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Development of a high-fidelity simulation
environment for a Crazyflie2.1 quadcopter
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"MechatronicsSystems.Group, Department of Mechanical Engineering, University of Cape Town,
South Africa

Abstract. This paper presents an open-source, Simulink-based, high-
fidelity model of a Crazyflie2.1 quadcopter, addressing the lack of an
accurate, verified, and readily adaptable simulation in the MATLAB
ecosystem. The 6-DOF dynamic model of the quadcopter includes non-
linearities, battery drain, and off-diagonal inertia effects that are present on
the physical platform. A cascaded PID control scheme, directly ported from
firmware, including sensor filtering and data-type parity, is implemented in
the simulation environment to align with the physical counterpart. The
closed-loop simulation model is validated against real-world flight tests,
with position tracking parity shown to be within 2.5 cm. This open-source
framework allows for future work in model-based, low-level control
modification, as well as modular use in advanced vision and swarming
applications.

1 Introduction

Due to their open-source and low-cost ecosystem, the Bitcraze Crazyflie2.1 is a popular
choice for undergraduate and postgraduate research on drone control systems, pose
estimation, and swarm behaviour [1-3]. While the Crazyflie2.1’s firmware is fully
customisable, modification requires manual firmware configuration using C, Python or the
Crazyflie client, with each of these options having increasingly limited capabilities. In
contrast, Simulink’s visual block-programming language allows for rapid control system
development and simulation, as well as trajectory generation, path planning and obstacle
avoidance routines [4-6].

Research on the Crazyflie has previously focused on system identification [7] and
controller replacement [8] on the platform, with a lesser focus on developing a high-fidelity
digital twin of the platform for simulation and testing in Simulink. Work in [1] analysed the
changes in flight performance for different hardware configurations of the Crazyflie, due to
their noted lack of documentation on the matter. The authors in [9] and [4] designed a
controller for the Crazyflie in Simulink, and simulated the platform in Gazebo using ROS,
with no hardware testing. Work in [10] and [2] made use of the stock attitude controller on
the Crazyflie with a position controller run externally on a PC, simulated using Gazebo and
ROS, and then deployed to the Crazyflie, sending the position controller commands over the
Crazyflie’s radio. None of the above-mentioned research has analysed the controller code in
the stock Crazyflie firmware, nor have they simulated the platform in Simulink.
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In [5], a cascaded PID controller and dynamics simulation for an S500 quadcopter
platform was developed. However, the simulation was done using Simscape Multibody, not
low-level Simulink blocks, and the controller was implemented and simulated with
continuous-time controllers, meaning that their performance would differ if it were to be
deployed to hardware, where the controllers would be run in discrete time.

In this paper, a high-fidelity model of the quadcopter dynamics, along with a digital twin
of the Crazyflie’s Proportional-Integral-Derivative (PID) controllers, is developed and
implemented in Simulink, and quantitatively compared to flight test data. The closed-loop
model is shown to have strong parity with the physical counterpart when in generalised flight,
with position tracking within 2.5 cm in all three axes. The simulation environment, created
exclusively in MATLAB and Simulink, addresses the lack of an accurate, verified and lucid
model of the Crazyflie2.1, which can be used for rapid controller tuning, and an education
tool for quadcopters and their control systems. The MATLAB/Simulink project is openly
available for use, modification and/or replication, and can be found on GitHub.

2 Quadcopter model

Fig. 1 provides a schematic of the Crazyflie, along with the axis conventions and notation.
The Crazyflie uses the X-frame configuration, and the dynamics are formulated using the
North-West-Up (NWU) axis orientation convention [11]. The body frame, indicated by
{B} = {Xg, Y5, 25}, is located at the Crazyflie’s assumed centre of gravity (CG), and the
world frame, indicated by {W} = { Xy, ¥, Zw 1}, is located at a fixed reference point.

Fig. 1. Crazyflie notation schematic. The body frame {B}, is shown in red in the North-West-Up
convention and X-frame configuration. The world frame {W}, is shown in black, thrust forces are
indicated in green, and drag torques in blue, with their indicated number sequence.

