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Development and Practice of Intelligent Unmanned Cluster
Systems: A Full-Stack Development Case Study Based on the
RflySim Platform

Lecture 5: Pose Control and Filter Estimation
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1.1 Reference Materials
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Quan Quan, Dai Xunhua, Wang Shuai, "
[M], Published by Electronic Industry Press, 2020.
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Design and Control of Multirotor Aircraft: Practice™
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The book (Zje&E KiT&H¥IH5E
HISEZEEY on the left was released in
2020 and is a practical course
focused on the development of flight
control algorithms. It includes some
theoretical knowledge and a series
of experiments, enabling readers to
quickly program their algorithms in
Simulink and download them to
Pixhawk for flight experiments.

The book (Zje&E KiT&H#H5E
#1Y» on the right was released in
2017 and primarily focuses on
multicopter control theory.
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1.2 Pixhawk/PX4/Simulink Code Generation
Platform Architecture

Pixhawk is the hardware (equivalent to a computer mainframe), PX4 is the flight control
software (equivalent to the Windows operating system), Simulink generates controller code
which is then compiled into firmware (equivalent to a system ISO image), uploaded to the
Pixhawk hardware (similar to reinstalling the system), and the Simulink controller runs as a
new thread (similar to a third-party app on a computer), operating independently of the

official PX4 controller (similar to pre-installed software on the system), and running in parallel.
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1.3 Why Disable PX4 Output

Al

« PX4 adopts the uORB publish-subscribe message mechanism, allowing any app to retrieve and publish data
from the uORB message pool.

« After Simulink code is generated and uploaded to Pixhawk, it creates an app named px4_Simulink_app. This
app communicates with other apps through the uUORB message pool mechanism.

« Simulink_App cannot access the motors simultaneously with the PX4 controller to avoid conflicts. Therefore,
it is necessary to disable the official PX4 output.

_________ - px4_Simulink_app
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¥4 CopterSim2DEnvironment - Simulink

r ‘ 1 .4 S i m u I i n k Auto mati C COde File Edit View Display Diagram hfim@lilaatic:-n Analysis Code Tools
. . . Z-E=T-8 a‘ul 1= @ G » b
L G ene ratl On Confl g u ra‘tl O n Copter5im3DEnvironment wE

(@) Simulink “¥#” #%4l (MATLAB 2017b~2019a)
Creating a new blank slx routine file v _ ———— — -
1. Go to the Simulink settings page Q@ Qe - ¢ [@
(For MATLAB 2019b and above, cli e T~
Ck the Settlngs bUtton On the MO - (b) Simulink “¥# & ” %4 (MATLAB 20190 % 5 & kit A

D E L I N G tab) [ & Configuration Parameters: px4demo_log/Configuration (Active) - O X

2. Select the Hardware board setting _ —
as Pixhawk PX4, which will automat = e e s me e oo

v Optimization

% Commonly Used Parameters = All Parameters

] I I I I I h 1 Signals and Parameters Device vendor: [ARM Compatible Device type: [ARM Cortex
Ica y Comp ete a. t e COde gene ratl ) 51&11(‘1;]“""' b Device details
E;;}g‘::;é ! E;D] ETEm i AET Hardware board settings

on settings required for this platfor st

Simulation Target

Code Generation Base rate task priority: |250
m - F[;]\E‘C:;E Generation Target Hardware Resources
- - . Groups Build action: |Build
3. Custom task priorities can be set.

External Mode Options
Uploading Options (Windo-

4. Configure compilation options.

J 0K Cancel Help Apply



i . 1.5 PX4PSP Toolbox Location
Open any Simulink file, click the ""Library Browser"
button, and you will find the ""Pixhawk Target

4 pxddemo_rgbled - Simulink - o X
Blocks' module library in it. e gt Meu Doy Do Souin i G Tk Lo

The modules in this library can be considered as Q'QE Clelled  vE ==
higher-level interfaces encapsulating the subscription A - © X
or publication of data from the PX4 UORB pool. They & i ssscm s T AfEY

include functions related to sensors, remote controllers, = | wowe ™ i
motors, serial ports, and more. - "
Note: These modules do not contain internal models; b
data can only be obtained when the code is generated ooh
and compiled into PX4 firmware. If run directly in

Simulink, the received data will be all zeros. o "l
For detailed usage of each module, refer to the Basic Simik ol iy o —
Edition course or the third tutorial. m | o i — \ e

Ready 106% FixedStepDiscrete .. |

e LL



4
L‘ Installation Options

Recommended Installation Options:

It is recommended to use the latest Pixhawk 4 autopilot

(refer to the image below), with the compilation
command named px4_fmu-v5_default.

Re-run the ""OnekeyScript.p" script included in the
installation package.

Utilize the latest PX4 firmware version ''6"" - PX4-
1.12.3.

Other configurations are as shown in the image on the |=

righ

1.6 Experimental Configuration - Recommended

4 TEm—ETens -

1. TR B e 12
CAPX4PSP

2.PXAR Y i iFdn 4.
pxd_fmu-va_default

IPXABFREAR (1: PX4-1.7.3, 4: PX4-1.10.2, 5: PX4-1.11.3, 6: PX4-1.12.3)
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= o
=

6.2 75 L3 e b i R 44 (CopterSim. QGCHLH 5.
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fSE

entering the command ""PX4CMD px4_fmu-
v5_default” in MATLAB.

B PEPEER () KPS, #9541 i)

Note: Alternatively, you can quickly switch by

PXd4-1.82 {i FE 2\ pxafmu-v3_default, PX4-1927 5+ pxd fru-v3_default

A.PXAFEHIEE (1: Win1OWSL[EHI], 2: Msys2[iEHIf A<PX4-1.8], 3: Cygwin[i& i =PX4-1.8]

BLH




1.7 Experimental Configuration - Installation
Options for Old Version of the Textbook

Note: If using the Pixhawk 1 autopilot recommended in the tutorial,

e |f using the recommended Pixhawk 1 autopilot it is advised to configure according to this page. Alternatively, you
can follow the configuration method in the book, choosing PX4

from the textbook (refer to the image below), the 1.7.3 version + Msys2 compiler (not recommended).
compilation command is px4_fmu-v3_default. 1. L A

CAPX4PSP

i Re' rU n the ' O nekeySC ri pt. pl ' Scri pt i nCI Uded i n the 2 PXA U SiFan 4 PX4-1.82 {05 2 pedimu-v3_default, PX4-1.927 58 Hpxd_fmu-v3_default
- - pxd_fmu-~v3_default
Installation package.

