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Preliminary

0 Basic concepts (1) System characteristics in time domain
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Figure. the step response of the second-order system Sw, Sw,
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0 Basic concepts
(2) Bode plot and steady-state error

Bode plot draws the characteristics of open-loop amplitude and phase on logarithmic coordinates. The
logarithm stability criterion judges the stability of the closed-loop system according to the relationship
between the open-loop logarithm amplitude frequency and the logarithm phase frequency curve.
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Figure: Stability Margin Figure. logarithm phase frequency curve
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0 Basic concepts
(2) Bode plot and steady-state error

Phase margin 7: when L(»)=0dB, the difference value between the phase curve and =7, i.e.,
y=£G(jo,)H (jo,)-(-180") L(w,)=0dB
Where @, represents the cut-off frequency.

1
G(jo)H (jo)

When the closed-loop system is stable, the larger the phase and gain margin 1s, the more stable
the system 1s. The stability margin also reflects the smoothness of the system, such as the overshoot
and so on. General requirements:

=—201g|G (e ) H (j, )

Gain Margin s : When 4G(jo)H (jo) = —7 h(dB)=20lg

y >40°
h > 6dB

A ETEHRREE

BUAA Reliable Flight Control Group



Preliminary

O Framework of Low-Level Flight Control of Multicopters

Low-level fight control

|
pd | P il -fl.l
o ps1t10n |
controller - |
| ‘ ‘ontrol T x Motor Ok Multicont
: P10, - dllocator controller II - ulticoptor
Attitud d
Ve I ) E{}D:I::]E]ZI’ I
I -~ - |
I
I_ o $ _____________ - Figure. Closed-loop structure of a low-level fight control system for
P i multicopters

The multicopter is underactuated because the system has six outputs (position peR? and attitude @cR® ),

but only four independent inputs (total thrust f<r and three-axis moment te R’). In the design of
multicopter flight controller, the control strategy of inner and outer loops can be used, in which the inner
loop controls the attitude angle, while the outer loop controls the position. The inner and outer loop control
1s used to realize the lifting, hovering, side flying and other flight modes of the multicopter.
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Preliminary

[ Position Control
(1) Traditional PID Controller

B Horizontal position channel

P, =V,
Vi =—gA,0, . L
Y - _gAy/th =Pra — Kphd (ph ~Phig ) - Kphp (ph _phd)
B Desired horizontal dynamics When considering
) the set-point control

Py, = ijhd _Kphd (ph _phd)_Kphp (ph _phd) - phd - phd = 02><1

$ 7

O, = _g_lA; (phd — Kphd (ph —Ppg ) — Kphp (ph P ))

B Where K(.) represents parameters.
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Preliminary

] Position Control

(1) Traditional PID Controller
B Altitude channel

p.=v.
b =g-L
m —| fi=mg—m(p. ~k,((p.~p. ) K, (P.~P.,))
B Desired altitude dynamics

b= b, ~k,u(p. b, )k, (.~ P, ) —

When considering the set-point control, p. =p. =0 | so it becomes

fo=mg=m(~k,.p.~k,(p.-p.,))
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Preliminary

O Position Control
(2) PID Controllers in Open Source Autopilots |

1) Horizontal position control 7 .,
B In order to satisfylim, Heph (t)H =0 ,according to Y Y
lim, ,, le, |=0 lim,_,, e, (¢)]|=0
Desired velocity * %
P, =V, Vig =K, (Ppg—Py) lim, ,|e. (1)) =0 lim, , e ()] =0
. . Altitude |
Under the assumption that p,_, =0 , if desirc | I
lim_. e, ())=0  The velocity will im, e, () =0 Himeo (1) = ()] =0
Then, reach the desired v
lim,_, |le, (t)” =0 value as long as the lim, _, e, (¢)[=0

position.