2.1 Moment equations and rotational dynamics

Euler’s dynamic equation for general three-dimensional (3D) rigid-body rotational motion,
expressed in the body frame coordinates, is defined as [12, 13]

BM=J80 +Bw x (JBw). (1)

Vector BM denotes the sum of the external moments applied to the body, about each of the
three body-frame axes, J is the 3 X 3 mass moment of inertia matrix of the quadcopter body,

T . o .17 . .
and Bw = [wx W,y a)Z] and Bow = [u)x w,, wz] are the angular velocity and acceleration
experienced in {B}, respectively. Equation (1) can be rearranged to solve for 2@, which can

be numerically integrated to find 2w. Finally, to avoid issues related to the use of Euler angles
to represent orientation, 2w can be integrated using the quaternion formulation of
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"awian = "au @ Aq, (2)
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and At is the sampling period [14].

The dominating forces and moments that act on the quadcopter frame are the thrust forces
and drag torques due to the aecrodynamic interaction between each of the rotating propeller
blades and the surrounding air [12, 13]. These interactions are highly complex; however,
their dynamics are often neglected due to the assumed fast response of the motors with
respect to the overall body motion [15]. The commonly used equations for the thrust force,
F;, and drag torque, T;, experienced by motor i, are given respectively by

Fi = k@ ?, 3)
and
T, = kqﬁiz, (4)

where k. is the (approximately) constant thrust coefficient, k, is the (approximately) constant
drag coefficient, and ; is the angular velocity of propeller i [12]. According to [8] and [16],
the propeller angular velocity, in steady-state, is related to the Pulse Width Modulation
(PWM) command, which is a 16-bit unsigned integer, sent to the motors through the static,
linear mapping of

®; = =5.(0.2685P; + 4070.3), (5)

where P; is the PWM command of motor i.

The thrust forces and drag torques can be used to calculate the overall moments acting on
the quadcopter body assuming no external disturbances are acting on the platform. With
reference to Fig. 1, differential thrust between motors m,; and m,, and motors m3 and m,
generates a moment about the body frame Xp axis. A moment about the y axis can be
generated in a similar manner. These moments are also referred to as roll and pitch moments
respectively, and are collectively referred to as the moments due to thrust, given by [12, 13]

da
SR —F+F+F,)
B —
MT - g(_F1+F2+F3_F4) ’ (6)
0

where d is the distance between adjacent motors on the Crazyflie.

The final dominant moment acting on the body is the overall moment due to the drag
torque of the propellers, which is commonly referred to as the yaw moment, ZM . This yaw
moment arises when pairs of opposite motors rotate at different speeds to their adjacent
motors and is described by [12, 13]

BMD = [O O _Tl + Tz - T3 + T4_]T. (7)

Equations (1)-(7) can be implemented in Simulink to simulate the attitude dynamics of
the quadcopter.
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2.2 Force equations and translational dynamics

Newton’s second law of motion can be used to describe the translational dynamics of the
quadcopter in the world frame as [12, 13]

IWF =m"pp, (8)

where ZWF is the sum of the external forces acting on the body, expressed in world-frame
coordinates, m is the mass of the quadcopter, and "y is the translational acceleration of the
quadcopter, expressed in world frame coordinates. Equation (8) is expressed in world frame
coordinates so that the calculation of Coriolis forces can be avoided. The only implication of
this is that the body frame forces need to be mapped into the world frame counterparts using
the current orientation of the body frame, as calculated in equation (2). The translational
acceleration, WPy, can then be numerically integrated twice to determine the position of the
quadcopter in the world frame.

The dominant forces acting on the quadcopter body are the thrust forces due to the rotating
propellers and gravity [12]. The resultant thrust force in {i'} is calculated by first determining
the thrust force in {B}, given by BF;, followed by rotating this vector into world-frame
coordinates. This is accomplished using quaternion vector conjugation, as given by

0 0 -
[WFT] = qu ®[BFT] ®W¢IB ! 5 ©
where
5Fr = [0 0 X, F]" (10)

The sum of external forces follows as

0
SWF=WFr+"Fy="Fr+]| 0 I (11)

_mg

where m is the mass of the quadcopter and g ~ 9.8 ms™2 is the gravitational acceleration in

Cape Town, South Africa. Equations (8)-(11) can be implemented in Simulink to simulate
the translational dynamics of the quadcopter.

