Multicopter Design and Control Practice

—— A Series Experiments Based on
MATLAB and Pixhawk

Lesson 11 Semi-autonomous Control Mode
Design Experiment

Quan Quan, Associate Professor, qq_buaa@buaa.edu.cn
School of Automation Science and Electrical Engineering,
BeihangUniversity, Beijing 100191, China.

JEA AT E T TEH R RA

BUAA Reliable Flight Control Group



o A~ 0P

Preliminary

Basic Experiment
Analysis Experiment
Design Experiment

Summary

A ETEHRREE

BUAA Reliable Flight Control Group



Preliminary

[0 Three Modes of SAC

Generally, according to the degree of autonomous control of the autopilot, the multi rotor under SAC

1s divided into three modes:

e Stabilize Mode
 Altitude-Hold Mode

e Loiter Mode
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Preliminary

[0 Three Modes of SAC

Stabilize Mode

Altitude-Hold Mode

Loiter Mode

The stabilize mode allows a remote pilot to fly the multicopter manually,
but self-levels the roll and pitch axis. When the remote pilot releases the roll
and pitch control sticks, the multicopter automatically switches itself to AC.
Then, its attitude will be stabilized, but the position drift will occur. During
this process, the remote pilot will need to regularly give roll, pitch, and
throttle commands to keep the multicopter in place as it is pushed around by
wind. The throttle command controls the average motor speed to maintain the
altitude.

If the remote pilot puts the throttle control stick completely down, then the
motors will operate at their minimum rate, and if the multicopter is in the air,
it will lose altitude control and tumble. In addition, when the remote pilot
releases the yaw control stick, the multicopter will maintain its current
heading.
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Preliminary |
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Throttle Pitch

[0 Three Modes of SAC

Roll

Mid-throttle
deadzone

\ RC transmitter /
Figure. Stick function and dead zone in RC transmitter

As shown in the figure. When the throttle control stick is in the mid-throttle dead
e zone (40—60%), the multicopter automatically switches itself to AC. Then, the throttle
* Stabilize Mode command is automatically given to maintain the current altitude, but the horizontal
position drift will occur. The remote pilot will need to regularly give roll and pitch
commands to keep the multicopter in place.

e Altitude-Hold Mode Going outside of the mid-throttle dead zone (i.e., below 40% or above 60% for
example), the multicopter will enter RC, that is, the multicopter will descend or climb
depending upon the deflection of the throttle control stick. The altitude hold mode needs

e Loiter Mode the support of height sensors, such as barometers or ultrasonic rang finders.
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[0 Three Modes of SAC

Stabilize Mode

Altitude-Hold MOdZ
Loiter Mode

When the remote pilot releases the roll, pitch, and yaw control sticks
and pushes the throttle control stick to the mid-throttle dead zone, the
multicopter will automatically switch itself to AC and maintain the
current location, heading and altitude. Precise GPS position, low
magnetic interference on the compass, and low vibrations are all
important in achieving a good hovering performance.

The remote pilot can control the multicopter’s position once by
pushing the control sticks out of the midpoints. The loiter mode needs the
support from both the height sensors and position sensors such as GPS
receiver and cameras.
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Preliminary

[ The output of RC

B CHS 1s a three-position switch, it can

L > Mode output three modes (Stabilize Mode,
"""""""""""""""" Altitude-hold Mode and Loiter Mode).
1L | Desired pitch/roll angle(fy,farc) B The output of CHI,CH2 channel can
CH> | convert into the desired attitude angle
4 CH3 CHI * —>> Desired horizontal velocity(vygr.) and horizontal VClOCity.

> Desired throttle(fj,.)

-E;H4 /TOA @Hz B The output of CH3 channel can convert

N CcH3 into desired throttle and vertical velocity.

RC Transmitter 7 Desired vertical velocity(vq) B The output of CH4 channel can convert

\ / 2 o into the desired yaw angle rate. Further,
>|  Desired yaw angle velocity(yy,) the desired yaw angle 1s obtained.
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Preliminary

O The Realization of the SAC in Autopilot
(1) Stabilize Mode

In the stabilize mode, 6, .4, ,,. generate the desired torque and desired throttle f4.. According
to O, =[0,, $. Wul , designa controller lim,|leg(#)|=0 , where e 20-0, .To satisfy this,

according to _
O=0

The designed angle rate is (@
0, =-Kge,
where K >0 . The equations above consist velocity control loop.
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Preliminary

O The Realization of the SAC in Autopilot
(1) Stabilize Mode

According to
Jo=1
the desired torque T4

T, =K, e, -K, Iem -K, ¢,

A X . .
where e, =0 -0, K, K, .K, € R The equations above consist angle rate loop.
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Preliminary

O The Realization of the SAC in Autopilot
(2) Altitude-Hold Mode

In altitude-hold mode, the desired throttle 1s not specified by the RC transmitter directly, instead, it is
specified by the output of the altitude channel in position controller. While the desired torque is still given

by the imput of the RC transmitter, which is similar to stabilize mode.

