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Dual-Loop MPC Architecture for

Quadrotor Control

Abstract:
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This study proposes a comprehensive dual-loop MPC

framework for quadrotor control, consisting of a velocity-
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to-attitude reference generator, an outer-loop attitude MPC,
and an inner-loop angular velocity MPC. The outer loop
derives reference angles (9, 0, y) from desired translational
velocities, while the inner loop tracks angular dynamics.

The system’s performance is evaluated based on overshoot,
steady-state error, and RMSE. Simulation results
demonstrate reliable tracking and disturbance rejection in
all loops under reference variations.
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1. Introduction

Quadrotors have become a popular research platform
due to their agility, vertical takeoff and landing capa-
bilities, and wide applications in surveillance, deliv-
ery, and inspection tasks. However, their inherently
nonlinear and underactuated dynamics pose signifi-
cant challenges for reliable and accurate control, es-
pecially in dynamic environments. To address these
challenges, advanced control strategies such as Mod-
el Predictive Control (MPC) have gained increasing
attention'",

MPC offers several advantages for quadrotor con-
trol, including the ability to handle multi-variable
systems, explicit constraint management, and opti-
mization-based decision making". In this work, we
design and evaluate a dual-loop MPC architecture
for attitude and velocity tracking of a quadrotor. The
proposed control scheme is structured into three lay-
ers:

1.A reference generation module, which maps de-

sired translational velocities (v, v v_) into the cor-

ViV
responding attitude angles (@, €, ) through an
inverse kinematic transformation;

2.An outer-loop MPC, which regulates the orienta-
tion of the quadrotor by tracking these reference atti-
tude angles;

3.An inner-loop MPC, which directly controls the
angular velocities to follow the commands issued by
the outer-loop controller.

This layered control framework ensures modularity,
enhances robustness, and allows for fine-tuning of
each subsystem independently”’. To evaluate perfor-
mance, key metrics such as overshoot, steady-state
error, and root-mean-square error (RMSE) are ana-
lyzed across all control channels.

The remainder of this paper is organized as follows:
Section 2 introduces the system modeling and control
structure; Section 3 presents the MPC design for both
loops; Section 4 provides simulation results and per-
formance analysis; and Section 5 concludes the work
with suggestions for future research.



2. Quadrotor Dynamics Model

2.1 PWM Signal Processing and System Input
Mapping

The initial segment of the control framework involves pre-
processing the motor-level signals to obtain system-level
control inputs. The process begins with the reception of
pulse-width modulation (PWM) signals from four motor
channels. These raw signals, which may contain noise
due to hardware imperfections or external disturbances,
are passed through an absolute value function to ensure
non-negative inputs'’. A dedicated noise block then adds
randomized fluctuations to simulate real-world operating
conditions, enhancing the robustness and realism of the
simulation.

Following this, the processed PWM signals are routed
through a first-order transfer function to emulate the re-
sponse delay of each motor actuator. The outputs from
these actuators are interpreted as individual thrust values
(T,-T,) and (7, —-T;) which are subsequently mapped
to total thrust and control torques using a transformation
module.

The transformation logic, implemented via a MATLAB
Function block, calculates the system-level inputs: total

thrust 7, , roll torque 7, pitch torque 7, and yaw torque
7. These are derived based on a standard quadrotor

configuration with fixed arm length L=0.2 and yaw mo-
ment arm coefficient C=0.1, using the following equa-
tions:
T=T+T,+T,+T,
7, =L-(T,~T,)
7,=L-(I,~T,)
7,=C-([+T,~T,~T,)
This segment effectively prepares the system control in-

puts that will be used in the subsequent translational and
rotational dynamics computations.

(M

2.2 Translational Dynamics (Hybrid Frame)

The translational dynamics of the quadrotor describe its
linear motion in the three-dimensional space, and are
modeled in the hybrid (inertial-body) frame using New-
ton’s second law. This subsystem accepts the total thrust
force T, and the current attitude angles ¢ 6 w as inputs,
and outputs the velocities v, v v_of the quadrotor in the in-
ertial frame.

The Simulink implementation consists of a function block
that computes the accelerations v, v and v, according to

the following nonlinear equations:
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v, = %(cos((p)cos(l//)sin(ﬁ) +sin(p)sin(y))

v, :Z(COS((D)sin(H)sin((//)—cos((//)sin((o)) )

m
V. =-g+ Zcos((p)cos(ﬁ)
m

Here, m =1.02k g is the mass of the quadrotor and g
=9.8m/s’ is the gravitational acceleration. These differ-
ential equations are integrated twice to obtain the transla-
tional position in each axis.

This block plays a central role in coupling the attitude
and position dynamics. Since the translational motion is
indirectly regulated through the attitude angles, the con-

trol of v, v v_is realized by adjusting ¢ 6 w, which in
turn are manipulated by the outer-loop MPC controller'”.
Therefore, this module acts as the bridge between the at-
titude control system and the translational behavior of the

quadrotor.