o Utilize the latest PX4 firmware version "'6"" - PX4-

IPXAF A (1: AX4-1.7.3, 4: PX4-110.2, 5 PX4-1.11.3, 6: PX4-1.12.3)
6

4 PXAR {FSTEES (1: Win1OWSL[EH]. 2: Msys2[iEHHT 4==PX4-1.8], 3: Cyawin[i& H =PX4-1.8]

1.12.3, and compiler ""1"" - Win10WSL. 1
5.7 B FHHPSPL AM(E: HWT AM, T: SHEHT R

« Other configurations are as shown in the imageon =
the right. ~

6.2 5 0 A L2k i i AR 10 (CopterSim. QGCHU 35, E FEIEE (i B2, #1540 91

=
(=]

7R TR I E FR BRI (R SFGCRETES, B I, RRA55)

BIR ~ =
0.UbuntuWsL BRTEH HHEPXAFE T (2 2 4RI, . MIFBIR, KO55H)
1.ToolChainZip S
2.FirmwareZip 9 R G EEME RS FREN G2 2HEFEM, T RHBR K58
3.PX4PSP =
4.HILApps 10,42 7513t PXA B e A8 th (B HISTmulinkiss BB EE 2", BT PXATE 7 B AL 75)

| readme.txt EFE ] ] ) )
= Note: Alternatively, you can quickly switch by entering the
— command ""PX4CMD px4_fmu-v3_default” in MATLAB.
EHIFEE

9
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1. Please refer to the tutorial link for hardware setup:

following configurations:

1.8 Experimental Configuration - Hardware
Setup and Verification

B RRR

;5/ Fﬂ)ﬁn?‘\i

2~ Confirm the

Ensure Pixhawk has been flashed with the latest official
firmware version 1.12 in QGroundControl (QGC), and the i "

LED is blinking normally. i ’;§3§§2° =
Correctly connect Pixhawk to the receiver, connect the remote e
controller to the receiver, open QGC ground station, and H: Sk ERPWMIE K RRE
ensure that the movement signals of the remote controller o : ——
joysticks can be observed. ——
Properly configure the remote controller and calibrate it in
QGC, ensuring that the lowest and highest positions meet the
definitions in the tutorial link.

Confirm that Pixhawk flight controller has been set to select
HIL Quadcopter X frame in QGC.

Ensure flight modes in OGC are confiqured according to the

tutorial. "ﬂt" TBERE



https://doc.rflysim.com/hardware/3RC/AT9s_Pro.html

1.9 Choose a different
firmware version.

4 TEEEEEE

1AM ST
C\PX4PSP

2.PXAIA {F Fa ¥ 4 PX4-1.82 k¥
prd_fu-v3_default

If you need to use your own PX4 firmware code, rename

=

your code folder to "'Firmwake-eemptessTCINIO a

3.PX4E A (1: PX4-1.7.3, 2:
4

4. PXAFF #iFEE (1: Win10WSL[#

L pxdfmu-v3_default, PX4-1.927 58 #pxd_fmu-v3_default

PX4-1.82, 3: PX4-1.9.2, 4. PX4-1.10.2}

1 2: Msys2[i& I A<PX4-1.8], 3: Cygwin[if ] =PX4-1.8]

Firmware.zip file, and then rename it according to the
rules in 2.FirmwareZip\readme.txt. Choose the desired
firmware version.
For example, if you have deweloped your code based on

PX4 1.10, name it "PX4Firmwarel.10.2.zip" and replace

1

5 # PSP R W
/=

s

6. % 7% L A e Al AR B (FlightGear. QGCHWISS . TELFEE B0 BLEAESE

=
=

7 755 A O o A e TR

==
(=]

BRI A PXAR OIS e AR 05, . HERBLR,

/=
=

the corresponding file under the "2 {NrmwareZip™ folder.

9. BUEAIIL 2 i % BRI 1
2

1072 7 b i PXA 5 7 1% il A il H (1

=]
2|

CH#E, . SE5EA <%)

#2164t

5

GR: SRR, H. BN, GRQSHH)
REISIE )
R mIRRAE, . HEEBLR, REI5SHEND

Simulin b fildam " ", {H] PX4 5 755 i) ds i)

Python38Adv3.
zip

PX4Firmware1.
10.2.zip

PX4Firmware1.
9.2.zip

PX4Firmware1.
8.2.zip

PX4Firmware1.
7.3.zip

| readme.txt - ig==4s
() (R ER(O) BBV
0: PX4Firmware1.6.5.zip
1: PX4Firmware1.7.3.zip
2: PX4Firmware1.8.2.zip
3: PX4Firmware1.9.2.zip
4: PX4Firmware1.10.2.zip
5: PX4Firmware1.11.3.zip
6: PX4Firmware1.12.3.zip

T ENiH

FEED(E

o8 PX4Firmware1.10.2.zip
o PX4Firmware1.10.2Update.zip

E: WA PLEPXAFirmwarel.10.2.zip B 77 B 44 K138 & X1 B3+
4N “PX4Firmwarel.10.2Update.zip” R =IBAE
_lm 2.FirmwareZip H3%, RIRE < E3h#E N3 FE 4.
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n,L‘ 2.1 Software in-the-loop simulation experiment

As shown In the right figure, control the multirotor to the specified pitch and roll angles,
maintaining and controlling the attitude. The controller responds to the control inputs from t
he remote control, and you can simulate the remote control input by dragging the Slider mod
ule on the left. For specific experimental operations, refer to the file

own in the right figure.

. The experimental results are sh
- | @~ - (@ s

For more detailed interfaces, please refer to:
For more examples, please see:

AT B


0.ApiExps/1.SoftwareSimExps/Readme.pdf
0.ApiExps/1.SoftwareSimExps/Readme.pdf
API.pdf
Readme.pdf

n,i_ Code Generation Toolbox

MATLAB provides relevant examples and doc e e

&

umentation for the Pixhawk Pilot Support Packag EBE E A '

ExternalM qgc_tune SerialCom
ode Exam  paramete er mPr tocol

e (PSP) in the document titled “Pixhawk Pilot Su ples Example
pport Package.pdf”. Users can learn to model, sim

px4demo_  px4demo_  pxd4demo_
ADC exam  attitude ¢ attitude p
ple.slx ontrol.skx lant.slx

ulate, and validate flight control models in Simulin
- -
k, and deploy them to PX4 hardware integrated in e

input _rc I log.slx mavlink_rc
slx

to the control system using the automatic code gen

> P
eration feature. For specific experimental operatio idemo_ pxidemo_ prddemo_

Serial TxR tune.slx
x.5lx

ns, please refer to the file:

datalog A.
bin

pxd4demo_

attitude s
ystem.slx

pxd4demo_

Parameter
_CSC exa
mple.shx

pxd4demo_
write_uor

b _exampl
e.slx

pixhawk A Pixhawk Pi
.bin lot Suppo
rt_Packag
e.pdf

px4demo_  px4demo_

fen_call u gps.slx
orb_exam

ple.slx

px4demo_  px4demo
Parameter  read_uo orb
Update C ex amM
SC_exam..