Given the desired altitude, according to
pZ — VZ
The desired velocity is

v, =sz(pZd -p,)+V,

drc
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O The Realization of the SAC in Autopilot
(2) Altitude-hold Mode

According to

The desired acceleration:

vz — _I<vzpevZ o szi J‘ evZ o [<vzdevZ

d

Where ¢, =V, -V,

Further, the desired throttle
Jo=m(g+K, e + szijevz +K, q€,)
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Preliminary

[0 The Realization of the SAC in Autopilot
(2) Altitude-hold Mode

The time, denoted by ¢; , is recorded when the throttle control stick turns back to the midpoint, and
then, the altitude estimate p,(7,) is saved as p.,, = P.(%). At the same time, the altitude hold mode starts
to hold the multicopter’s altitude at

p Zq =P Zdold
When the throttle control stick i1s out of the dead zone, the multicopter enters manual control mode.

pZd :ﬁz de :vzdrc
In this mode, the throttle channel controls tity along z-axis. Just like the stabilize mode, the altitude
hold mode cannot make the multicopter hover for lack of feedback in the horizontal position. The
altitude hold mode 1s often used when the height sensors are available while position sensors or

electronic compasses are unavailable.
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Preliminary

[ The Realization of the SAC in Autopilot
(3) Loiter Mode

In Loiter mode, the desired throttle is given by the output of the altitude channel in position controller,

which 1s same as that in the altitude-hold mode. The desired torque is given by the value generated by the
attitude controller using the desired attitude angle generated in horizontal position channel of the position

controller.
Given the desired horizontal position, according to

P, =V,
The desired velocity is

Vig = Kpy(Prg = Pn) + Vi
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Preliminary

O The Realization of the SAC in Autopilot
(3) Loiter Mode

According to
v, = _gAz//Gh

the desired acceleration can be

Vhd — _K ¢ _thij-evh _thdevh

VuP Vi

where e, =v, -V,
Further, the desired attitude angle can be obtained.

0,=-g'A, (K, e K, [e -K, &)

VPV
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Preliminary

[ The Realization of the SAC in Autopilot
(3) Loiter Mode

The time, denoted by £ , is recorded when the throttle control stick turns back to the midpoint, and
then, the horizontal estimate P, (t;) is saved asp,;,q =Py (ty) V. = 0 . At the same time, the loiter
mode starts to hold the multicopter’s altitude at

Pid = Prdod

When the pitch/roll control stick is out of the dead zone, the multicopter enters manual control mode

Pi =Pr Vid = Viae
At this time, the pitch/roll channel controls the horizontal position velocity. When the multicopter 1s in

the loiter mode or the altitude-hold mode, 1.¢., the control sticks all turns back to the midpoint, the
multicopter will keep hovering.
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Preliminary

In order to make this chapter self-contained, the preliminary 1is
from Chapter. 11 and 13 of “Quan Quan. Introduction to

Multicopter Design and Control. Springer, Singapore, 2017” .
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Basic Experiment

[0 Experimental Objective

B Things to prepare

(1) Hardware: Multicopter System, Pixhawk Autopilot System;

(2) Software: MATLAB R2017b or above, Simulink-based Controller Design and Simulation
Platform, HIL(Hardware in the loop) Simulation Platform, Instructional Package
“e7.1”(https://rflysim.com/course).

B Objectives

(1) On the Simulink-based controller design and simulation platform, repeat the given code and
compare the desired attitude with the attitude response during flight in the stabilize mode;
then, record the position when the desired attitude is set to 0; finally, record the position
response when the throttle stick is returned to the middle position;

(2) Perform the HIL simulation.
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(1) Step1:SIL simulation

O Experimental Procedure it @%

1) Parameter Initialization

Run the file “e7\e7.1\Sim\Init_control.m’

to initialize the parameters. Next, the file
“StabilizeControl Sim.slx” will pop up
automatically as shown on the right. To
simulate some uncertainties, a constant
disturbance has been added to the output of
the attitude angle.

bJ

Basic Experiment
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Figure. Simulink file “StabilizeControl Sim.slx”

In order to observe the output of attitude and position in

stabilize mode, set the Scope as shown in the figure to observe the

output of attitude and position.
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Basic Experiment

[0 Experimental Procedure

2) Run the simulation and analyze the
recorded experimental results

The desired pitch angle and the roll angle are 0,
and the responses of the roll angle and pitch angle are
shown on the right. Because of the added constant
disturbance, the initial roll angle is not 0. However,
using the attitude controller, the roll/pitch angle
approaches the desired roll/pitch angle, finally
reaching the desired value.
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Figure. Response of roll angle and pitch angle
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Basic Experiment

[0 Experimental Procedure

4 XY — O *
During the process, a non-zero velocity is 0.5 | XY re!
generated. It can be observed that the horizontal
position drifts because of the disturbance ol
2
—
05T
-1 . L
0.5 0 0.5 1
X Axis

Figure. Horizontal position drifting when control

stick in the middle
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Basic Experiment

-90

[0 Experimental Procedure

91 -
92 -

In the stabilize mode, the quadcopter can only =t
be stable 1n attitude and cannot maintain its = ..l
horizontal position. As for the altitude, 1t cannot be
held either, due to lack of feedback for the altitude.
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Figure. Altitude response when throttle stick in the middle
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Basic Experiment

[0 Experimental Procedure

(2) Step2: HIL simulation
1) Open Simulink file for HIL

Open the Simulink
file*e7\e7.1\HIL\StabilizeControl HIL.slx”,
as shown on the right. It should be noted that
“Control System” here 1s the same as that in

the SIL simulation.

\ GyroX (p)

a-

'éyroz "

+
Qudtermion 1} @ g

quatie

-—>1 2:34 'timestamp'

uORB Write
Topic: 'actuator_outputs'

‘output

[ RGB_MODE

> RGB
D [ RGB_COLOR

localPosition

Control System

£3

RGB_Mode_Subsystem

Figure. Simulink model “StabilizeControl HIL.slx”
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MicroUSB
Cable
Connecting to

2) Connect hardware

It should be noted that the
airframe type “HIL Quadcopter X
should be selected 1n HIL
simulation.

aaaaaaaaaa

Left to Right: Autopilot

White- red- black
The left RCIN port.
Top to bottom:
Black-red-white

JR wire: red for
battery positive pole

Figure. Connection between Pixhawk hardware and RC receiver
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Basic Experiment

O Experimental Procedure

3 E1_rgbled_system - Simulink — | >

3) Complle and upload COde File Edit View Display Diagram Simulation Analysis Code Tools Help

Compile the HIL simulation R Ee-E-eg®P» = [F- »| @ | | Cliekto
1 rebled system compile
model and upload the file to the el e
given Pixhawk autopilot. Later, @ [ e oo — o -

##% Successfully generated all binary outputs. ~
Loaded firmeare for 8.0 cize: R75004 beytes waitins for the bootloader

b b 5 Qode ICrCrlS ﬂelp |[[f the board does not respond within 1-2 seconds, unplug and re-plug the USB connector. ”
the designed attitude control L

¥ _attempt'lng reboot on COMS. ..
) gc++ Code if the board does not respond, uwnplug and re-plug the USE connector.