2.3 Battery drain modelling

The dynamic modelling presented thus far is commonplace in quadcopter research and
considers the idealised platform behaviour [12, 13]. However, it can also be helpful to
understand how battery drain effects the quadcopter’s performance, and this is yet to be
analysed for the Crazyflie. Flight stability can degrade as the battery drains, since the control
authority is closely tied to the available battery voltage. As the voltage drops, higher PWM
duty cycles are required to maintain the same motor thrust. However, this compensation has
limits — eventually, the duty cycle approaches its maximum, and the motors can no longer
produce the necessary thrust, reducing the system’s ability to respond effectively to control
inputs [10].

To model the battery drain during flight, the battery voltage was directly logged from the
Crazyflie during a 300 second hover flight test. An empirical model of the voltage decrease
over time was found to be:

V(t) = —2.555-10712¢5 4+ 2.028 - 107%t* — 6.315 - 1077¢3 + 9.654 - 1075¢2
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—0.008303t + 3.706, (12)

where t is the time variable in seconds. A comparison of the actual battery voltage over time
plotted against the above equation is shown in Fig. 2.

Logged battery voltage vs. battery model
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Fig. 2. Battery voltage logged during a hover flight test plotted with the 5% order polynomial used as
the battery model.

The battery model can be implemented by scaling the angular velocity of the propellers
before the thrust and torque calculations are made. The scale factor is the current battery
voltage divided by the fully charged battery voltage at hover, to account for the battery sag
when loaded to approximately hover conditions. The calculation of the corrected angular
velocity, w;, is given by

— V() —
w; = ?(&)i, (13)

where the nominal battery voltage at hover load is measured to be 3.7 Volts. The corrected
angular velocity is then used in the dynamics and is also fed back to the appropriate
controllers to be used in a battery compensation function, which will be presented in Section
3.1.5. Notably, this battery model is an approximation for the battery voltage drop under the
near-hover-flight assumption. The voltage drop rate would increase relative to hover when
more power is demanded from the batteries, such as during transient motion [17].

2.4 Model parameters

The model parameters that were obtained from other sources are shown in Table 1 for sake
of completeness.
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Table 1. Model parameters used for simulation.

Parar.ne.ter Parameter Value Unit Ref.
description symbol

Mass m 0.032 kg [8]

16.57171 0.830806 0.718277

Inertia J 0.830806 16.55602 1.800197 kg.m? | [7]

matrix 0718277 1.800197 29.26165 g
-10~

Thrust _g N - s?
coefficient k¢ 2.879933- 10 7 [8]
coofficient kq 7.23850- 10 — [8]
Adjacent

motor d 0.065 m [8]
distance

3 Control system digital twinning in Simulink

This section will discuss the process taken to create the digital twin of the Crazyflie’s
Proportional-Integral-Derivative (PID) controllers, which are implemented on the Crazyflie
in C. The intention is to obtain a more readable version of the controllers on the Crazyflie,
which can be used for controller demonstration purposes, and to also allow for tuning of the
controllers in an accurate software-in-the-loop environment.

The default control scheme onboard the Crazyflie has a cascaded proportional-integral-
derivative (PID) structure, as depicted in Fig. 3 and in [5]. PID controller structures are
present for each of the roll, pitch, and yaw angles, as well as their respective rates. Similarly,
PID controller structures are implemented for each of the x, y and z position loops, and their
respective rates, for a total of twelve PID controllers. While all controllers have the archetypal
PID structure, some of the gains are set to zero by default and therefore operate as
proportional (P) or proportional-plus-integral (PI) controllers, as shown in Table 2. The
position and velocity controllers operate at 100 Hz, and the attitude and attitude rate
counterparts operate at 500 Hz. The ported Simulink controllers are implemented with the
above-mentioned rates, along with discrete derivatives and integrals to emulate the digital
implementation of the controllers. Furthermore, all units, datatypes, saturations and PID
gains are consistent with the C-code implementation onboard the Crazyflie. The PID gains
obtained from the Crazyflie code are shown in Table 2.