A
where e
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Preliminary

] Position Control

(2) PID Controllers in Open Source Autopilots |

1) Horizontal position channel i ‘

T

In order to satisfy lim, _, |le, (t)H =0, according to c i
¥, =—gA,0, limt_mle =0 lim, _, ‘:m (t)|=0
_gAl//Ghd = _thpevh - thi I eVh - I(Vhdévl1 hmt%O ‘ez (t)‘ =0 limt%O HeQ (t)H =0

Altitude |

1 4 — . desire
®hd =8 lAy/l (thpevh + thijvevh + thdevh ) ¢ ¢
tim,_, e, ()] =0 limoofv (1) -wq(2)|=0
If, lim_,, H(')h (t) —0, (t)H =0 The angle will reach %
the desired value as lim, e, (¢)]=0
Then, lim,_ |le, ( )H =0 long as the velocity. "
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Preliminary

O Position Control
(2) PID Controllers in Open Source Autopilots |

2) Altitude channel Jt i
Similar to the horizontal position channel, * %
lim, ,, le, |=0 lim,_,, e, (¢)]|=0
The altitude channel controller is Y v
lim,_,|e. (¢)|=0| lim, ,|leq (¢)[|=0
vzd — _kpz (pz o pzd) Alg;zgi ¢ | ¢
fo=m(g+k e, vk, fe, +k.é. ) e, (O]=0 im0 -vi ()] =0

lim

The vertical velocity will reach the desired value as
long as the altitude.
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* Experiment Preliminary
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] Position Control

(3) PID Controller with Saturation

Then design of the
Controller make no

Traditional PID controller 0, = _g_lA; (iihd _Kphd (ph _phd) _Kphp (ph P ))

Sense.
PID Controllers in Open Source Autopilots 0. = g_lA;V1 (thpevh +K,; j e, +K, € )

The position error is large The position error
is large The small-angle
@O >2r assumption is violated.
hd

It is necessary to add a controller with saturation
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I:I Position Control

(3) PID Controller with Saturation

Experiment Preliminary

The PID controller used in open source autopilot is rewritten as

e, =sat,(v,—V,,q)

Vh

0, =sat, (g_lAV_,1 (thpevh +thi_[evh +K, qe,, ),az)

where @,a, 20.The direction-guaranteed saturatiorﬂ ﬂunctlon sty (u,a) 1s defined as
u

u, < a
o0

satgd(u, a) = <

The difference between the direction-guaranteed saturation  sat (U, a) and the traditional saturation
function sat(u,a) : the direction-guaranteed saturation function can not only confine that the absolute value

of each element of the final vector is not greater than a, but also guarantee the direction to be the same as that of x.
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Experiment Preliminary

[ Position Control ——
(3) PID Controller with Saturation 8- 1
y sat(pya —Py»-20)=[20 10]"  p, =[100 10]' Sr The direction—guarante I
T = saturation function
. E 4 sat, (X,a) |
. : \
. _ 8 \ _
>
Py = [O O]T sat,, (phd _ph’zo) = [20 2]T *
21 i
Figure. Comparison of the results of two raditional saturation
Saturation functions 1L unction sat(x,a) i
Traditional sat(x,,a)
saturation sat(x a) =3 sat(xk a) é{ Y ’ xk| =d 0 . I . . . . . .
: ’ ’ ’ s 0 0.5 1 15 2 25 3 35 4 45
function sat (Xn , Cl) e (xk )’ xk| ~e X Position (m)

Figure. Comparison of the results of two Saturation functions

The direction-guaranteed saturation function can guarantee that the multicopter flies along a straight line, but the traditional saturation

function cannot.
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1f& Experiment Preliminary
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[ Position Control
(3) PID Controller with Saturation

In order to avoid a throttle command out of range, the saturation needs to be considered as well. Thus,

the traditional PID controller becomes

ﬂi = Satgd (m(g+kpzdpz +kpzp (pz _pzd ))9a3)
Where a,>0 . Similarly, the PID controller design used in the open source autopilots is

rewritten as
e, =sat,(v.-v.a,)

Jq =saty (m (g +k, e, + kvzijevz +k, €, ), as)

Where a,,a5>0 | For a scale, the direction-guaranteed saturation function is the same as the traditional

saturation function.
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* Experiment Preliminary
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0 The control system compensation

The following mainly introduces the series compensation. The structure of the system with series
compensation is shown in the figure. Where Ge(s) 1s the transfer function of the series compensator, and
G(s) 1s the transfer function of the invariant part of the system. In engineering practice, the commonly

used series compensation includes lead compensation, lag compensation and lag lead compensation.
ks

Figure. System with series compensation
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Experiment Preliminary

[0 The control system compensation

(1) Phase-Lead compensation

: : 1 1
Phase-lead compensation occurs in <_TT>
a

. . a—1
The maximum lead-phase 1s ¢,,, = arcsin
a

+1
This maximum value occurs at the

geometric center of the logarithmic

frequency characteristic curve, and the

corresponding angular frequency is:
1

= &7

Wm

A 201g|G,|/dB

20dB/dec ___L_J_ 2014

0 ! : 10lga
~1 (D, 1

o4 {(aT) 7]
E_ ___________________________
2

//?N
0 o

Figure. Phase-Lead compensation curve
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[0 The control system compensation

