw disturbances induced by pitch
commands remain limited in magnitude. Evaluating the yaw
response under identical controller settings therefore provides a
consistency check. If the switching mechanism introduces
instability or excessive oscillation, it would be reflected in the
yaw response despite its lower coupling sensitivity.

Yaw Angle Fixed vs VS PID Comparison (w/ Coupling Effects)

= = Reference
Fixed PID
VS PID

0 5 10 15 20 25
Time (s)

Fig. 4. Yaw angle tracking response for fixed PID and
variable structure PID controllers with cross-axis coupling.

The influence of cross-axis coupling on the yaw dynamics
is illustrated in Fig. 4.

Table III. Performance metrics comparison of fixed PID and
variable structure PID controllers for yaw angle.

Metric Fixed PID VS-PID
Overshoot (%) 0.119 -
Peak — SS (units) 0.342441 0.014531
Settling Time 2% (s) 14.302 14.370
1AE (I|e|dt) 115.681107 113.124118

Table 11l summarizes the quantitative performance metrics.
For the yaw response, percent overshoot decreases from 0.119
percent in the fixed case to almost zero percent under the
variable structure controller. Although the relative reduction is
complete, the absolute magnitude of overshoot is already very
small due to weaker cross-axis excitation in yaw.

The Peak — SS metric decreases from 0.3424 units to 0.0145
units, indicating a pronounced reduction in transient spike
amplitude. This confirms that gain switching moderates
transient amplification even in the less affected axis.

The 2 percent settling time remains nearly unchanged, with
the fixed PID settling at 14.302 s and the variable structure PID

at 14370 s. The minimal difference suggests that yaw
convergence speed is not strongly influenced by gain switching
under the present coupling configuration.

The integral of absolute error decreases from 115.6811 to
113.1241, corresponding to an approximate 2 percent reduction
in cumulative tracking error. While smaller than the
improvement observed in pitch, this reduction confirms that the
switching mechanism does not degrade yaw tracking
performance.

Compared to the pitch axis, the yaw axis demonstrates
smaller absolute improvements. This behavior is consistent
with the structure of the plant in (13) where pitch is more
directly influenced by cross torque interaction. The variable
structure mechanism therefore provides its largest benefit in the
axis experiencing stronger coupling induced disturbance.

5. DISCUSSION

Evidently, the VS-PID improves transient behavior because
the switching law adjusts loop aggressiveness according to the
direction of the error trajectory. When cross-axis torque injects
energy into the regulated axis, the error and its derivative share
the same sign. The controller selects the higher gain set and
increases corrective torque. This action counters disturbance
energy during the growth phase of the transient. When the state
moves toward equilibrium, the controller switches to the lower
gain set and increases effective damping. The improvement
associated with this mechanism appears more clearly in pitch
because, as mentioned, the plant exhibits asymmetric coupling.
The cross-torque term influencing pitch has greater relative
effect on its dynamics than the reciprocal term influencing yaw.
Cross-axis interaction therefore injects more transient energy
into the pitch channel. Gain switching engages more frequently
and with greater impact in this axis. In yaw, weaker coupling
produces smaller disturbance amplification. The switching law
remains active but operates over a narrower error range which
explains the reduced magnitude of observable change.

The stability of the variable structure PID controller under
switching is supported by the structure of the switching law and
its consistency with established formulations in the literature.
The switching signal defined as o (t) = e(t)é(t) partitions the
phase plane according to the direction of the error trajectory.
When the error and its derivative share the same sign, the
system state moves away from equilibrium, and the controller
applies the higher gain set to increase corrective action. When
the error decreases toward equilibrium, the lower gain set is
selected to introduce effective damping. This mechanism aligns
with previously reported variable structure PID strategies [7]
and state dependent switching control approaches [ 8] where the
stability is maintained by ensuring that switching occurs
between locally stabilizing controller configurations. In the
present implementation, both gain sets are selected to yield
stable closed loop behavior for the linearized plant, and the
switching logic does not introduce persistent excitation or
discontinuous divergence in the system trajectories. The
resulting closed loop system remains bounded and exhibits
convergent behavior in all simulated cases, with no evidence of
chattering or instability across either axis. These observations
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are consistent with prior studies of switching PID control in
nonlinear systems [9] in that appropriately designed switching
laws preserve stability while improving transient response.