IE

1 fault]
7.3Stable.
px4

For more detailed interfaces, please refer to:

For more examples, please see:

n‘ _l 7] J‘ !“'

2.2 Official Examples Experiment for Automatic

F

px4 read I
binary file.
m

"

pxd4demo_
HostSerial
_TxRx.slx

' 1
>
pxd4demo_
read uorb
_example_
dai.slx

14


0.ApiExps/2.PSPOfficialExps/Readme.pdf
0.ApiExps/2.PSPOfficialExps/Readme.pdf
API.pdf
Readme.pdf

n“L. 2.3 Attitude Control Design Experiment

This experiment designs a controller with inputs from remote control channels Ch1~Chb5 sig
nals, angular velocity feedback AngRateB, and multirotor Euler angles (in radians). The entire p
rocess, from software in-the-loop simulation to automatic code generation, hardware in-the-loop
simulation, and actual flight, is implemented by building a model in Simulink.

The specific operations of the experiment

are detailed in the file:

o

RAEEIRRFlySIim3D &R

n For more detailed interfaces, please refer to: 15
= kL

For more examples, please see:


0.ApiExps/3.DesignExps/Readme.pdf
0.ApiExps/3.DesignExps/Readme.pdf
API.pdf
Readme.pdf

Al

2.3 Attitude Control Design Experiment

2.Introduction to Key Interfaces

Designed Attitude Controller

Ch1

Ch2 int1

\ el Ch3 uint!

timestamp
uORB Write
Topic: actuator_outputs
output

Al

h4 uint16

—

nt1e

h5 ui

Y (q)
-[Gyroz (n)
RGB_MODE
: ARM_STATE
.Iphi =
- pnifehi™| RGB_COLOR
A e fhetdpetar—] RGB_Mode_Subsystem
b quateul
psif—3
quat2eul

fgfv E; vy i v | i - HE!

*4 Diagnostic Viewer - O x

Exp4_AttitudeSystemCodeGen

f.c.obj -
[7/11] Building C object
src/modules/pxd_simulink_app/CMakeFiles/modules_ pxd simulink_app.dir/nuttxin
itialize.c.obj

[8/11] Linking C static library
src/modules/px4_simulink_app/libmodules_ px4 simulink_app.a

[9/11] Linking CXX executable nuttx_px4fmu-v3_default.elf

[18/11] Generating pxdfmu-v2.bin

[11/11] Creating /mnt/c/PX4PSP/Firmware/build/px4fmu-v3_default/px4fmu-
v3_default.px4

"### Finished calling CMAKE build process ###"

"### Done invoking postbuild tool.™

"### Successfully generated all binary outputs.”

C:\Users\dream\Desktop\e@\3.DesignExps\Exp4 AttitudeSystemCodeGen_ert_rtwrexi
t /B O

### Successful completion of build procedure for model:

Expd AttitudeSystemCodeGen

### Creating HTML report file Expd AttitudeSystemCodeGen codegen rpt.html

Build process completed successfully

BEAEZEER Simulink AR 5

For more detailed interfaces, please refer to: .
For more examples, please see: :

BN CAWINDOWS\SYSTEM32\cmd.exe - O x

Loaded firmware for 9,0, size: 879196 bytes, waiting for the bootloader...

If the board does not respond within 1-2 seconds, unplug and re-plug the USB connector.

PX4_SIMULINK = None

attempting reboot on COM3...

if the board does not respond, unplug and re-plug the USB connector.

attempting reboot on COM3...

if the board does not respond, unplug and re-plug the USB connector.

attempting reboot on COM3...

if the board does not respond, unplug and re—plug the USB connector.

Found board 9, 0 bootloader rev 4 on COM3

50583400 00ac2600 00100000 QOffffff fEEFffff FELELELT fEFFET fFOFIff 66edd47ff ff73ccl5 c8ad940c dbc59f39 d6c20e06 95
3d3ef f3073019 d035ab0d 3f60334e 10dda9f8 cdbOchbd 42cdc6bb 3ba305f7 81532581 84eelda6 23bc6340 8321beb8 edd356c9 1e3b8f]
bc beO7decc 9cGbebaZ 458al513 4bbbbeZl eda3bced a8b840ab ef(019cab c89bb183 bb00f0cO 06dbla26 T3756ff57 lca41d94 24aab6le
fEFEEFEf FEFFEFFE FEFFEEFT FEFEFEEF FECFEFFE FEFFEFFF FIFFFEFF fEFEFFFF type: PX4

idtype: =00

vid: 000026ac

pid: 00000010

coa: ZulH//9zzBXIrZQM28Wf0dbCDgh5U9Pv8wewGdAlgqw0,/YDNOEN2p+M2wy71Czca206MF94FTIYGET j2mI7x jQIMhvmjt01bJH juPXF4H3syca+WiRYc
VEOu7vCHtolz1qLhApe8BnKXIm7GDuwDwwAbbGiZzdf9XHKQA1CSqZi4=

sn: 0038001f3432470d31323533

Erase : [== 100. 0%
Program: [== 100. 0%
Verify ; [—————————————— 1 100. 0%

Simulink B ZhE 4 5

16



API.pdf
Readme.pdf

n"‘—‘ 2. Introduction to Key Interfaces

2.4 Flight Controller Firmware
Flashing Experiment

This experiment provides some fl
ight controller firmware for conducti
ng flight controller firmware flashin
g experiments using QGroundContr
ol. For specific operating steps, pleas

e refer to the file:

« e0-PlattormStudy » 4.P¥4Firmwares

B

pxd frmu-v

dy 3 defaultl

| 10.15tabl
win e.pxd

B

pxdfrmu-v2
‘ _defaultl.

ntrol

7.35table.
pxd

B

pxd fmu-v

B

pxd fmu-v
3 defaultl 5 defaultl
12.35tabl 10.15¢tabl

e.pxd e.pxd

[
%
readme.d
ocx

B

pxd fmu-v

5 defaultl

12.35tabl
e.pxd

For more detailed interfaces, please refer to:
For more examples, please see:

7 esks
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0.ApiExps/4.PX4Firmwares/Readme.pdf
0.ApiExps/4.PX4Firmwares/Readme.pdf
API.pdf
Readme.pdf

2. Introduction to Key Interfaces

7

2.5 Log Data Recording
Using the binary logging module "binary_logger™ to accomplish flight data writing and

reading. For specific operating steps, please refer to the file

. The experimental results are as follows:

= SDHC (E}) » log N C L #EFE"log”
L' en sess011 sess012 sess013
ffs/microsd,
sess014 pixhawk_A.bin
LB ® @W$iTEQ ® | TfEX
R »> [datapts, rumpts]=px4_read binary_file( pixhawk_ A bin ) |&#F e

+# pixhawk_A.bin fx > datapts 4x5000 double

" px4_read_binary file.m { numpts 5000

& px4demo _log.slx

For more detailed interfaces, please refer to:

ﬂ‘ For more examples, please see:
¥ CuruE



0.ApiExps/5.Log-Write-Read/Readme.pdf
0.ApiExps/5.Log-Write-Read/Readme.pdf
API.pdf
Readme.pdf

2. Introduction to Key Interfaces

Al

2.6 UORB Read-Write Communication
The uORB messaging system in PX4 provides a powerful and convenient way for inter

nal modules to interact with each other by allowing all modules to place data in a message
pool, from which other modules can subscribe to the desired data. For specific operating st

eps, please refer to the file . The experimenta

| results are as follows:

need use lopic name "actualor_control
irtual_mc" in the UORB Read block

|

For more detailed interfaces, please refer to:

For more examples, please see:

| 19

¥ CEFNE



0.ApiExps/6.uORB-Read-Write/Readme.pdf
API.pdf
Readme.pdf

n"‘—‘ 2. Introduction to Key Interfaces

2.7 Custom UORB Messages

By creating a custom uORB message, you can implement read and write functionality to
familiarize yourself with and master PX4's uORB messaging system. For specific operating

steps, please refer to the file . The experimental results

are as follows: = CMakelists.txt - Notepad

File Edit Format View Help

= rfly_testmsg X rfly_ext.msg
rfly px4d.msq
D: > OneDrive 2> RflySimSource » RflySim. [rfly_te st.msg
uinte4 timestamp rpmM.msg
safety.msg

float32[8] control

| For more detailed interfaces, please refer to:
For more examples, please see:

AR L =

satellite info.msa


0.ApiExps/7.uORB-Create/Readme.pdf
API.pdf
Readme.pdf

Al

2.8 Feedback Prompt Messages

2. Introduction to Key Interfaces

In flight control systems, it is often necessary to publish textual messages to reflect
the current operational status of the system. This functionality can be achieved by

sending uUORB messages with ""mavlink_log". For specific operating steps, please refer to

the document . The experimental results
are as follows: PP Hode
KITIREE - Legacy FMU COM3Z DP_Full

Y] Radio 4 Value 1543
Pi4: Simulink [¥] Radic 4 Value 1555 ¢eeeee /o X

P¥4: Simulink [¥] Radic 4 Walue 1929

P¥4: Simulink [
[
[
P¥4: Simulink [Y] Radic 4 Value 1352
[
[
[

P¥4: Simulink [Y] Radic 4 Value 1490 : : N .
Pre: Sinulink [v] Radio 4 Valus 1450 For more detailed interfaces, please refer to:
P¥4: Simulink [Y] Radic 4 Value 1430 For more examples’ please see:

AR EEEE .



0.ApiExps/8.Mavlink-Msg-Echo/Readme.pdf
API.pdf
Readme.pdf

2. Introduction to Key Interfaces

Al

2.9 External Communication of PX4 Controller
This example uses externally transmitted "'rfly_ctrl'' data as remote control inputs, wh

Ile also sending received data to "'rfly px4" for external program feedback. For specific op

erating steps, please refer to the document

. The exnerimental results are as follows: For more detailed interfaces, please refer to:

QGroundControl

For more examples, please see:
%o %9 | A X5 da B @ Altitude =

ST

& S MAVLink {H S
Log Download ACT! ; \
\CTUATOR CONTROL TARGET (140) 30.0
ACTUATOR_CONTROL TARGET ILl-'llb e e
Geolag lmages . i R 3242

ALTITUDE 10. OHz

MAVLink Console ATTITUDE 50. THz

time_usec 1 36000000 uint64 t

| MAVLink Inspector ATTITUDE QUATERNION 50. THz 123 uint8 i
— e controls 1500, 1500, 1100, ==- float
ATTITUDE TARGET 8. OHz

1L Ok .

22


0.ApiExps/9.PX4CtrlExternalTune/Readme.pdf
0.ApiExps/9.PX4CtrlExternalTune/Readme.pdf
API.pdf
Readme.pdf

“L. 2. Introduction to Key Interfaces

4 Custom Storage Class Parameter Updat... — (W X

2.10 Real-Time Adjustment of Controller Parameters in

i tom Storage Class objects
QGC SL_RFLY_FLT l
SL_RFLY_INT . .
During hardware-in-the-loop simulation and real-flight experime SumetaLEE L s e
emove selected CSC
nts, it is often necessary to observe the flight status in the QGroundCont Sample Time: i
rol (QGC) ground station and adjust controller parameters in real-time NOTE- it is assumed that CSCs are
stnre_d in 1J,nzuur_b;ase wurk_space.@ther
to achieve the best control performance for the aircraft. For specific ope possible locations could include data
. wnrkspace.F‘Iease copy the
rating steps, please refer to the document Hleaaalie il

. Partial experimental results are as follows: LS

QGroundControl

Qo %9 @‘ - X & ® Errell o
18T

Log Download

ACTUATOR_CONTROL_TARGET

#rE SCht MAVLink 5.
5 8.: ACTUATOR_CONTROL_TARGET (14

BATTERY STATUS 1. OHz

OESEN or more detailed interfaces, please refer to:
@O\ MAVLink Inspector HEARTBEAT 1 Oft I * LI 0. 50, 100, FO r m O re exam p I eS, p I ease See :

HIL ACTUATOR_CONTROLS 4. 8Hz

SYSTEM TIME 1. OHz E 23
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2.11 Sensor Data Reading Experiment

