APM Multi copter D
Kit for Si mul i

cccc

POLAKIUM
. ENGINEERING

—T



http://polakiumengineering.org/?p=2867
http://polakiumengineering.org/?p=2867
http://polakiumengineering.org/?p=2867
http://polakiumengineering.org

APM Multi copter Development Kit for Simulink

Adam Polak
Arizona State University, Tempe, Arizona, 85281

Many control systems are capable of being modeled on a computer; however, there
exists a degree of uncertainty between the performance of these simulations and their
intended applications.Small multirotor ai rcraft are becoming common and affordable test
platforms for testing such systems Using inexpensive and readily available components, a
multirotor helicopter, or multicopter, can be constructed and used fosafetesting of these
algorithms using inexpersive flight hardware. A user friendly Simulink framework was
developedfor engineers to seamlessly integratiese contol algorithms with the Ardupilot
Mega flight controller on a multicopter.

Nomenclature

AHRS = attitude and heading reference system
APM = Ardupilot Mega

DoF = degree of freedom

ESC = electronic speed controller

IMU = inertial measurement unit

LED = light emitting diode

MEMS = micro-electramechanical systems
MIPS = millions of instructions per second
NED = North-EastDown mordinatesystem
PWM = pulse width modulation

ROTH = run on target hardware

w = angular velocity

I. Introduction

Control systems design and analysis can often be performed using computer simulations, however, many
experimental control algorithms are cost prohibitive to test orstlle flight hardware. To address this problem a
multicopter was chosen as the most practiediicle for experimental tests. Such a platform is suittle wide
range of operational environments and easily reconfigurablgtnnativerotor quantities and sizefhese features
allow multicoptersto safely andaccuratéy simulae many teswehiclesand carry diverse payloads.

A hobbygrade quadcopter was chosen as the pringstyvehicle fothetrials. This vehicle is capable of flying
in both indoor and outdoor environments for ten to fifteen minutes. The ontiéakdiPS Atmel-based flignt
controller contains a siRoF IMU, threeDoF magnetometer, baronmit pressure altimeter and GPR&eiver

In order to #ow guidance, navigation and contr®ystemsengineergo easily test Simulink control algorithms
onboard the multicopter, 8imulinkb | oc k s et was used to interface the fI
Target Hardware feature. Together with a commortrobstructure and attitudestimator, engineers can drop their
control systems intthe Simulink multicopter frameworkral effectively flight test thé controlalgoithms
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Il.  Dynamic Model

A. Simulink Model
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Figure 1. multi_model.sIx Simulink model

The primary simulation componat of the APM Multicopter Development Kit forSimulink is the
Simulink model multi_model.sIXFigure 1) This modelcontainsthe dynamic simulationand thecontrol
systemfor the aircraft From the model,ig constantsmay besetfor each of the usatefinedradiocommands
These constants may be altered in real time from within the simulatfoonothe graphical user interface. The
simulink model may be run independently of the other software components, such as the user interface. Data
from any signal of theSimulink model can easily be monitored with a scope and saved toMAGLAB
workspace for further analysi§he dynamic model simulates the rigid body dynamics of the aircraft as well as
the rate transitions and noise characteristics of the sensors. The resultitagieimdata allows accurate sensor
feedbackd besent hr ough t he contr ol sy scuremstatelte dyname snpdelest t ot |
useful for verifying the stability of the control system prior to hardware implementation; dwa,
generdizations and simplifications made to the dynamics dimitighaccuracy of the simulation, and greater
model fidelity is necessary to properly tune some filtersfaadbackcontrol systems.