2.3 Rotational Dynamics and Kinematics

This part of the system model captures the angular motion
of the quadrotor, comprising two key components: rota-
tional kinematics, which maps angular velocities to ori-
entation angles, and rotational dynamics, which describes
the evolution of angular velocities under applied control
torques'”’. Together, these subsystems form the physical
foundation of the dual-loop Model Predictive Control
(MPC) architecture, detailed further in Section 3.

2.3.1 Rotational Kinematics-the Outer Loop

The outer-loop MPC regulates the attitude of the quadro-
tor, namely the roll ( @), pitch ( @) and yaw ( ) angles.
These attitude references are not defined constants, but
rather dynamically generated from the Translational Dy-
namics subsystem (see Section 2.2), where desired ve-

locities (v,v,v,) are mapped into corresponding attitude

references based on inverse dynamics and coordinate
transformations.

These references enter the outer-loop MPC as ref signals,
while the mo (measured output) comes from the rotational
kinematics module. Within this module, the relationship
between angular velocities (p, ¢, ») and the time deriva-
tives of Euler angles is described as"™:

p=p+ tan(@)(qsin((p) + rcos((p))

0 = gcos (@) —rsin(p) 3)
. gsin(p)+rcos(p)
V= cos(6)

The outputs are then integrated to obtain the current orien-
tation angles, which are compared to the reference angles
in the outer-loop MPC. The resulting mv (manipulated
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variables) of the outer loop are the desired angular veloc-
ities ( pre/.qwfrrd), which act as reference signals for the
inner-loop controller.

2.3.2 Rotational Dynamics-the Inner Loop

The inner-loop MPC is responsible for ensuring the an-
gular velocity tracks the reference rates received from
the outer-loop’s mv output. These references, (P, Gret7;er
), enter the inner-loop MPC as its ref, while the measured
angular velocities are fed back as mo. The output of the
inner-loop MPC, that is, the control torques (7, 7,7,),
constitute its mv.

The angular acceleration is modeled using the quadrotor’s
rigid-body dynamics:

o (1.-1
p:%qwrj—i
) (I _[) 2
q=-—"—">pr+—+ 3)
]}’ I,V
(1 —1) r
_ X pd r
A

Figure Ref vs MO

* mo

where [, I,, I are the principal moments of inertia.

These dynamics account for gyroscopic coupling effects
and inertia asymmetry. The resulting angular velocities ( p
q r) are then used as feedback for both the kinematics
module and the inner-loop MPC".

3. Design of the Dual-Loop Model Pre-
dictive Controllers

In order to ensure stable and responsive attitude control
for the quadrotor, a dual-loop Model Predictive Control
(MPC) architecture was implemented. The outer-loop
MPC is responsible for tracking attitude angles (@, 6
), while the inner-loop MPC tracks angular velocities (p
g r) generated by the outer loop"”. This section details
the control design methodology, tuning process, and im-
plementation considerations for both loops. Below are ro-
tational kinematics figure of the outer circle structure and
rotational dynamics figure of the inner circle structure.

[

]
phi_dot =
5

theta_dot

2

si_dot i
psi_dot 3

Figure 1. The structure of outer-loop
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Figure 2. The structure of inner-loop

3.1 Outer-loop MPC Controller Design

The outer circle MPC takes the desired attitude angles as
reference inputs (ref) derived from translational velocity
commands (as described in Section 2.2). The current Eul-

- *a

er angles are measured as output (mo) from the rotational
kinematics model, and the resulting manipulated variables

(mv) are the desired angular velocities p,;q, 7. » Which

are passed to the inner-loop controller.
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Figure 3. Outer circle mpc parameter

3.2 Parameter Configuration

As shown in Fig. 3, the outer-loop controller is configured
with:

-Prediction Horizon: 10

-Control Horizon: 4

-Output Weights: [3.14, 0.78, 0.78] (for ¢ 6 v)

-MV Rate Weights: [0.127, 0.127, 0.127]

-RateMin: [—Inf, 2]

-RateMax: [-Inf, 2]

-Slack Weight: 1e4

This configuration ensures the controller prioritizes pitch

and roll more heavily due to their stronger coupling with
translational dynamics, while maintaining responsiveness
through moderate rate constraints'"".

3.3 Inner-loop MPC Controller Design

The inner-loop MPC tracks the angular velocity com-
mands generated by the outer loop. These references en-
ter the controller as ref signals, while measured angular
velocities are used as (mo). The manipulated variables
(mv) of this loop are the control torques t applied to the
quadrotor’s body frame.
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Figure 4. Inner circle mpc parameter

3.4 Parameter Configuration

-As shown in Fig. 4, the inner-loop controller is config-
ured with:

-Control Horizon: 4

-MV Rate Weights: [2.5, 1.5, 2.0]

-Output Weights: [2, 2, 2]

-RateMin: [-1.5, -1, —1.5]

‘RateMax: [1.5, 2, 1.5]

-Slack Weight: 1e5

This configuration ensures the controller prioritizes angu-
lar velocity tracking accuracy uniformly across all axes,
while maintaining actuator smoothness through appropri-
ate rate constraints'.