Experiment Preliminary

(2) Phase-lag compensation (3) Phase lead-and-lag compensation
1+ bTs (14 bTys)(1 + aTys)
G.(s) = b<1 _ 1 2
(S) 1+Ts ( < ) GC(S) (1 + T]_S)(l + TzS)
A 201g|G|/dB Wherea > 1,b> 1, and bT; > aT,
0 rl @D”* —e
| 201gh 47N
oA —Zﬂdﬁm e -l 1 e

a <
<
| ]
2

3

A W ey
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Experiment Preliminary

-

In order to make this chapter self-contained, the experiment
preliminary is from Chapter. 11 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 “e6.1”

(https://rflysim.com/course).

B Objectives

(1) Repeat the Simulink simulation of a quadcopter to analyze the channel decoupling between
the control along 0,X, and 0,), axes ;

(2) Sweep the open-loop position control system to obtain the Bode plot and further analyze the
stability margin of the closed-loop position control system;

53! Perform the HIL simulation.
Tt E Y TERRREA
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“" Basic Experiment
0 Experimental procedure

(1) Step1:SIL simulation — Channel decouping
1) Parameter Initialization

Run the file “e6\e6.1\Sim\Init control.m” to initialize the parameters. Next, the Simulink file
“AttitudeControl Sim” will open automatically.

cnT

ch4 3 FlightGear
. ) VelE ) _ Open Source Flight Simulator

Figure. Simulink model “PositionControl Sim.sIx”
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Basic Experiment

5 FlightGear = a X

[0 Experimental procedure

2) Run the simulation

Open the file “FlightGear-F450” and click
on the Simulink “Run” button to run.
Subsequently, the motion of the quadcopter 1s
observed in FlightGear, as shown on the right.
The quadcopter in FlightGear climbs up for a

short time, and then flies against the screen,

corresponding to the o,), axis.

Figure. Quadcopter in FlightGear
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[0 Experimental procedure

3) Simulation results

The change of the altitude 1s shown on the

right.

Altitude {m)

0 2 4 6 8 10 12 14
Time (s)

Figure; Altitude response
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Basic Experiment

[0 Experimental procedure |
4) Channel decoupling analysis 2}

The resultant horizontal position of the

=
(5]
I

quadcopter is shown on the right. It can be observed

Horizontal position (m)
5
T

that position control along the o,y, axis does not

change the position along the o,x, axis. This implies

that control actions along the 0,X, and 0,), axes have

been decoupled.
Figure. Horizontal position response

20
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Basic Experiment

[0 Experimental procedure
(2) Step2:SIL simulation - Stability

1) Run the file “e6\e6.1\tune\Init_control.m’to

initialize the parameters, and then the Simulink D
vX_desired
. - Xl
file “PosControl_tune.slx” 1S opened o
. (7
automatically. -

VX

Open the model “Control System”-
iy Y Figure. Specifying signals as input and output
“position_control” of the Simulink file and ISUTE. SpeCilylng signals as mput ahd ouipu
specify the input and output signals for the Bode

plot.
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O Experimental procedure

2) Select “Analysis”- “Control Design’-
“Linear Analysis” on the top menu bar.

3) From the context menu,select “Linear
Analysis” and click “Bode” to get the Bode
plot.

4)  Right click the curve and
select “ Characteristics 7 - “ All Stability
Margins 7 . It is observed that the gain
margin is 15.3dB at a frequency of
3.97rad/s;the phase margin i1s 65.5, at a
frequency of 1.04rad/s.

Basic Experiment

(dB)

Magnitude

(deg)

Phase

Bode Diagram

100

10 *? 10 10 ° 10 " 10 2 10 3 10 4

Frequency (rad/s)

Figure. Open-loop Bode plot of x-axis channel control system
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Basic Experiment

[0 Experimental procedure
(3) Step3: HIL simulation

Ch1 ch1
[ [ o1 E31 4> ‘timestamp’
1) Open Simulink file for HIL e e S wwors | orowe
Ch5 I ch5 4, | Iou'lt':;llc. actuator_outputs'
. \ GyroX (p)—— , -C-
Run the file “e6\e6.1\HIL\Init control.m” @wmz = T
'éon(r) r
to initialize the parameters, and then the = ol
-Quaternion|—>q  Mneal———1____Jpitch
: M . vehicle_attitude M» yaw
Simulink file “ PosControl HIL.slx 7 is JI
y y = RGB_MODE
opened automatically as shown on the right. T 28| eon.ovon
y vy o 7
localPosition Control System

Figure. Simulink model “PosControl HIL.slx”
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0 Experimental procedure

2) Connect hardware

It should be noted that the

airframe type “HIL Quadcopter X
should be selected 1n HIL

simulation.