ii. Control System

The control system block isetip fora simple drag and droprocedure withdifferent control
systems. Within the blogleachinput and output signal uses a set of global tags to reference other parts
of the Simulink model. By using similar tag names, any block can be dropped into the Simodiak
without drawing signal paths between these blocks. Global tags exist for all of the IMU sigrals
ay, az, p, q, r as well as fothe pressure and temperatwignals Adding a from tag to theontrol
system will acquire the specified sens@nal from the dynamic modehll eight pwm outputs of the
control system are connected to goto tag$, m2, m3, m4, m5, m6, m7 and nil@ovided that these
tags exist whin the control system block, any control system bloak simply be dropped directly
into the Simulink model for testing in simulation. It is possible to drop multiple control systems into
the Simulink model; however, redundant outputs shoulcebr®ved orrommented out such that only
one signal is sent to the eight motor outputs;m&L The advantage of dropping multiple control
systems into the simulation is that it allows the outputs from each system to be compared in order to
measurdhe performance and accuracy of one systemranother.
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iii. Dynamic Model
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Figure 2. dynamic_modelblock

The dynamic model bloclepicted in Figure 2ontains all of the necessary blocks to compute the
rigid body dynamics of the aircraft using the acquired pwm signaiam@1 The state of the rigid
body is thenused to develop an acctearepresentation of the sensignals and noise. All of the
sensor and navigation data is scoped to a simulation_data block so that this data may be acquired in
real time by a MATLAB script or graphical user interfatl@e signas of this scope may also be set to
save to the MATLAB workspace for further analysis.

B. Simulation

To begin the simulation, run the MATLAB script multi_sim.m. The Simulink model, multi_model.slx, will
open in the background, and all controls signals etréostheir default values. The initial control signals for the
system can be set using the six sliders of the IGtHted in the command signals window (FigureCecking
the box beside each slider will automatically center the command value at itsimhidgour boxes along the
bottom right side of the GUI allow the user to enable or disable features of the simulation to improve
performance. The current refresh rate for the data will be displayed in the top right corner of the model window
during simulgion. Selecting the start button runs the Simulink model, multi_model.slx, in the background and
sets conditions for the six control signals from the current slider values. True rotation data is used to determine
the aircraftés at tisrotatedie the neodebdwintdolv.eRavg/oszopenand actelerometer
measurements are scoped in their respective windows, and true navigation vahegsitated to the fields of
the giidance andhavigation window. All values of the GUI are scoped by s$ivaulation_data block within
multi_model.slx, and these valueanbe saved to the MATLAB workspace. Each of the six control sigreaais
be altered by the sliders at any time during the simulation in order to monitor the reaction of the system.
Selecting he stop button will stop the simulation and freeze all simulation data in the GUI.
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Figure 3. multi_sim Graphical User Interface
i. Dynamics Configuration
Prior to simulation, the
dynamics of the aircraft must be
configured in the Simulink model.
The aircraft properties may be T e —
alteredfrom the MATLAB function
dynamics within the WM Latency
dynamic_model block(Figure 4) —]"=™ . 2
Genericpwm latency is introduced
to roughly acount for the transfer —x,m
function from pwm signal to force. P ™ foreas
Alternatively, the pwm latency anc_| .. = aicter
dynamics function may be remove: i
and replaced bymproved transfer
functions for the forces and— "
moments. This would greatly e P o0
improve the accuracy of the model.—jv, ims Mass
The @oF (Quaternion) i
equations of motion block must aIS1_a{msll
be modified to suit the dynamics o
the aircraft being simulated. Set th M, , (N-m)
initial mass to match the mas—j%«
specified with the dynamics
function and use the inertia tensc—a ms
of the body in place of the ineré
field. The default values of the

system are set to work best with rigyre 4. dynamics function

standardArducopterwith a mass of
approximately 1kg
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ii. CAD Model

Included within theAPM Multicopter Development Kit for Simulinls a stereo lithography file, or
stl file, of the Arduopter. This model will be displayed in the model window of the GUI. It may be
replaced with any othdsinary stl file with units set to meters; however, the more complex the model,
the less performance should be expected from the simulation. The protliseaids! will render at
approximately5 to10 frames per second on most computers. Rendering of the model may be disabled
from the GUI in order to improve the performance of the simulation.