The performance of the proposed variable structure PID
controller under non-ideal conditions such as parameter
uncertainty, measurement noise, and time delay has not been
explicitly evaluated in the present study and represents an
important  consideration for practical implementation.
Modeling inaccuracies and parameter variations may affect the
relative effectiveness of the predefined gain sets most
significantly in the presence of strong cross-axis coupling. Time
delays in sensing or actuation may further influence the timing
of gain selection and reduce the effectiveness of the switching
logic during fast transients. Nevertheless, the closed-loop
responses obtained under nominal conditions remain smooth
and bounded with no evidence of excessive oscillation or
chattering which suggests stability of the switching formulation
in the face of moderate disturbances. Despite this, a detailed
stability analysis incorporating uncertainty, noise, and delay
effects is left for future work to fully assess the applicability of
the approach in real-world flight control systems. Also, It's also
crucial to note that this study investigated the coupling effects
and found that the controller stayed stable. This shows how well
the controller performs in conditions that are not ideal

The controller suppresses peak growth and limits oscillatory
amplitude while preserving overall convergence rate. The
structure shapes the transient envelope rather than altering
steady state characteristics. These observations have robustness
implications under structured cross-axis disturbance. A fixed
gain PID must balance aggressiveness and damping for all
operating phases. Under coupling, this compromise leads to
either excess amplification or slow correction. State dependent
switching separates these roles across the transient. High gains
act during disturbance growth. Lower gains act during decay.
This separation reduces sensitivity to interaction without
increasing controller order [16].

The approach retains the simplicity of classical PID
implementation. The controller structure remains proportional,
integral, and derivative action with two predefined gain sets. No
additional states or model based observers are introduced. The
nonlinear behavior arises from gain selection logic driven by
measurable signals. This property supports implementation in
embedded flight controllers with limited computational
overhead. Moreover, the method has practical implications for
multivariable attitude stabilization in rotary wing and eVTOL
platforms. Cross-axis torque coupling acts as a structured
disturbance during coordinated maneuvers. State dependent
gain modulation offers a low complexity means to limit
transient amplification in the most sensitive axis while
maintaining stable regulation in the other. The architecture
aligns with decentralized PID practice and requires only local
error signals.

The effectiveness of the strategy depends on coupling
strength, disturbance magnitude, and gain set separation. If
cross-axis interaction remains weak, switching produces
limited benefit. If gain differences are excessive, switching may

induce chattering or undesired high frequency activity. The
switching boundary defined by the error trajectory also
influences responsiveness. Careful selection of gain values and
switching logic remains necessary to ensure bounded and
smooth behavior across operating conditions [ 17].

6. CONCLUSION

This study investigated state dependent gain switching in a
coupled two degree of freedom helicopter model with explicit
cross-axis torque interaction. The objective was to evaluate
whether VS-PID control improves transient regulation under
multivariable coupling when compared with fixed gain tuning.
The analysis shows that gain switching enhances transient
behavior in the axis most influenced by interaction while
maintaining stable closed loop operation across both channels.
The suggested controller improved the pitch overshoot by
37.22%, from 12.206% to 7.664%. The overshoot for yaw
decreased from 0.119% to 0.000%. This suggests that the new
controller can utilize less energy.

These findings indicate that nonlinear gain modulation
within a classical PID structure provides a practical means of
addressing structured cross-axis disturbance in multivariable
attitude systems. The approach retains proportional, integral,
and derivative action with predefined gain sets and requires no
additional controller states. This property supports deployment
in embedded flight control architectures where computational
resources and certification constraints favor low order designs.
The results suggest that structured switching offers an
intermediate solution between fixed decentralized tuning and
full model based multivariable synthesis for coupled MIMO
plants [2].

Future work will focus on experimental validation on the
physical platform to confirm performance under hardware
constraints and potential sensor noise. Further investigation is
indeed required to quantify sensitivity to switching threshold
selection and gain separation. Continuous gain modulation
strategies may be examined as an alternative to discrete
switching to reduce potential discontinuities. Integration with
adaptive or observer-based schemes could extend applicability
to uncertain or time varying dynamics. Extension to higher
order and fully nonlinear flight models will determine the
scalability of the approach to broader multi-axis aerial systems
[18].
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