.
program Can be I'un On PthaWk HDL Code 4 gﬁ‘éﬂs‘gaigﬁaﬁgaz’zgoguﬁ8%33385 ESE?f?? ggﬁffff FEPEFEEE FEEEFEEE FELPEFEE GBeddTff f£73ccl5 cBadf40c dbeSHERY dbic20e06 95

3d3ef £3073019 d035ab0d 3£60334e 10dda%f8 cdblcbbd 42cdcfbi 3ba305f7 21532681 84eeldaf 23bc340 8321be68 edd3b6ecS 1e3bii]
—_ ELC Code —_ Be Bel7dece Jcfbebal 458al513 dbbbbell edalbesb aBbB40aB ef019:ab o80bB183 bbO0f0c0 06dbla2é TITEEFET lcadldi4 24aabble
* 50 e 0 O e o e e O o i . L= o £ 3
autopilot . Ldume: 0
. — Data Objects 4

- wid: 000026ac
pid: 00000010
coa: Zull//9zzBEIrZON28Y f0dbCDzh 5USPy Bwew dA Lawl  TDNOEN 2p M 2wy 7 102ca 206MF 94F T TYGET § 2ml 7x JOIMhvmi t01b THjuPXF 4H3syca iR o

External Mode Control Panel VEOuTvCHtolzl qlhipeSBrEXInT6DumDmeibbGiZzd: SEHEOA1CS oz 4=

sn: 0038001£3432470d31323533

Simulink Code Inspector..

3 frase : ===] 100. 0%

- - : F 3 == 100. 0%

Verification Wizards ’ oty E:: :::% 100, 0%
Febooting.

Polyspace ¢
H:

[PX4 PSP: Upload code to Px4FMU |

lick t I v
Click to download Download completed

Figure. Code compilation and upload process
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[0 Experimental Procedure

4) Configure CopterSim

Double-click on the desktop shortcut
CopterSim to open it. Readers can choose
different propulsion systems using the
following procedure. Click on “Model
Parameters” to customize the model
parameters and, then click on “Store and use
the parameters” to make them available. The
software will automatically match the serial
port number. Readers would click
the“‘Run’button to enter the HIL simulation
mode. After that, readers could see the
message returned by the Pixhawk autopilot in
the lower-left corner of the interface.

Basic Experiment

CopterSim

-v- Frame Type
Tricopter 1.5

Motor Brand:
DJjI

Fropeller Brand:
APC

= . ESC Erand:
IC o .
= Hobbvwing

[ Rattery Brand:
ACE

Assenbled UAYV Database:

Vehicle ID: UDF Port: Use DLL Model:

1 14560

Total Weight

Diagenal Size altitude
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hctivate!

Simulation Mode:
Pi4=1. 7 HIL

3D Scene Selection:
3DDisplayProgram

EBrandilodel

n Custom Design

Model :
2312 EV9a0

Model:
10x4, SMR

Model:
ZRotor 204

Model :
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LiFo 35-11. 1V-26C-5500nih

Model Parameter

Select Pixhawk Com: Legacy FNIT CONE

Start Simulation

Connect te SerialPert!

SerialPort comnectien is successful
Multicopter # ——> CONG

Comnect to COM& success ful!

Enter Stablized Mode!

Init MAVLink

4dd to Database

Stop Simulation

Delete from Database

Link Vehicle Initial Fos: Yaw Angle:
x: |0

¥ vaw: 0

Restart Simulation

% [o | [o | 2 [0. 082
vx [0 | %7 [0 | vz [0 \
vl|®lo |8 o | oo |

Figure. User interface of CopterSim
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Basic Experiment

O Experimental Procedure
5) Open 3DDisplay

5 3D Display 3D Scene Viewer

Double-click on the desktop shortcut 3DDisply to

open it.

6) Simulation performance

Arm the quadcopter for manual control using the
given RC transmitterl. Given a desired attitude by
the remote control, the quadcopter can quickly track
the desired attitude.

When all the sticks are in the middle, the attitude is
basically horizontal, but the position in the lower
right corner of the 3DDisplay software interface is

|| # cow o

- Attitude info

X

oS IRTE VT EHARS

Notor D A 1
o ol TAMCLCL VIGWET

2 xw
s ww v

Veinfs) :

Pitch(da
Roll Gt )

2| roveess Veta/a)
Flight Path

Map Length (mp: £ 5

Trajectory Viewer

still moving, indicating that the quadcopter is drifting. Figure. User interface of 3DDisplay
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Analysis Experiment

[0 Experimental Objective

B Things to prepare

(1) Hardware: Multicopter System, Pixhawk Autopilot System;

(2) Software: MATLAB R2017b or above, Simulink-based Controller Design and Simulation
Platform, HIL Simulation Platform, Instructional Package “e7.2” (https://rflysim.com/course).