Figure 5. Arducopter CAD assembly(left) and simplified stl model(right)
.  APM ROTH Simulink Framework

A. Initial Setup

To properly access all of the sensors on the flight contrater compile the firmwarehe control system
framework makes use of a Simulink block set for the Ardupega 2.0. This bloclset contains theopen
sourceArducopter librariemecessary to integrate the hardware with Simulink and to compile andtheite
firmware directly to the flight controller. It is necessary that the APM2 Simulink Bloc¢ksetdownloaded from
MATLAB Central prior to installation. Documentation is contained within the archive to explain in further detail
the proper setup processuse the APM2 Simulink Blockset.

Current Folder

i+ arduing

|+ n blocks Show in Explorer
=== model
% EE:::_ Create Zip File
- Delete Delete
fﬂ multi_
%] multi | Compare Selected Files/Folders
Compare Against b
Source Control b
Cut Ctrl+X
Copy Ctrl+C
| Add to Path P:f Selected Folders
| ¥ Indicate Files Mot on Path : Selected Folders and Subfolders
Refresh oo

Figure 6. MATLAB project directory

6 October 22 2013



Once installation of the APM2 Simulink Blockset is complete, the active project directory Wikl AB
should contain alrduinoanda blocksfolder. It is essential that both folders aaltsubfoldersbe added tdhe
project directory(Figure 6) With these folders included in the project directahg Simulink framework will
now recognize th&PM2 blocks within the model. Alternatively, additional blocks are included with the APM2
Simulink Blockset which allow for GPS integration aofther sensos. These blocks can be added through the
Simulink library browser.

hardware_inputs control_system hardware_outputs

Figure 7. multi_sim.slx ROTH Simulink framework

Opening multi_system.slIxwill display the framework architectur@~igure 7) The hardware_inputs and
hardware_outputblocks are most essential foompiling the control system for ROTHsuidance navigation
and control algorithms may be placedtoinndependent blocks provided that therdware inputsand
hardware_outputblocks are withirthe same model and all of the proper global signals are referenced between
theblocks.

. Input Signals

All commands, inertialmeasurementsand inertial navigation estimatesare determined within the
hardware_inputslbck (Figure 8) Within this block is tle IMU block, Barometric Sensor block, RC Read block,
Sensor Fusion block, Commahtbck and various LED indicator blocks

The IMU block can be selected to set the -alifising low pass filter frequency, gyro scale, accelerometer
scale and sample time. &hanttal i asing | ow pass filter frequency mus
operating frequency. For standard operation, a filter frequency of 42Hz, gyro scale of 250 degrees per second
and accelerometer scale of 2g adequate.

The oper adommadds are @uput fom the RC Read block tocthwrol systemEach channel
outputs a number corresponding to the pulse width of the &Gaglio t r a n s msigndl. eldis sigrnalMs
centered about a pulse width of 1500us with a range of 1000090mu&

Overrun detectionusesthe red LED of the flight controller to indicatdhe software is incapable of
maintainingthe specifiectycle time Should the red LED show during operatioaducing the sample timill
help topreventoverrunning It is recommende to keep the sample time above a minimum of 0.02 seconds or
50Hz.

All signals andcommanddata are otput from the Flight Controller Data Block as a set of glgmb tags.

These tags ariésted along the right side of the block. The signals of ttege can be referenced in any part of
the modelsuch aghe control systemGlobal tags exist for all of the IMU signalax, ay, az, p, q,+as well as
for the pressure and temperature signals
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C. Control System

Both the control system from the dynamic model and ROTH framework may be interchanged for testing. The
control system can be dragged and dropped from the dynamic model into the ROTH framework when simulation
is complete. The following section details tlwadtionality of the attitude control system included with AV
Multicopter Development Kit for Simulini=igure 9)

Attitude Estimation

: P

Roll_Angl > =
[: 1
[ O——

4 Pitch_Angle > Angle: Max®
sensor_fusion

.
.