& &

] Estimated pose

Position Motor
inputs commands
Position Velocity Attitude Attitude Motor
PID PID PID rate PID mixing
J J J
100 Hz 100 Hz 500 Hz 500 Hz

Fig. 3. Crazyflie cascaded PID controller structure. Feedback loop update rates are also indicated.
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Table 2. Default Crazyflie PID gains. K, refers to the proportional gain, K; is the integral gain, and
Kp is the derivative gain.

Controller Gain Value Controller Gain Value
x and y Ky 2 xandy Ky 25
position K 0 velocity K 1

Kp 0 Kp 0
K, 2 K, 25
Z position K 0.5 z velocity K 15
Kp 0 Kp 0
Roll and Ky 6 Roll and Ky 250
pitch K 3 pitch rates K 500
Kp 0 Kp 2.5
K, 6 K, 120
Yaw K; 1 Yaw rate K 16.67
Kp 0.35 Kp 0

The following subsections will discuss some of the additional intricacies of the Crazyflie
controller implementation that may be difficult to decipher from the C-code, as well as the
method used for simulation visualisation, and its future potential.

3.1 Attitude and attitude rate controllers

3.1.1 Attitude and attitude rate units and sense

An important thing to note in the Crazyflie’s attitude control is that the pitch angle is inverted
from the conventional right-hand rule, and therefore the state values for pitch and pitch rate
are inverted before being injected into their respective controllers. Furthermore, the state
values for attitude and attitude rate have units of radians and radians per second, respectively.
However, these signals are converted to degrees and degrees per second before being used in
the controller.

3.1.2 Derivative action and filtering

The only derivative gains that are non-zero in the Crazyflie controller are the ones in the
attitude rate controllers. There are two common methods for implementing derivative action;
one is to differentiate the feedback error, and the other is to differentiate only the
measurement signal, which closely resembles a state variable feedback control approach. The
Crazyflie controllers use the latter method throughout.

Another common addition to derivative action in PID controllers is the use of a low-pass
filter on the measurement or error signal before taking its derivative, as this assists with
filtering out high frequency control action that can result from differentiation. The Crazyflie
firmware has the attitude rate derivative filter disabled, however, elsewhere in the firmware,
the filter onboard the gyroscope is enabled to have a bandwidth of 116Hz.

3.1.3 Integral anti-windup

The Crazyflie firmware uses integrator clamping for the PID controllers when a saturation is
detected.
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3.1.4 Motor mixing

The motor mixing equations govern how the roll, pitch, yaw, and thrust commands are
mapped to the requisite command signals for each of the motors to generate the desired forces
and torques. A notable feature of the Crazyflie implementation is that the roll and pitch
commands are halved before being injected into the motor mixing algorithm. It is common
to have all four control signals to be scaled by half or a quarter based on the axis configuration
[18] or to not scale them at all [19]. However, there is no reasoning provided for only the roll
and pitch being halved.

3.1.5 Battery compensation function

Once the command signals have been passed through the motor mixing algorithm, the
individual motor commands can be sent to the motors. However, the Crazyflie attempts to
adjust this command to account for the voltage sag of the battery under load, using an
empirical model identified by the Crazyflie developers. This model can be found in the
Crazyflie-firmware/src/drivers/src/motors.c file in the firmware [16].

3.2 Position and velocity controllers

3.2.1 Yaw alignment

Before the x, y, and z inputs and states are injected into the position and velocity controllers,
their values are rotated based on the current yaw angle. This is done because the attitude
control loops make use of Euler angle information, with the translational velocity controller
outputs directly mapping to the Euler roll and pitch angles required to move the quadcopter
to the target location.