B Objectives

(1) Design the altitude hold mode based on the stabilize mode. Through the experiment data,
compare the attitude and position in the altitude hold mode with those in the stabilize mode;

(2) Perform the HIL simulation.
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[0 Experimental Analysis

|
: |
| |
| |
&S | Q
|
| J :< -
Stabilize mode: Through “Switchl”, | RC |
) . | Transmitter |
O...9.. are selected as the desired attitude = ¢;— -——--r
. . d
angles (the expected yaw angle is the same in | L,m ]
. . 4 rc drc zdre
all three modes); through “Switch2”, f,. 1s ‘ Vj
. M
selected as the desired throttle. 7
drc!
p,v
\ ']((-:l f;j
ap a
— - B! Switch2 (| < < <
g Pad 2 |9ax| £
P switchl [P Atitude — % g g
M > controller =
| (:)’b(i) State
. . ——
estimation
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Analysis Experiment

1952

[0 Experimental Analysis

Altitude-hold mode: In the altitude hold mode,
through “Switchl”, 6,..4.. are selected as the desired
attitude angles; and through “Switch2”, /., is selected

X

R
Transmitter

as the desired throttle.
l/./drc pzdrc
. . . . . Vzdrc
To realize altitude control, the input of RC transmitter in 0
CH3 channel by remote pilots is converted into v, 1.€., I
. . \ 4
the velocity along the o.x, axis, and then generated the | Ay Position fﬁ z
. controller o | > o =
g g) d,A| § d.k 5:
desired throttle /... R 7N e
g 2| =4 =
— B Adiude [ g g
M P controller
(:))bé‘) State
estimation
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Analysis Experiment O T ’9%

Z VE
deadzone

0 Experimental Procedure 3

1 function [y] = fen(u)
. . 2 | RCMin = 1100;
(1) Step1: SIL simulation 3 | RCMax = 1900;
4 | RCMid = (RCMin+RCMax)/2;
5 deadZoneRate = 0.05;
1) Add the dead 7201N¢€ tO the lll])llt Slgnal Of RC 6 | deadZone = deadZoneRate*(RCMax-RCMin);
XY Graoch 0O )% 7 | k=1/(RCMax-RCMid-deadZone);
transmitter “ ° 8 | if(u<RCMin)
- XY Plot 9 u = RCMin;
If the input “u” [ [ttty = MeMax)
1S a ramp signal os | 12 | end
' 13 | if(u > RCMid+deadZone)
whose range is ) 14 | y=(u-RCMid-deadZone)*k;
o / 15 | elseif(u < RCMid-deadZone)
[1000’ .20(?0], after f 0 16 y = (u-RCMid+deadZone)*k;
normalization, the 17 | else
18 y=0;
range of the output 05} 19 | end
. . . 20
signal amplitude is 21 | end
[_1 1] 1 . . . . , 2
’ 1000 1200 1400 1600 1800 2000
X Axis

Figure. Relationship of RC transmitter’s input and output
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0 Experimental Procedure

2) Determine the desired position

When the throttle control stick deviates from the
middle position, i.e., out of the dead zone range, the
desired altitude 1s changed to be the current altitude.
With such a desired altitude, the altitude feedback
does not work anymore because the altitude error is
always zero. Only altitude velocity feedback works.

On the other hand, when the throttle control stick is
within the middle dead zone range, 1.e., within the
dead zone, the desired altitude 1s the altitude at the
moment. When the control stick just returned back to
the dead zone. If the control stick 1s always in the

middle position, the desired altitude remains the same.

Analysis Experiment

R AN N AW -

function [vx_d,vy d,vz_d,x d,y d,z d] = fen(vzd,x,y,z,vx,vy,vz)
z1;
if isempty(z1)
z1=z;
end
hold_z flag;
if isempty(hold_z_flag)
hold_z_flag=0;
end

if abs(vzd)<0.001& &abs(vz)<6
hold_z=1;
else
hold_z=0;
hold_z_flag = 0;
end
if (hold_z>0.5)& & (hold_z_flag<0.5)
z1=z;
hold_z_flag=1;
end
if hold_z<0.5
=z;
hold_z_flag = 0;
end
x_d=x;y_d=y;z_d=z1;
vx_d=vx;vy _d=vy;vz_d=vzd;
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[0 Experimental Procedure

3) Realize the controller for the
altitude hold mode

Add the dead zone module and the
desired position module designed in the
previous two steps to the controller.
Besides, change the input of mode type
from 0 to 1, indicating that the altitude
hold mode is available,
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PWM
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InputConditioning

Deadzone module

]
YVvvy
IR

PwMl—(CD

PWM

Figure. Difference between stabilize mode and altitude hold mode




Analysis Experiment

0 Experimental Procedure

4) Run the simulation and analyze 4 xv - O X
the test results 05 XY Plot

The attitude and horizontal position
response are the same as that in the stabilize
mode which means that the attitude can

remain stable, whereas the horizontal position
cannot remain stable,

Y Axis

57T

0.5 0 0.5 1
X Axis

Figure. Position response in altitude hold mode
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O Experimental Procedure

4) Run the simulation and
analyze the test results

When the altitude input is between 1460 and
1540, meaning the throttle control stick 1is
within middle dead zone range.

Altitude {m)

Analysis Experiment

-89

-99.1

992 -
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994
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-99.7
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-100

Figure. Altitude response when throttle control stick is in dead zone
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D Experimental Procedure When the throttle exceeds the dead zone, such as
the throttle input 1s 1600, the altitude wvelocity

4) Run the simulation and analyze follows the desired velocity steadily while the
the test results altitude continues to increase.