Yaw_Angle
.

Figure 10. sensor_fusion block

To obtain the best estimate of the airdmfturrent state, a serieskdiman filters are sedwithin
the sensor_fusiotlock of the control systenfFigure 10)Due t o | i mitations of the
processing power, the Kalman filter has been simplifiedset@rakwo state Kalman filters.

Attitude estimation fopitch and roll is performed by estimating tBalerangles of the aircraft and
the gyro bias due to noise and gyro drift. Body rates are first converted to Euler rates. Assuming the
IMU is properly mountedthe acceleration due to gravityan be used to teer mi ne t he airc
approximateattitude however, the signals obtained from the accelerometer are much more unreliable
than the gyroscope datAccelerometer computed attitutkecompared with the integrated Euler rates
in order to determine the gyradas. Following the first iteration the Euler rates will continue to update
and gyro bias will beomputed andemoved from the original signaising the statistical estimates of
the Kalman Filter.

Parameters for each of the filters can be modified atajhet the codén the sensor_fusion block
(Figure 11) These parameters must be properly tuned to match the noise of the g@nggreBias
and Q_angle are functions of the noise characteristics of the gyroscope and accelerometer respectively.
R_angleessentially determines which source of sensor data should be trusted as a true measurement.
Increasing the value of R_angle will improve the performance of the filter, but the accelerometer
leveling data will have less of an effect on the attitude estimaDecreasing the value of R_angle
may reduce the performance of the filter, but it will prevent gyro drift from building over time.
Accelerometer data is taken directly from the IMU signals, so any acceleration of the aircraft,
including centrifugal aaderation, will remain part of the data interpreted by the filter.

delta_t=0.01;
degrees = 180/ pi;
radians = pi / 180;

%Attitude Estimator
Q_gyroBias = 0.000000087;
Q_angle = 0.000039;
R_angle = 20;

Figure 11. sensor_fusion parameters

9 October 22 2013



Attitude Control (Outer Loop)
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Figure 12. Attitude controller

The outer loop of the control system is known as the attitude contffierattitude controller uses
PID controllers tanaintaina specified roll and pitch ang(€igure 12) Observing the right hand rule
in the NED coordinate framgositive pitch raises the nose of the aircraft and positive roll raises the
left side of the &mcraft. Attitude commandare interpreted from the input pwm radio signal and scaled
to range in magnitude fronl to 1 These signalare compared with the Euler angle data from the
sensor_fusiomlock. In order to maintain similar unit conventions,thai n fAAngl e _Max* 0
inverse of the maximum desired angular deftactiThe integral term of the PID controller is
configured to be externally reset byethising or falling edge of channel &hannel 5 may be
configured to operate as a modetsWito change between control systems during flight, such as the
attitude and rate control syste®aturation limits are also applied to the PID controller such that the
output of the attitude controller is bounded frelrto 1. The attitude controller acas an outer loop to
the rae controller by passing the output signals to the rate controller as command data.

Rate Control (Inner Loop)

B ;j P

Roll_Rate_PID

Y

11250 )
N R

Pitch_Rate PID

Rate_Max*®

5T
Yaw_Rate PID

D ’C\f P rb—

Figure 13. Rate controller

The Rate Controller block is responsible for maintaining a set angular velod#yhé inner loop
of the control system through which all commands musproeessedThe rate controller uses a PI
controller to achieve the desiradgular velocity(Figure 13) Rate commands ranging frothto 1 are
compared with the angular velocitatd fromthe IMU. In order to maintain sir@r unit conventions,
the gain Rate_Maxis set to the inverse of the maximum desired angular velocity. The integral term of
the Pl controllercan beconfigured to be externally reset by the rising or falling edba signal
Saturation limits are also applied to the PI controller such that the output of the rate controller is
bounded from1 to 1.The outputs from the rate controller atbsequently passed to the motoixer
block so thathe appropriate pwnvalues are sent to the electronic speed controllers.
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