3.2.2 Velocity and attitude command saturations

Given the use of Euler angles in the attitude feedback loops, along with the fact that the
controllers are designed around near-hover assumptions, the Crazyflie firmware implements
physical constraints on the accessible flight envelope. This is done by limiting the velocity
commands in the x, y and z channels to =1 m/s, as well as limiting the roll and pitch
commands to +20°. The velocity command saturations are also multiplied by 1.1 as an
‘overhead allowance’, and a reason for this allowance is not provided in the Crazyflie
documentation.

3.2.3 Total thrust control

The z-position of the Crazyflie is controlled by cascaded PID controllers for position and
then velocity, which outputs a value analogous to a commanded acceleration in the z-
direction. This value is then scaled by 1000 and added to a base thrust command of 36000.
The scaling is done to adjust the order of magnitude of the thrust command to the same as
the 16-bit unsigned integer that is sent to the motors. The base thrust is a pre-calculated thrust
command value that would be required to maintain hover, because otherwise the integral
windup in the z position controller would be relied on to increase the thrust command to
maintain hover. The resulting output is a 16-bit integer, which is injected into the motor
mixing algorithm.
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3.3 Visualisation

The Crazyflie’s six-degree-of-freedom motion is visualised using Simulink’s Unreal Engine
integration, with the built-in quadcopter UAV 3D visualisation in the default scene
configuration. An example of the visualisation is shown in Fig. 4.

Fig. 4. Visualisation example of a quadcopter in the Unreal Engine Simulink visualiser.

4 Simulink implementation

This section aims to present the graphical Simulink environment in which the dynamics and
digital twin of the controller are implemented. This section will demonstrate the improved
readability that the Simulink implementation provides. Fig. 5 shows the high-level view of
the system in a familiar form, with the inputs being injected into the controller from the left,
the controllers’ outputs being injected into the plant block, and the plant output being fed
back to the controller through the sensor block, as well as being sent to the visualisation

subsystem.
[
CrazyfliePID CrazyfliePlant P Crazyflie Log Data
Logged Data | * h: P Position Command
Motor PWM signals Motor PWM signals P
Inputs and ground-truth ot Lo o signal R 1 | SIS
»{ Pose
Visualisation

CrazyflieSensors

Feedback P
backPose | coedback Pose  Simulated Pose [ -
Simulated Pose

Fig. 5. High-level overview of the Simulink environment.

Throughout the Simulink model, bus signals are used extensively for two reasons. Firstly,
they reduce the number of signal lines significantly, and secondly, they maintain the
individual signal names, improving the logging and debugging process significantly.

4.1 Dynamics

The dynamic equations of motion and force and moment calculations presented in Section 2
are implemented in the CrazyfliePlant subsystem. The parameters used in this subsystem,
which are those that were presented in Table 1, are loaded into the MATLAB workspace
using a startup script, which is executed automatically when the MATLAB project is opened.
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4.1.1 Equations of motion

The equations of motion that were presented in Section 2 are implemented as any other
ordinary differential equation (ODE) would be implemented in Simulink. The benefit of
using Simulink is that ODE’s are solved numerically with reasonably high accuracy, without
the need for the user to be familiar with numeric ODE solvers. In this case, Simulink is set
to automatically choose a solver, and a variable time step is used.

4.1.2 Force and moment calculations

The implementation of the force and moment calculations begins with the approximation of
the motor angular velocity from the commanded PWM value. This value is then scaled by
the previously mentioned battery drain scale factor from (12). From this, the thrust force and
drag torque produced by each propeller can be calculated according to (3) and (4). Fig. 6
illustrates these calculations as implemented in Simulink.

PWM to motor
speed calculation

WM—D Motor 1 PWM omega_m1
double Motor 2 PWM oomega_m2|
<Motor 2 PWj>
G (drag_m2]

Motor PWM signals

DattScale]

Fig. 6. Simulink block diagram for individual propeller thrust calculations

The thrust and drag values are then used to calculate the overall moments on the body
according to (6) and (7). The attitude equation of motion can then be solved. The Simulink
block diagram is shown in Fig. 7 and illustrates the ease of traceability of each of the signals.