02

Analysis Experiment

=100

-1002

-1004

Altitude (m)

-1006 -

-1008 -

101 |

0 0.2 0.4 06 08 1 12 14 16 18 5 0 0.2 0.4 0.6 0.8 1 12 14 16 18 2
Time (s)

Time (s)
Figure. Altitude response when the PWM value of “ch3” is 1600 Figure. Altitude velocity response when PWM value of “ch3” is 1600
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[0 Experimental Procedure
(2) Step2: HIL simulation

1) Open the Simulink file for HIL

'timestamp’
. UORB Write
PWM m Topic: 'actuator_outputs'
Open the file e it
e

“e7\e7.2\HIL\HeightControl HIL.slx”.

It should be noted that “Control System™
in the attitude hold mode of the SIL
simulation 1s the same as that in the HIL
simulation.

RGB_MODE
]
—I=— RGB
o o RGB_COLOR

RGB_Mode_Subsystem

Figure. Simulink file “HeightControl HIL.slx”
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MicroUSB
Cable
Connecting to

[0 Experimental Procedure

2) Connect hardware

It should be noted that the
airframe type “HIL Quadcopter X
should be selected 1n HIL
simulation.

aaaaaaaaaa

Left to Right: Autopilot

White- red- black

The left RCIN port.
Top to bottom:
Black-red-white

JR wire: red for
battery positive pole

Figure. Connection between Pixhawk hardware and RC receiver
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Analysis Experiment

O Experimental Procedure

3) Compile and upload code

Compile the HIL simulation
model and upload the file to the
given Pixhawk autopilot. Later,
the designed attitude control
program can be run on Pixhawk
autopilot.

¥4 E1_rgbled_system - Simulink - O K
File Edit View Display Diagram Simulation Analysis Code Tools Help

o B Ee-EH-w4® P = -0 ]»@ [ ] Clikto

compile
El_rgbled system p

@ ‘ B C\Windows\SYSTEM32\cmd.exe - o x

Wi Successfully generated all binary outputs. A
Loaded fivmears for 9.0 izes HTB004 bytes, waltins for the bootloader,
5 Qode IOO'S ﬂelp I[[f the board does not respond within 1-2 seconds, unplug and re-plug the USE connector. ||

PRI SIMICINE = 5

attempting reboot an CON3. ..
} L/C++ Code ' if the board doss not respond, uplug and re-plus the USB conmector,

d » Found board 9, 0 bootloader rev 4 on COKZ

HDL Code 50583400 0022600 00100000 QUFFFEf FPEFTEEE PEFPEEE FYEFTLEE £EFTEETE OBeddTEE T£73ccl5 cBadd40c dbe50£39 dBc20s06 05
- 3d3ef £3073019 d035ab0d 3£60334e 10dda9f® cdblcbbd 42cdcfbf 3ba305f7 81532581 84eeldab 23bch340 8321beff edd3bEcY 1e3bi{]
BLC Code — Be Belfdece OctbebSaZ 458al513 dbbbbcll edal3bceb afbB40ab ef(19cab cBObLI1BS bbO0L0CO (8dblalf T375LE57 lcadlddd 24aabfle
FEEFEEEE FEEFFEEE FEFEEFEE FEFFEEFE £EFFEEES FEFEFEEE FEEFLFES FEFFFFFF type: PHA
idtype: =00

- Data Objects [ wid: 000026ac
= pid: 00000010
coa: ZulH//9zzBRIrZON2BY£0cECDEbSUOPy BwcwG s Lqwl, YONOENZ: Hl 2wy 7 1Czca208MF 94F TTYGET 32ml 7 JATMhvmi 0 1 TH;uPHF 4H3syca Wi RT
External Mode Control Panel VEOu7vCHt 01z1 oL hApeSBnEXIn7CDunDwhbbGi Zzdr SXHROAI CSoZi 4=

sn: 0038001£3432470d31323533

Simulink Code Inspector...

a1 Frase : [== ==] 100. 0%
- . . F: : 100, 0%
Verification Wizards 4 ity ==] 100. 0%
Febooting.
Polyspace 4
H:

[Px4 PSP: Upload code to Px4FMU |

lick 1 '
Click to download Download completed

Figure. Code compilation and upload process
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) Analysis Experiment

Y

O Experimental Procedure

4) Configure CopterSim

o CopterSim — ] X
Double-click on the desktop shortcut p | o |

. . -T?,- Fra.me Type Total Weight Diagenal Size Altitude irand.ﬂo[cjel. jtﬁﬂ%‘&ﬁﬁﬂﬁﬁiﬁ

CopterSim to open it. Readers can choose B e - S s ot

Motor Brand: Nodel :

different propulsion systems wusing the @ =
following procedure. Click on “Model
Parameters” to customize the model parameters e e

and, then click on “Store and use the i ——
parameters” to make them available. The

Assenbled U4V Database: Activate! Model Parameter 4dd to Datahaze Delete frem Database
. . .
SOftWare Wlll automatlcally matCh the Serlal Vehicle ID: TUDP Port: TUse DLL Model: Simulation Mede: 3D Scene Selection: Link Vehicle Initial Pos: Yaw ingle:
1 14560 PE4=1, 7 HIL 30DisplayFProgram X0 ¥io yaw: 0O °

port number. Readers Would CliCk Select Pixhawk Com: Legacy FNU CONA Start Simulation Stop Simulation Restart Simulation
the“Run”button to enter the HIL simulation e =

SerialPert comection is successful

x [0 [¥[o | 2 [0. 082 |

Multicopter # —» COMG

mode. After that, readers could see the message ot o e -l v s ‘

. . . Init MAVLink ¢ ‘O | B |0 |.¢‘ |0 ‘
returned by the Pixhawk autopilot in the lower-
left corner of the interface. Figure. User interface of CopterSim

A ETEHRREE

BUAA Reliable Flight Control Group




O Experimental Procedure

5) Open 3DDiSplay = 30 Display 3D Scene Viewer
Double-click on the desktop shortcut 3DDisply to '

open it.