4. Simulation and Performance Evalu-
ation
To validate the effectiveness of the dual-loop MPC control

strategy, a series of closed-loop simulations were con-
ducted using the designed controller structure described

in Section 3. Both the outer-loop and inner-loop MPC
controllers were tested for their ability to track reference
trajectories, minimize steady-state errors, and suppress
overshoot or undershoot under nominal conditions'”’,

4.1 Outer-Loop Performance: Attitude Track-
ing

The outer-loop MPC receives reference commands for
the Euler angles (¢ 6 ), and produces angular rate
references to be tracked by the inner loop. The Ref vs MO
tracking results are shown in Fig. 5, where all three chan-
nels demonstrate close alignment between the reference
and measured outputs, indicating effective tracking per-
formance.

To further illustrate the controller’s precision, Fig. 6 pres-
ents the corresponding tracking error for each channel.
The errors converge smoothly to zero in all cases, with
minimal fluctuations during transients".

The stabilized output trajectories for the Euler angles are
shown in Fig. 7, confirming the system’s ability to reach
and maintain target orientations with minimal overshoot.
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Figure 6. Tracking error for outer-loop MPC
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Figure 7. Final output of ¢ 6 v

4.2 Inner-Loop Performance: Angular Velocity
Regulation

The inner-loop MPC controller regulates the angular ve-
locities ( C') generated by the outer-loop MPC. The track-
ing results in Fig. 8 confirm that the controller successful-
ly tracks the references in all channels'”. The p- and r-axes
show particularly smooth responses, while the q-axis
exhibits a brief undershoot at the ending of the response.

Channel 1: Ref vs. MO

The corresponding tracking errors are plotted in Fig. 9.
Channel 2 displays a slightly higher initial deviation,
which was addressed through increased MV rate weights
and partial rate constraints. The remaining channels ex-
hibit small and decaying error curves.

Final angular rate outputs are shown in Fig. 10, demon-

strating that all three channels stabilize within a short pe-
riod.
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Figure 8. Inner-loop Ref vs MO
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4

Figure 10. Final outputof p ¢ r

4.3 Quantitative Performance Summary

Table 1. summarizes the performance metrics for each channel, including overshoot, root-mean-square error
(RMSE), and steady-state error. The results show that the dual-loop MPC structure provides high-fidelity

8
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tracking with minimal steady-state deviation and bounded transient errors

[16]

Table 1. Tracking Performance of Outer and Inner MPC Controllers

Channel Overshoot (%) RMSE Steady-state Error
Outer- 0.99 0.0030 0.0001
Outer- 8.35 0.0065 0.0183
Outer- 1.04 0.0063 0.0059
Inner- 33.75 0.0031 0.0004
Inner- 0.7 0.0060 0.0019
Inner- -12.14 0.0035 0.0000

Note: Negative overshoot indicates undershoot. All met-
rics computed based on simulation outputs

4.4 Discussion

The simulation results confirm that the proposed MPC-
based control structure achieves high-precision tracking
with minimal overshoot and negligible steady-state error.
The coordinated interaction between the outer and inner
loops enables stable tracking of complex reference signals
while satisfying actuator constraints.

These results provide a strong basis for extending the
framework to include wind disturbances, nonlinear MPC,
and robustness enhancements in future work!'”,

5. Conclusion

This paper presented a dual-loop Model Predictive Con-
trol (MPC) framework for attitude and angular velocity
control of a quadrotor, implemented using MATLAB/
Simulink. The proposed structure consists of an outer-loop
MPC for Euler angle tracking and an inner-loop MPC for
regulating angular rates. Each controller was carefully
tuned with customized prediction and control horizons,
output weights, and rate constraints to achieve a balance
between responsiveness and control effort.

The simulation results demonstrated that the designed
MPC architecture ensures precise tracking performance
with minimal steady-state error and bounded overshoot.
The outer-loop MPC effectively tracked desired attitude
references generated from translational velocity com-
mands, while the inner-loop MPC translated these refer-
ences into smooth and stable torque outputs. Quantitative
evaluations based on tracking error, RMSE, and overshoot
confirm the robustness and effectiveness of the controller
design'".

In future work, the proposed architecture can be extended
to consider external disturbances such as wind fields mod-
eled via Dryden turbulence, and to incorporate nonlinear
MPC (NMPC) for enhanced performance in highly non-

linear flight regimes"”’. Additionally, comparative studies
with conventional PID control and real-time hardware-
in-the-loop (HIL) simulations will be explored to further
validate the controller in practical applications.
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