Rotational Motion

Body frame roll moment due to thrust

Body frame pitch moment due to thrust

5

H
2

9@

Attitude EOM

q
atiitude quaternion

@/2) omega Bf———
thrust_ + Body Moments Atttude Rate

"

omega_B_dot —p—]

Body frame yaw moment due to propeller drag

Body Gyroscopic Effects
& Equation of Motion

m

Fig. 7. Simulink block diagram for body-frame moment calculations.

10



MATEC Web of Conferences 417, 04007 (2025) https://doi.org/10.1051/matecconf/202541704007
2025 RAPDASA-RobMech-PRASA-AMI Conference

Fig. 8 shows the calculation of the body frame forces due to thrust based on (10), and
how this signal, along with the body frame orientation, is directed into the EOM for
translation.

Translational Motion

attitude quaternion »a Position8\Velocty [ fion State
Body frame thrust force (z) E “ ﬂ »{Body Forces  Acceleration|—p—]
[thrust_m1] >+ Translational EOM
”
[thrust_m4] >+

Fig. 8. Simulink block diagram for body-frame force calculations.

4.2 Controllers

Simulink is very popular for control systems design due to the graphical block diagram
programming language. This will be emphasised in this subsection by presenting portions of
the Simulink implementation of the Crazyflie controller.

4.2.1 Attitude controllers

The initial work done on reproducing the attitude controllers was completed as part of an
undergraduate project [20]. The decision was made to use basic Simulink blocks to model
the controllers, instead of a dedicated PID block, to maintain full transparency of the
controller. This approach also improves readability, as one can easily see internal features of
the controller at a glance. Examples of the roll and roll rate controllers are provided in Fig.
9.

Roll Controller _> Roll Rate Controller
Amm%mm '.Iqotb ” ¢ .! .> ’é Desired roll rato ’@ ¢ ’E‘ ’@ ’E Roll Rate Command
= |-a B w8 e
Fig. 9. Attitude PID example for the roll and roll rate controllers.
The above figures show the benefit of using Simulink bus signals, as the required signal
can be extracted from the bus using its name, such as where the <roll> command signal is
extracted from the Attitude Command bus.

4.2.2 Position controllers

The format of the position and velocity controllers in Simulink are very similar to the attitude
and attitude rate controllers, as shown in Fig. 10.

11



MATEC Web of Conferences 417, 04007 (2025) https://doi.org/10.1051/matecconf/202541704007
2025 RAPDASA-RobMech-PRASA-AMI Conference

X Position Controller _> X Velocity Controller _>
i 1] B o @ e B e
I E S K =

Fig. 10. Position and velocity PID example for the x-channel.

The figures above show the benefit of using basic Simulink blocks to build the PID
controllers. One can easily decipher the features of the controller, such as the gain values,
the zero-order-holds used to limit the controller execution rate, and the types of discrete
derivatives and integrators being used.

5 Experimental setup, results and discussion

To validate the Simulink model, a set of experimental tests were conducted on the Crazyflie
and it’s Simulink digital twin, with the full pose of the quadcopter being logged throughout
the tests. The logged responses of the real-world flights, logged at 100 Hz, were then
compared to the simulated responses for comparison.

5.1.1 Lighthouse positioning system

To obtain a ground truth measurement for the Crazyflie position, the lighthouse positioning
system was used. This system uses two or more SteamVR Base Stations that emit a laser
array into the flight area, where a set of photodiodes onboard the quadcopter are used to
calculate its position relative to the Base Stations [21]. The Crazyflie can use this position
estimate in feedback to maintain position stability. The work presented in [22] shows the
lighthouse positioning system maintaining a mean and median Euclidian error of 2-4 cm.

5.1.2 Flight test regime

The flight tests consisted of a set of reference commands at the position level, firstly to the
individual x, y and z positions, followed by a set of simultaneous steps combining motion in
multiple axes to activate the coupled dynamics of the system. This set of inputs was chosen
to excite the non-linear dynamics present in the system. The sequence of inputs is shown in
Fig. 11 below.