2. Introduction to Key Interfaces

Through the low-level development interface of RflySim, accessible sensor data includes m
agnetometer, accelerometer, gyroscope, barometer, timestamp, and GPS data, among other infor
mation. This experiment will focus on acquiring partial data from the aforementioned sensors. By
following this approach, a variety of sensor data can be subscribed to. For specific operating steps,

please refer to the document . Partial experimental res

ults are as follows:

For more detailed interfaces, please refer to:
For more examples, please see:

AR B
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2.12 Autopilot CPU Usage Monitoring Experiment D
When conducting low-level development on the RflySim plat

form, it is common to validate our developed algorithms on the aut
opilot hardware. However, when the algorithm model built in Simu
link is automatically generated into autopilot firmware, the comple
xity of the algorithm and the rationality of model construction may
lead to an overload of the autopilot system’s CPU usage, causing ex

periment failure, as shown in the figure below. This experiment wil

| demonstrate how to monitor the CPU usage of the autopilot syste

For more detailed interfaces,
please refer to: . For more
. Partial experimenta examples, please see:

m. For specific operating steps, please refer to the document

| results are as follows:
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2.13 Experiment on Comparing Autopilot System Resource Usage
Between M Function and S Function in Simulink

The flight control system of the PX4 firmware is based on the Nuttx op

erating system. Nuttx is a real-time embedded operating system (RTOS), kno
wn for its compact size and suitability for microcontroller environments. This
experiment will flash Simulink models constructed separately by M Function
and S Function. Through an analysis of the resource utilization of the autopil
ot system, it is observed that the Simulink model built with S Function consu

mes fewer autopilot resources. For detailed operating steps, please refer to th

e document . Partial expe

For more detailed interfaces,
please refer to: . For more
examples, please see:

rimental results are as follows:
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2.14 Sensor Data Reading Experiment
Through the low-level development interface of RflySim, accessible sensor data includes

magnetometer, accelerometer, gyroscope, barometer, timestamp, and GPS data, among other in
formation. This experiment will focus on acquiring partial data from the aforementioned senso
rs. By following this approach, a variety of sensor data can be subscribed to. For specific operat
Ing steps, please refer to the document . Par

tial experimental results are as follows:

For more detailed interfaces, please refer to:

For more examples, please see:
27
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3.0 Advanced Experiment OvVerview m  The routines provided on this platform ensure that each experiment or section
@ - thereof can be completed independently.
B TR

AT RER

s B To introduce diversity in the task objectives, our curriculum can be structured
ity } fitse _ _ . _
B SRR - progressively. The progressive path can be divided into:
ANERRNS EFhEERRY . . ) .
it —_— (1) Design and Modeling Experiment -> Control Experiment
SB- SRS ST, ZHERIRR AR - - - - o
; : (2) Design and Modeling Experiment -> Control Experiment -> Decision-
-------- ]
e T @@ making Experiment
SHE SHRESEHEGT [HHE N
' - - - - - -
RESH (3) Design and Modeling Experiment -> Estimation Experiment -> Control
FHt FEFSREUTRERY - - - - -
s semeanmenm[[§ | 555 TR Experiment -> Decision-making Experiment
EFSBEERK
Eit RIS . . . . . .
inse | 0 sERBSTNEVEE T — B Different types of aircraft need to be designed, resulting in varying models and
sk | O SERERENED _ _ . : :
? SRR T |[u S EREAR R AR different modeling approaches. Similarly, the design of control experiments
v A @; -
I i s varies.
ik B Teachers may also choose to add additional experiments at their discretion.

AR GERE .
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3.0 Advanced Experiment Overview

A

Based on the two
aforementioned
experiments,

A

Guide the reader to independently design
modify the routine, for the given task.
: run the modified
Open the routine, program, and collect
read and execute the and analyze the data.

program code, then
observe, record, and
analyze the data.

ARt
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3.0 Advanced Experiment Overview
Table. Types, objectives, and content of the experiment

Familiar with development platform v
Be familiar with the analysis process v v
X

Familiar with design methods v/
X X

Carry out software-in-the-loop v v v

simulation

Perform hardware-in-the-loop v v v

simulation

Actual experimental test X X v
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3.1 Power system design experiment
The objectives of this lab are as follows:

1. design a power system of that multi-rotor aircraft by use a multi-rotor flight evaluation website;

2~ According to the known information, the power system of the multi-rotor aircraft is designed and co
mpared with the parameters generated by the multi-rotor flight evaluation website, and the effects of differen
t cities, temperatures, propeller sizes and numbers on the hovering events of the multi-rotor aircraft are analy
zed.

Please learn the advanced version of the course for the specific experimental principles, and see the file

. PDF for the experimental operation steps.

For more detailed interfaces, please refer to:
For more examples, please see:

7 esks .
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3.1 Power system design experiment Location Elevation/m  Hover time/min
The experimental results are as follows (in part): Shanghai 4 16.5
FHER

Beotes: BAGHITEES B iEEY Be iJ I ng 43 . 5 16 . 5

= 0 . Iz . Changsha 500 16.1

w0 mes o0 sem o Lhasa 3658 13.5

E=srea

10

9.4

9
-8

-80.9%

BRI

1798% NFEER

Propeller size/inch  Hover time/min Temperature ~ Hover time/min

17 0 17.1
. 10 16.8
0 162
14.5 '

N For more detailed interfaces, please refer to:
""1‘ B For more examples, please see:
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3.2 Dynamic modeling experiment
The objectives of this lab are as follows:

1. The effects of multi-rotor mass, moment of inertia matrix, propeller thrust coefficient and pr
opeller thrust coefficient on the multi-rotor flight performance are analyzed.

2. Build a complete multi-rotor aircraft model, and add a three-dimensional model of the quad
rotor in RflySim3D.

Please learn the advanced version of the course for the specific experimental principle. See the

file for the experimental operation steps.

For more detailed interfaces, please refer to:
For more examples, please see:

7 esks .
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Al

3.2 Dynamic modeling experiment

The experimental results are as follows (in part):

The input is a PWM signal from 1000 to 2000,
which needs to be normalized to 0~1.

(1) 3 W mofinPWMs MolorRads wapi
inPWMs |

D
MotorRPMS
1000,1000,1000,1000]
Propulsor Model
Control Effectiveness Model
MotorRads xe ——1D
PosE
% Mb) Mo vef——— )
mass mg VelE
Eulerl— D)
g DCM AngEuler
DCM
Vb
Fb 1 vb
P, p.g. D
AngRateB
Rigid Mode!