6) Simulation performance

Arm the quadcopter for manual control. When
controlling the quadcopter, the attitude and horizontal

positions of the quadcopter are the same as that in the

stabilize mode. When the throttle stick is back to the

= O

X

S MRAREHTENR RS
_mumnmxmmmm_

! >te’5V’eY"?r
AT R— X
e orrmm—
T —
|| attitude info
Pitch(de et
Roll (deg ¥y (n/s) :
Tav (deg) _m Vz(n/s): _m
it Fath Length (my: £ 5

Trajectory Viewer

middle, the altitude of the quadcopter can keep stable. Figure. User interface of 3DDisplay
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Design Experiment

O Experimental Objective

B Things to prepare
(1) Hardware: Multicopter Hardware System, Pixhawk Autopilot System;

(2) Software: MATLAB R2017b or above, Simulink-based Controller Design and Simulation

Platform, HIL Simulation Platform, Instructional Package “e7.3” (https://rflysim.com/course)

B Objectives

(1) Design and realize the loiter mode based on the stabilize mode. Through the experimental data,
compare the attitude and position in the loiter mode with those in the stabilize mode.

(2) Realize switching among three modes by the three-position switch. Then, perform the HIL
simulation and flight test.

A E TERRREA
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Design Experiment

[0 Experimental Design | I :
' ' Operate Observe
(1) Stepl. Design the loiter mode controller ;mf », @C | et < condiion
| - [T A
The input of the RC transmitter in CH1 channel and \__Temiter /s
CH2 channel are converted into two class of outputs,
one class for the desired pitch O and roll Py , and AL
the other class for the desired velocities along the o.x,
and 0.). axes. o Ol S
, : Yy Yo
In the loiter mode, Yup>Pupare selected as the desired s posiion P " - _
attitude angle through “Switch1”; and /u, is selected o] S w5 || E
as the desired throttle through “Switch2”. PN DRI RN A
I > controller s
0."d State P
estimation |

- LA EVTERMRA
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Design Experiment

[0 Experimental Design

(2) Step2. Design dead zone for loiter mode

The dead zone configuration for the loiter
mode 1s the same as that for the altitude hold
mode. If the input of “u” is a ramp signal, whose
range 1s within [1000,2000], while the input
signal is normalized at the same time, the range
of the output signal amplitude is within [-1, 1].

4. XY Graph — O x
XY Plot
1r
0.5}
o
< of
>
05F
-1
1000 1200 1400 1600 1800 2000
X Axis

Figure. response of the RC signals

y 1Zonel

dead 0

"

N J;

Figure. Dead zone setting for loiter mode
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Design Experiment

[0 Experimental Design
(3) Step3. Determine the desired

horizontal position

When the RC sticks (CHI1,CH2 or CH3)
deviates from the middle dead zone range, the
desired position for AC i1s always the current
position. As a result, the position feedback of AC
does not work. There 1s only desired velocity by
RC, which 1s calculated and then transmitted to
the AC controller. When the RC stick (CHI,CH2
or CH3) 1s in the middle, the desired position is
the position at the moment when the stick comes
back to the middle. If the control stick is always in
the middle, the desired position remains the same.

NN AW

function [vx_d,vy d,vz d,x d,y d,z d] = fen(vxd,vyd,vzd,x,y,z,vx,vy,vz)
persistent x1;
if isempty(x1)
x1=0;
end

persistent hold_x flag;

if isempty(hold_x flag)
hold_x_flag=0;

end

if abs(vxd)<0.001& &abs(vx)<8 %
hold_x=1;

else
hold_x=0;

end

if (hold_x>0.5)&&(hold_x flag<0.5
x1=x;
hold_x_ flag=1;

end

if hold_x<0.5%
x1=x;
hold_x flag = 0;
end
x_d=x1;y d=yl;z d=zl;
vx _d=vxd:vv d=vvd:vz d=vzd:

A E TERRREA
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. . As for CH5, when the PWM value 1s within [1000,
D Expel’lmental DeSlgn 1400), let the multicopter be in the stabilize mode; when

(4) Step4. Design the mode switching the PWM wvalue 1s within [1400,1600), let the
multicopter be 1n the altitude hold mode; when the

controller PWM value is within [1600, 2000), let the multicopter
Specify a three-position switch of the RC be in the loiter mode.
transmitter as the mode switch, here CHS5 is 1 | function control_mode = fcn(chS)
chosen. 2 %0: stabilize mode
A T | 3 %1: Altitude hold mode
| | 4 | %2: loiter mode
| I ch /! 5 |if ch5<1400
o chl @ | 6 control_mode=0;
| N | 7 | elseif ch5<1600
| ch@@ ') @ChZ | 8 control_mode=1;
| | 9 |else
| Remote | 10 control_mode=2;
P 11 |End

LA EVTERMRA
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Design Experiment

1 Simulation Procedure
(1) Step1. SIL simulation

1) Write a position control
model

Add the dead zone and the position
controller designed before in the model of

stabilize model.

\

Stabilize mode

aaaaaaaa

111111

T
I T
<>
chl Conversiond
I )
I :
i " Loiter mode
I
3 ConversionB ’—' uuuuuuuuuuuuuuu
[€» sy Fomt )™ A
i Conversion "'""’—'“"‘ -
._.m - @ - :
From2 fen CG——» - .
takeofl_desectar QT MATLAR Furctons Coretant
wna M} II
S P
uuuuuuu
ot yH =
[ | S -
m - A
InpuACanditianing L
Deadzone modul
= T - = o, . 1 1 M AMPWMIL
X 4 o
& Desreaposttiorrmodule z
¥ (14
:
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[0 Simulation Procedure

2) Run the simulation and analyze test

results

The altitude response 1s the same as that in 5009
the altitude hold mode, which means that the

altitude can remain stable.