Full sequence of step input commands

o command (m)(l) j I—I_l—l I_| |_|
y command (m)(l] |_| |_| |—‘ I_| I_I |_|

1.5
z command (m)
0.5
90 -
Yaw command (deg)
% ‘ | niinlnln

0 50 100 150 200 250
Time (s)
Fig. 11. Sequence of step input commands sent to the Crazyflie over the 230 second flight, starting
with single channel position setpoint commands, followed by step inputs in multiple directions
simultaneously.

12
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5.1.3 Results and discussion

Fig. 12 below shows the isolated step response for x, y, z and yaw step inputs. The figure
shows the input commands, simulated responses and real-world responses. Fig. 13 shows the
simulated and experimental roll and pitch responses for the respective y- and x-position step
commands. Fig. 14 shows the simulated and experimental PWM output commands from the
controller for motor 1, as an exemplar, over the flight test. Finally, Table 3 presents the root-
mean-square error (RMSE) for each element in the pose of the quadcopter, measured over
the entire flight, based on the high-level commands issued in Fig. 11.

Single channel step responses

—— Input — Simulated Experimental
L) o= [ —
Eos | I Eos | I
= i i\ - i i
0 - i - O ) i, —
10 20 30 30 40 50
_ LS| fE— B0 | =
E q I 2 45 [ L
™ I \ g
0.5 | hmeme S oL —
50 60 70 150 160 170
Time (s) Time (s)

Fig. 12. Step response for isolated x, y, z and yaw step inputs, plotted with the inputs, simulated

responses and the experimental data.

Attitude response for position step commands

— Simulated
~ 20 ~
g 10} !l &
2 0 = L i ittt =~
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Fig. 13. Roll and pitch responses for step inputs in the y-
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Fig. 14. PWM output commands from the controller for motor 1 over the flight test, plotted with the

simulated and experimental data.
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Table 3. RMSE values for each element of the pose of the quadcopter over the entire 230 second

flight test.
Channel RMSE (cm) Channel RMSE (deg)
x 2.32 Roll 1.82
y 2.17 Pitch 1.83
z 1.73 Yaw 3.55

The step responses Fig. 12 and RMSE values Table 3 indicate that there is good parity
between the simulation and the real-world flight test measurements, including during coupled
motion that requires simultaneous rolling and pitching. This parity is further substantiated by
the roll and pitch responses in Fig. 13. The motor commands in Fig. 14 shows the steady
increase in command values to compensate for battery drain, and that the simulated battery
drain model is resulting in a similar steady increase in commands.

The RMSE values for position can likely be attributed to lighthouse system inaccuracies
shown in [22], combined with the lack of a sensor noise model. Furthermore, the slight
differences in overshoot and settling time, seen evidently in the x and y position step
responses, can likely be attributed to parameter inaccuracies and uncertainties, as most of the
parameters were obtained from other sources, which may have been using a slightly different
configuration of the Crazyflie. An additional explanation for this minor disparity could be
the lack of motor dynamics included in the simulation.

6 Conclusion

In this paper, an open-source, high-fidelity Simulink model of the quadcopter dynamics,
along with a digital twin of the Crazyflie’s PID controllers, was developed. This addressed
the lack of an accurate and verified simulation entirely in the MATLAB/Simulink ecosystem,
providing an easily readable simulation environment for the platform over the stock C-code
implementation. The 6-DOF, non-linear dynamic model, including a battery drain model and
digital controller twin, was shown to have strong parity with the physical counterpart when
in generalised flight, with position tracking parity within 2.5 cm and low-level motor
commands closely matching in both scale and bandwidth. The Simulink-based simulation
environment allows for easy tuning and refinement of the PID controller gains while in
simulation and can also be used in an education setting without the risk of damaging
hardware.

This research was partially funded by the Council for Scientific and Industrial Research (CSIR). All
files and data used in this research can be found on the author’s GitHub repository:
github.com/lukejrichardson/CrazyflieSimulation.
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