For more detailed interfaces, please refer to:
For more examples, please see:

7 eske :


API.pdf
Readme.pdf

nl‘ ' 3.Basic Experimental Cases (Free Version)

3.3 Sensor calibration experiment
The objectives of this lab are as follows:

1. Complete the calibration of acceleration according to the experimental steps.

2. According to the given error model of magnetometer, the data acquisition model of magneto
meter is designed, and the optimal solution of model parameters is obtained by using the measured
data and LM algorithm function to complete the calibration of magnetometer.

Please learn the advanced version of the course for the specific experimental principles, and se

e the file for the experimental operation steps.

For more detailed interfaces, please refer to:
For more examples, please see:

7 esks .
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3.3 Sensor calibration experiment
The experimental results are as follows (in part):

|I . <l 1701 ;
. | I Ik
l_T‘ = Tw1st
o 400m 05521 |
Cancel fielp 15T = 1 wst

- M = ﬁ p— m P sz 2= 3 ;;f':,—;; s 5 55 s

S [y <A B, #ORIEX L (E
ddddd g_fc‘;g e ; o en
%} p{data  /fs/microsdilogle_acc
o I For more detailed interfaces, please refer to:
B MEEHERE “binary_logeer” #k  For more examples, please see:
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3.4 Sensor calibration experiment
The objectives of this lab are as follows:

1. According to the data provided in the experiment, complete the complementary filtering, and compare
it with the original data and the data calculated by Pixhawk's own filter to understand the advantages of the ¢
omplementary filter.

2. Improve the parameters of the complementary filter and analyze the influence of the parameters of the
complementary filter on the filtering effect.

3. Understand the principle of Kalman filter, design the Kalman filter to realize the filter, process the acc

eleration and angular velocity data, and draw the data map of the relevant attitude angle.
Please learn the advanced version of the course for the specific experimental principles, and see the file

for the experimental operation steps.
For more detailed interfaces, please refer to:

For more examples, please see:
n‘ -lll.l J'Ij“'
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L (Free Version)

3.4 Sensor calibration experiment
The experimental results are as follows (in part):

i mf Crad)
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For more detailed interfaces, please refer to:
For more examples, please see: .
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3.5 Attitude controller design experiment
The objectives of this lab are as follows:

1. Reproduce the Simulink simulation of the quadrotor aircraft, analyze the role of the control distributor; record the step r
esponse of the attitude, sweep the open-loop attitude control system to draw the Bode diagram, and analyze the stability margin o
f the closed-loop attitude control system; complete the hardware-in-the-loop simulation of the quadrotor aircraft.

2. Adjust the relevant parameters of PID controller to improve the control performance and record the overshoot and adjus
tment time to get a set of appropriate parameters; use the parameters after debugging to sweep the frequency of the system to dr
aw the Bode diagram, observe the amplitude-frequency response and phase-frequency response curve of the system, and analyze
its stability margin.

3. The transfer function model of the attitude control channel is established, and the correction controller is designed. The s
oftware and hardware simulation experiments and flight experiments are carried out with the controller designed by ourselves.

Please learn the advanced version of the course for the specific experimental principles, and see the file

for the experimental operation steps. For more detailed interfaces, please refer to: . For more

examples, please see:
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Al
3.5 Attitude controller design experiment
The experimental results are as follows (in part):

@ RflySim3D-0 i _— ) D X
i
0.045 ‘J
r " VehicleInfoofID 1 withstyle
- Timestemp (s): 10.0000
/ Position xyz: -20.624, -0.000, -17.597
0.035 I
0.03
§ 0025
?—‘T_ 0.02
0.015
0.01
0.005
0
-0.005
0 1 2 3 4 5 & 7 8 . o

For more detailed interfaces, please refer to: . For more
examples, please see:
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3.6 Fixed-point position controller design experiment
The objectives of this lab are as follows:

1. Reproduce the quadrotor Simulink simulation to an%h):ze theodecoupling of the control action on the axis a
nd the axis; sweep the frequency of the system to draw the bgdbe diagbrﬁm to analyze the stability margin of the clo
sed-loop position control system.

2. Adjust the relevant parameters of the PID controller to improve the control performance of the system. Af
ter obtaining satisfactory parameters, sweep the frequency of the system to draw the Bode diagram.

3. Establish the transfer function model of the position control channel, use the MATLAB "Control SystemD

esigner"' to design the correction controller, and adjust the system error, relative margin and other parameters.
Please learn the advanced version of the course for the specific experimental principle. See the file

for the experimental operation steps.

For more detailed interfaces, please refer to: . For more
examples, please see:
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3.6 Fixed-point position controller design experiment
The experimental results are as follows (in part):

Slep Response

Bableiosp

Blimemm e e e e ]
45 -
/
’f —-——--Step .
35 P N S N N S [ wm—— Kvp1
[; ..I_.' Kvpz
3 ' Kvp3

Amplfude

m i (s)
For more detailed interfaces, please refer to: . For more
- Z:ﬁttﬁ'ﬂﬁ%ﬁ—ltﬁqmﬁiuﬂ@ examples’ please see:
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3.7 Semi-autonomous control mode design experiment
The objectives of this lab are as follows:

1. On the controller design and simulation platform based on Simulink, the characteristics of the attitude and positi
on response of the quadrotor are reproduced from the simulation experiment;

2. Change to fixed height mode on the basis of self-stabilization mode. According to the experimental analysis, the ¢
hange of attitude and position output values of the multi-rotor in the fixed altitude mode is compared with that in the sel
f-stabilized mode.

3. Change to fixed-point mode on the basis of self-stabilization mode. According to the experimental analysis, compa
red with the self-stabilization mode, the output values of the attitude and position of the multi-rotor in the fixed-point m

ode are changed, and the free switching of the three modes is realized by using a three-segment dial switch.

Please learn the advanced version of the course for the specific experimental principle. See the file

for the experimental operation steps. For more detailed interfaces, please refer to:
For more examples, please see:
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3.7 Semi-autonomous control mode design experiment

The experimental results are as follows (in part): & Xy N s
X Y Plot
051
0.03 R
0.025 -
D -
002 - 'E
- Z
£ >
F 0015 -
d 05
001 F
0.005 -
=1 L L
0.5 0 0.5 1
of X Axis
o e 7 For more detailed interfaces, please refer to: . For more

examples, please see:
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3.8 Fail-safe logic design experiment
The objectives of this lab are as follows:

1. In the Simulink simulation environment, in the manual mode, realize the return and landing of the air
craft, and record and analyze the simulation results.

2. On the basis of the basic experiment, the corresponding state transition is added to realize the return a
nd landing of the aircraft in the manual mode, and the return and landing can be switched to each other.