-99.984 -

-99.986 [~

-99.988 -

-98.992 -

Altitude {m)

-99.994 -

-98.996 -

-100.002 £

™.

S~

0 0.2

Figure. Altitude response when the throttle control
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[0 Simulation Procedure

2) Run the simulation and analyze test
results

When the values of the “chl” and
“ch2”(corresponding to CH1 and CH2 of the RC
transmitter) are between 1460 and 1540 for the roll and
pitch channels , It can be observed that, in the presence
of the fixed disturbance on the roll and pitch channels,
the disturbance is well rejected in the loiter mode.

4 XY

027

017

Y Axis
=]

041 |

0.2

XY Plot

AN

-0.2

0.1 0 0.1
X Axis

02

Figure. Horizontal position response when pitch and

roll sticks are in the middle
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Design Experiment

2) Run the simulation and analyze test results

When the value of “ch2” 1s 1600 for the pitch channel, the observed velocity along the 0.X, axis can follow

the desired velocity steadily. = B
M: ] XY Plot
L 0 —
03[ D5
g 0.25 - " _"l o
£ o
g 02 é
g 015 b- -1 5
01 27
0.05 - _25
o _3 , ) ) ) ) ]
0.06 ' ' ' ' ' 0 0.5 1 15 2 25 3
o 0.5 1 15 2 Tin}ieﬁ(s) 3 35 4 4.5 5 x A_:{i g
Figure. Velocity response along the 0. X, axis Figure. Horizontal position response when PWM
when PWM value of “ch2” is 1600 Value of “ch2” is 1600
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] Sim

(2) Step2: HIL simulation

Ch1
Ch2
_, Ch3
Ch4
Ch5
Ché

\ 'GyroX (p)

@

GyroZ (1)

localPosition

Design Experiment

ulation Procedure

. UORB Write

. O%Lﬁtlc: ‘actuator_outputs'

Control System

RGB_MODE
RGB
RGB_COLOR

RGB_Mode_Subsystem

Figure. Mode switching model, Simulink model “ModeSwitch HIL.slx”

1) Open Simulink file for HIL

Open the Simulink file
“e7\e7.3\HIL\ModeSwitch_HIL.sIx”.

- LA EVTERMRA
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-

— —

At
= g S s
"’t. I/ A

- ~
& o
€
i

B 5

MicroUSB
Cable
Connecting to

[ Simulation procedure

2) Connect hardware

It should be noted that the
airframe type “HIL Quadcopter X
should be selected 1n HIL
simulation.

aaaaaaaaaa

Left to Right: Autopilot

White- red- black
The left RCIN port.
Top to bottom:
Black-red-white

JR wire: red for
battery positive pole

Figure. Connection between Pixhawk hardware and RC receiver

\
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OSimulation procedure
3) Compile and upload code

Compile the HIL simulation
model and upload the file to the
given Pixhawk autopilot. Later,
the designed attitude control
program can be run on Pixhawk
autopilot.

Design Experiment

File

Click to
compile

#1 E1_rgbled_system - Simulink — O >
Edit Wiew Display Diagram Simulation Analysis Code Tools Help
IRy Ee-EH-@EOP = F-e  -@-|d-
El rgbled svstem
@ | BE C\Windows\SYSTEM32\emd.exe - [m] x

4 Successfully generated all binary outputs.

s | Code | Jools Help

)

2

C/C++ Code
HOL Code
PLC Code

Data Objects
External Mode Control Panel

Simulink Code Inspector..
Verification Wizards
Polyspace

[PX4 PSP: Upload code to Px4FMU |

Click to download

Loaded firmware for 0.0 cize: R75004 bytes waitins for the bootloader
f the board does not respond within 1-2 seconds, unpluz and re-plug the USE cormector. H

i =¥
attempting reboot on CON3. ..
if the hoard does not respond, unplug and re-plug the USE connector.
Found koard 9,0 bootloader rev 4 on CON3
50533400 00ac2600 00100000 Q0ffffff fTEFFfff fEEFFTEFf FEFFEFEf FEFFFEFF BbeddTEf £f73cclS cBad¥40c dbeB9f39 dbcZ0e06 £95
3d3ef £3073019 d035ab0d 3f60334e 10dda%9i8 cdblchbbd 42cdcfbf 3bal05f7 81532581 Bdeeldaf 23bc6340 8321befE edd3bficd lelbif
Be BelTdece 9cébebal 458a1B13 dbbbbce2l eda3beeb aBbB40ab ef019cab cBObb1E3 bbO0f0c) 06dblaZé T37ELE57 lcadlddd 24aabble
1 0 O e o e e O o o o A T
Adtype: =00

- wid: 000026ac

pid: 00000010

coa: ZulH//9zzBXIrZOM28Vf0dbCDeb ISPy Bwcw dh 1qwl /TDNDENZpHl 2ury T 10z ca 206MF 94F T TYGET j2ml 7x JOTMhvm t01b THjuPXF 4H3syca+WikTo
WEOuTvCHtolz1glhlpe BBk X In7GDuwDwwibhGiZzdf OXHEQAICEqZid=

sn: Q038001£3432470431323533

1 100. 0%

Frase [

Program: [ ==] 100, 0%
erify : [=== ====] 100. 0%
Febooting.