3. On the basis of the previous experiment, add the remote control power failure and loss of contact event,
complete the new mode and switching design, that is, add two States of failure return and failure landing, and

complete the design of the state machine.
Please learn the advanced version of the course for the specific experimental principle. See the file

for the experimental operation steps.

For more detailed interfaces, please refer to: . For more
examples, please see:
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3.8 Fail-safe logic design experiment

The experimental results are as follows (in part):

40
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For more detailed interfaces, please refer to: . For more
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examples, please see:
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3.9 PX4 Module Replacement Lab
The objectives of this lab are as follows:

In order to quickly replace some native modules (sensors, filters, attitude controllers, etc.) of the PX4 con

trol software with the generated Simulink code, the experiment provides two methods to achieve this:
1. Open the " Firmware\src\modules\ekf2\ekf2 _main.cpp **file, and manually comment out the mod

ule code to be shielded;

2. Modify the startup script file ** Firmware\ROMFS\px4fmu_common\init.d\rcS " of the PX4 module, a
nd comment out the module to be shielded.

Please learn the advanced version of the course for the specific experimental principles. The lab steps are

shown in File

For more detailed interfaces, please refer to: . For more
examples, please see:
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3.9 PX4 Module Replacement Lab
In this experiment, the ""Position & Attitude Estimator'" filter module ""is shielded, and the sect
on 2.3 (attitude controller design experiment) is modified to build the™ Exp6 _ ReplacePX4Attitud

eCtrler.slx ""model, as follows:

Note: After the development of this experiment is completed, please be sure to return the modi

fied code to the original place, so as not to affect the development of other functions.

' For more detailed interfaces, please refer to: . For more 49
L examples, please see: :
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PX4

4.1 User-defined shielding of any module output in =~ =~ / TR
In this experiment, the relevant functions of = === ;m:;;::

| Acceleration xyz: 0000, 0000, 7570 _ ~
GFS Poa: -0.00000107. 0.0000002], -8 04000100 - Sl
(Actuaton oUpAt | - 8 253422, 253422, 153422, M2, 000 000, 048 uu;»‘é e

PX 4 are shielded by replacing the uUORB message

" actuator _controls 0 " of the attitude angular r
ate ring in PX4 and replacing the modified CPP file.
The experimental steps are described in detail. See
the file

. PDF for the specific oper .
P P For more detailed interfaces, please refer to: . For more

ation steps. The (partial) experimental results are a examples, please see:

s follows:
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4.2 Rename PX 4 Application Name Experiment:
Based on the multi-process running status of PX 4 software system, the name of P

X 4 application generated by MATLAB is PX 4 _simulink _ a pp. This experiment can r
ename it and create a new application in PX 4 software system and compile it. See the fil

e for the specific operation s

teps. The (partial) experimental results are as follows:

>> PX4AppName rflv simulink app’

Firmware H kP {5 /Erfly_simulink_app H =%-

VAT % Ear 9N : px4_fmu—v5_default

e rh 4k Fllpx4 fmu—v5_defaul tiFicmake 3}

HL AT 44 SE K.

JF & P45 ipx4_simulink appfifi. . . For more detailed interfaces, please refer to: . For more
examples, please see:
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4.3 Loading PX 4 application experiment:
The RflySim platform supports the loading of custom developed PX 4 applications. The P

X 4 applications provided in this experiment can be directly loaded into the PX 4 software system

for firmware compilation. See the file

for the specific operation steps. The (partial) experimental results are as follows:

>> PX4AppLoad (" C:\PX4PSP\rfly simulink app )
NHET IS PEaT 2 N px4_fmu-vh_default
Firmware H s P A {Erfly simulink app H 2%.
A% P 2N pxd fou—v5_default

e Lh1k #|px4 fnu—v5_defaul tfi¥cmake ¥ {F

FL 7T 44 56 Il

NG g Npx4 simulink appfififi. . .

For more detailed interfaces, please refer to: . For more
examples, please see:
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4.4 Creating Multiple PX 4 Application Labs:
Based on the multi-process running status of PX4 software system, the PX4 application na

me generated by MATLAB code automatically is px4 _ simulink _ app, which can be renamed in

this experiment, and then a new PX4 application can be generated by MATLAB code automatical

ly. This allows multiple PX 4 applications to be created at the same time. See the file

for the specific operation steps. The (partial) ex
perimental results are as follows:

>> PX4AppName rfly simulink app’

Firmware H k" CAfF-Frfly_simulink_appH k.

MAT %1 Ear 2 N px4_fmu-vb_default

4R Flpx4_fmu-v5_defaultffjcmake L1 For more detailed interfaces, please refer to: . For more
i i 44 5E K. examples, please see:

JF U6 dUET S Ipx4_simulink appfifii. . .
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Under development...

For more detailed interfaces, please refer to:
examples, please see:
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6.1 Experiment of ESO design:

The scheme is applicable to the aircraft control problem under disturbance and un
certainty. By decouple that aircraft into multiple cascaded SISO system comprising a no
minal model and an uncertainty comprising model/identification uncertainties, control
mismatch, and external disturbances. In order to estimate the system state and the total
uncertainty, an extended state observer (ESO) is designed. Using the output of ESO, the
controller compensates the total uncertainty online. See File

for specific operation steps.

For more detailed interfaces, please refer to: . For more
examples, please see:
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6.2 Optimal control experiment based on reinforcement learning:

The optimal control problem is decomposed into two phases: approximate policy evaluation and policy promotion
by using the model-based reinforcement learning method and the approximate policy iteration algorithm. In the approxi
mate policy evaluation phase, a linear approximator is used to approximate the value function, and the system model and
Bellman equation are used to update the parameters of the approximator. In the policy lifting phase, a linear-structured
approximator is used to approximate the optimal control policy, and the value function and the system model are used to
update the parameters of the approximator. The two phases alternate until convergence to a near optimal solution. Based
on this, the experiment first observes the uncertainty of the aircraft model based on the extended state observer and com
pensates it, then approximates the optimal value function of the compensated system by using the model-based reinforce
ment learning optimal control method, and then determines the optimal control law, and then designs the safety feedback
item for the optimal control law based on the control barrier function. The forward invariance of the safety set of the clos

ed-loop system is guaranteed. See File for specific operation steps.

n For more detailed interfaces, please refer to: . For more -
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examples, please see:


3.CustExps/e2_RL-CtrlExp/Readme.pdf
API.pdf
Readme.pdf
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6.3 Model Compensated Controller (MCC) Design Experiment:
All the experiments in this folder are model compensation controller (MCC) design experli

ment routines, and the traditional Extended State Observer (ESO) is abandoned in MCC. A Com
pensation Function Observer (CFO) with higher accuracy is used to estimate the complex disturb
ance or fast time-varying disturbance with high accuracy, and the estimation of the total disturba
nce is fed back to the controller to realize the high-precision tracking control of the UAV system.

This folder contains the quadrotor controller design routines for attitude, altitude, position, and s

emi-bootstrap modes. See File for specific operati

on steps.

For more detailed interfaces, please refer to: . For more
examples, please see:

AR GERE “


3.CustExps/e3_MCC-CtrlExp/Readme.pdf
API.pdf
Readme.pdf
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6.4 Design experiment of ADRC controller:
All the experiments in this folder are quadrotor-based ADRC design experiment r

outines, a model-free control method suitable for designing controllers for plants with un
known dynamics and internal and external disturbances. This algorithm only needs to a
pproximate the dynamic characteristics of the controlled object, and can design a contro
ller with robust anti-disturbance function and no overshoot. This folder contains the qua
drotor controller design routines for attitude, altitude, position, and semi-bootstrap mod

es. See File for specific operation steps.

For more detailed interfaces, please refer to: . For more
examples, please see:

AR GERE .


3.CustExps/e4_ADRC-CtrlExp/Readme.pdf
API.pdf
Readme.pdf
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ol | ' /. Summary

This session primarily focuses on the development course of flight control algorithms, divided into two parts: basic
experiments and advanced experiments. This is to help students quickly become familiar with the theoretical design of
multirotors, simulation using the RflySim platform, and the development process of physical control.

The basic experiments mainly involve learning the simulation process based on the RflySim platform, focusing on software-
in-the-loop and hardware-in-the-loop simulations. The advanced experiments follow a learning path from theoretical
design and modeling experiments for multirotors, estimation experiments, control experiments, to decision-making

experiments.

For any inquiries, please visit for more information.

FeiSi RflySim Technical
Exchange Grou

7 esks :

More tutorials for Scan the code tor inquiries and
RflySim communication.



https://doc.rflysim.com/
https://space.bilibili.com/3493283546269949?spm_id_from=333.1007.0.0

Thank you!

7 esks



	幻灯片 1: Development and Practice of Intelligent Unmanned Cluster Systems: A Full-Stack Development Case Study Based on the RflySim Platform   Lecture 5: Pose Control and Filter Estimation
	幻灯片 2: Outline 
	幻灯片 3: 1.1 Reference Materials
	幻灯片 4: 1.2 Pixhawk/PX4/Simulink Code Generation Platform Architecture
	幻灯片 5: 1.3 Why Disable PX4 Output
	幻灯片 6: 1.4 Simulink Automatic Code  Generation Configuration
	幻灯片 7: 1.5 PX4PSP Toolbox Location
	幻灯片 8: 1.6 Experimental Configuration - Recommended Installation Options
	幻灯片 9: 1.7 Experimental Configuration - Installation Options for Old Version of the Textbook
	幻灯片 10: 1.8 Experimental Configuration - Hardware Setup and Verification
	幻灯片 11: 1.9 Choose a different  firmware version.
	幻灯片 12: Outline
	幻灯片 13: 2.1 Software in-the-loop simulation experiment
	幻灯片 14: 2.2 Official Examples Experiment for Automatic Code Generation Toolbox
	幻灯片 15: 2.3 Attitude Control Design Experiment
	幻灯片 16: 2.Introduction to Key Interfaces 
	幻灯片 17: 2. Introduction to Key Interfaces
	幻灯片 18: 2. Introduction to Key Interfaces
	幻灯片 19: 2. Introduction to Key Interfaces
	幻灯片 20: 2. Introduction to Key Interfaces
	幻灯片 21: 2. Introduction to Key Interfaces
	幻灯片 22: 2. Introduction to Key Interfaces
	幻灯片 23: 2. Introduction to Key Interfaces
	幻灯片 24: 2. Introduction to Key Interfaces
	幻灯片 25: 2. Introduction to Key Interfaces
	幻灯片 26: 2. Introduction to Key  Interfaces
	幻灯片 27: 2. Introduction to Key Interfaces
	幻灯片 28
	幻灯片 29: 3.Basic Experimental Cases (Free Version) 
	幻灯片 30: 3.Basic Experimental Cases (Free Version)
	幻灯片 31: 3.Basic Experimental Cases (Free Version)
	幻灯片 32: 3.Basic Experimental Cases (Free Version)
	幻灯片 33: 3.Basic Experimental Cases (Free Version)
	幻灯片 34: 3.Basic Experimental Cases (Free Version)
	幻灯片 35: 3.Basic Experimental Cases (Free Version)
	幻灯片 36: 3.Basic Experimental Cases (Free Version)
	幻灯片 37: 3.Basic Experimental Cases (Free Version)
	幻灯片 38: 3.Basic Experimental Cases (Free Version)
	幻灯片 39: 3.Basic Experimental Cases  (Free Version)
	幻灯片 40: 3.Basic Experimental Cases (Free Version)
	幻灯片 41: 3.Basic Experimental Cases (Free Version)
	幻灯片 42: 3.Basic Experimental Cases (Free Version)
	幻灯片 43: 3.Basic Experimental Cases (Free Version)
	幻灯片 44: 3.Basic Experimental Cases (Free Version)
	幻灯片 45: 3.Basic Experimental Cases (Free Version)
	幻灯片 46: 3.Basic Experimental Cases (Free Version)
	幻灯片 47: 3.Basic Experimental Cases (Free Version)
	幻灯片 48: 3.Basic Experimental Cases (Free Version)
	幻灯片 49: 3.Basic Experimental Cases (Free Version)
	幻灯片 50: Outline
	幻灯片 51: 4. Advanced Interface Experiments(Free Version)
	幻灯片 52: 4. Advanced Interface Experiments(Free Version)
	幻灯片 53: 4. Advanced Interface Experiments(Free Version)
	幻灯片 54: 4. Advanced Interface Experiments(Free Version)
	幻灯片 55: Outline
	幻灯片 56: 5. Advanced Case Experiments (Free Version) 
	幻灯片 57: Outline
	幻灯片 58: 6. Extended Case (Full Version)
	幻灯片 59: 6. Extended Case (Full Version)
	幻灯片 60: 6. Extended Case (Full Version)
	幻灯片 61: 6. Extended Case (Full Version)
	幻灯片 62: Outline
	幻灯片 63: 7. Summary
	幻灯片 64