H:

Download completed

Figure. Code compilation and upload process

-
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O Simulation procedure

4) Configure CopterSim S

Double_cllck on the de SktOp Shortcut TP' Fra.me Type Total Weight Diagenal Size Altitude Erandilodz] itﬁﬁl%"&ﬁﬁﬁ]ﬂ}ﬁiﬁ

Tricepter il 3 kg 450 nm 50 m Custom Design

CopterSim to open it. Readers can choose R
different propulsion systems using the

BUAA Reliable Flight Control Group

following procedure. Click on “Model )
Parameters” to customize the model parameters L
f B}XaCtEtEry S 'Eoiieol :35*11. 1¥-25C-5500mih

and, then click on “Store and use the
parameters” tO make them aVallable. The Assenbled UAV Database: Activate! Model Parameter 4dd to Database Delete from Database

Vehicle ID: UDF Fort: Use DLL Model: Simulation Mode: 3D Scene Selection: Link Yehicle Initial Pos: Yaw Angle:
29

software will automatically match the serial | ™™ %7 TN s
pOI’t number. Readers Would Click Select Pixhawk Com: Legacy FMU CONG Start Sinulaticn Stop Sinulation Restart Simulatien

Cennect te SerialPert! ~

the““Run”button to enter the HIL simulation ||z s acm i ¥f 2.2 ‘

Cormnect to COMG success ful! VX ‘O |Vy ‘0 ‘ Vz ‘O ‘
Enter Stablized Mode!

mode. After that, readers could see the message |t o of o |

returned by the Pixhawk autopilot in the lower-

left corner of the interface. Figure. User interface of CopterSim
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OSimulation procedure
5) Open 3DDisplay
Double-click on the desktop shortcut 3DDisply to

open it.

6) Simulation performance

Arm the quadcopter for manual control. Rotate the
left-upper switch corresponding to CHS5 for mode
switching. When the the quadcopter is in the stabilize
mode, its response is the same as that in the basic
experiment; when it is switched to the altitude hold
mode, the performance is the same as that in the
analysis experiment; when it is switched to the loiter
mode and all the sticks return to the center, the
quadcopter stays in the air after adjusting.

Design Experiment

X

&2 30 Display 3D Scene Viewer - O

SRS RERAE
:[ft?l;m) te];os\/nig\é{ieor

i ) 2w

13 (RPI) (n)

R 2w

= Attitude info
V. 5

Pienids R

Roll (do i
|| rovioee sl

FIighi Fath Map Length (n): 0

Trajectory Viewer

Figure. User interface of 3DDisplay
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(@r2)) Flight test

O Flight Test Procedure
(1) Stepl: Quadcopter configuration

The multicopter used in the outdoor flight tests is an F450 quadcopter For outdoor flight tests, the
airframe of Pixhawk should be changed from “HIL Quadcopter X to “DJI Flame Wheel F450” in QGC

and all sensors should also be calibrated in QGC.

Figure. F450 airframe schematic
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[ Flight Test Procedure

(2) Step2: Simulink model for flight test
Replace the PWM output part in HIL Stimulink module.

P e

SELELLE

HfEEEOdGI

Figure. Replace PWM output module
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Flight test

5 &
Y

(3) Step3: Upload code

This process is similar to
that used for compiling and
uploading the code in HIL

simulation.

(4) Step4: Outdoor flight test

To ensure safety, a rope is tethered
to the quadcopter, and the other end is
tethered to a heavy object. The remote
pilot maintains a safe distance from
the quadcopter during flight.

[ Flight Test Procedure

Figure. Outdoor flight test
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Flight test

(5) StepS. Analyze the data

It can be observed that in the first 60s, the
quadcopter is in the stabilize mode, corresponding
the phase “a”, and then shifts to the altitude hold
mode, corresponding to the phase “b”. Here, the
throttle stick 1s at the middle and the altitude
remains the same. Later, 1t enters the loiter mode
where the position remains the same ,
corresponding to the phase “c”. At the same time,
the pitch and roll sticks are at the middle and the
throttle stick is centered. The flight performance
and data show that the three modes of the
quadcopter can be switched correctly .

position(m)

t(s)

Figure. Flight test data
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(2)

3)

Summary

In the basic experiment, the quadcopter maintains the desired attitude and position in the
“stabilize” mode under ideal conditions, 1.e., when no uncertainties exist. However, due to
environmental disturbances and measurement errors (similar to disturbances given in the
SIL simulation), the position of quadcopter will drift.

The key point of the altitude hold mode design 1s the control logic related to the dead zone.
In the dead zone, the altitude feedback of AC works to ensure the altitude remains constant.
When the control stick is out of the dead zone, only the velocity feedback of the AC works
for tracking the command from RC in the altitude channel.

In the design experiment, based on the design of the altitude hold mode, the design of the
loiter mode is realized; in this mode, the command for horizontal position is from the roll
and pitch control stick. For mode switching, using the three-position switch in the RC
transmitter, readers can convert the input of the RC transmitter into the corresponding signal
to trigger the desired mode.

If you have any question, please go to https://rflysim.com for your information.
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https://rflysim.com/

Resource

All course PPTs, videos, and source code will be released on our website

https://rflysim.com/en

For more detailed content, please refer to the textbook:
Quan Quan, Xunhua Dai, Shuai Wang. Multicopter Design and Control Practice. Springer, 2020

https://www.springer.com/us/book/9789811531378

If you encounter any problems, please post question at Github page
https://github.com/RilySim/RflyExpCode/issues

If you are interested 1n RflySim advanced platform and courses for rapid development
and testing of UAV Swarm/Vision/Al algorithms, please visit:

https://rflysim.com/en/4_Pro/Advanced.html
2020/6/30 - g jtﬁﬁﬂi%‘f-}ﬁ ﬁ]ﬁﬁ%gﬁ 60
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https://rflysim.com/en/
https://www.springer.com/us/book/9789811531378
https://github.com/RflySim/RflyExpCode/issues
https://rflysim.com/en/4_Pro/Advanced.html

Thanks
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