MicroUSB
Cable
Connecting to

aaaaaaaaaa

........ Left o Right: BB e 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

[0 Experimental procedure

3 E1_rgbled_system - Simulink — O >

3) Compile and upload code

File Edit Wiew Display Diagram Simulation Analysis Code Tools Help

=-=-8 8 E- eGP = -0 ]~ @« g -| Clickto

compile

Compile the HIL simulation S ——
model and upload the file to the b
glven Plxhawk autopllot Later’ = —— o e o T Tt itine for e bootlcader .

"[f the board does not respond within 1-2 seconds, wplug and re-plug the USE connector. ”
FEE_SINCINE = 5
attempting reboot on COME. ..

the designed attitude control )| Grs oce ’ 50 iota o 19, vl g sl 0o U0 comacin

HDL Code b 50583400 0042600 00100000 D0F££5f £EfEfIff TEEfffff TEEfffff £Ifffiff BBeddTEf ££73ccl5 cBad9d0c dheBUE3Y dGc20208 05
3d3sf £3073010 dD35ab0d 3160334s 1040018 odblcbbd 42cdctbd 36a30517 81532531 Bies3dad Z3boA340 B321be6S edd356c0 16Zb8f

.
rO ram Can be run On Ptha“?k — ELC Code - Sc Belfdecc 9chhbebal 458a1513 dbbbbe2l edalbceb aBb840a5 ef019cab ¢Z9bb183 bbOOFOcO 06dbla2f TITSEFET lcadld94d 24aafhle
00 0 0 O o 0 0 O 0 O 1+ L= o
idtype: =00

: — Data Objects yo vid: 000026ac
autopilot -
. coa: ZulH//9zzBXIrZON28YW£0dbCDebeUo y BwewGdd Law(/ YDNOENZp M 2wy T 102ca206NF94F TTYGET j2ml 7x JOINhvmit01b JTHiuPXF 4H2svca +WiRYof
EXtE'I'I"IEl MOdE‘ CCII"ItI'Ol Parle| VEOu7vCHtolzl gLhipeS8Bnk I m7GDusDvwrtbbGi 2z df SXHEQAICSgZ1 4=

‘ B C\Windows\SYSTEM32\cmd.exe - m] X

=n: 0038001£3432470d31323553

Simulink Code Inspector.. S
Y| o i 5 :
Verification Wizards 4 ;f.fgm =
Febooting.
Polyspace +
H:

[Px4 PSP: Upload code to Px4FMU |

Clicktod load V
1ck to downloa Download completed

Figure. Code compilation and upload process
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Basic Experiment

[0 Experimental procedure

4) Configure CopterSim -
.Y‘ zaimi;:f T:tﬁal Veight . ]34'15a0gonal Size N j;lotitude ) iz::j]miosiign jﬂEﬁﬂlﬁ}rﬁﬁﬂﬁﬁ?

Double-click on the desktop shortcut g "
- DIl 2312 KV9&0

CopterSim to open it. Readers can choose -
Propeller Brand: Model:

different propulsion systems using the following
procedure. Click on “Model Parameters” to 3 i

customize the model parameters and, then click on i cotory e
“Store and use the parameters” to make them

\r

#ssembled UAY Database: hctivate! Model Parameter 4dd to Database Delete from Database
available. The SOftware Will automatically matCh VYehicle ID: UDF Fort: Tse DLL Model : Sinulation Mode: 3D Scene Selection: Link Vehicle Initial Pos: Yaw Angle:
the serial port number. Readers would click I B

. . Select Pixzhawk Com: Legacy FNMU COM& Start Simulation Stop Simulation Restart Simulation
the““Run”button to enter the HIL simulation mode. S—

SerialPort comnection is successful X ‘0 ‘Y ‘0 ‘ z ‘0- 062

After that, readers could see the message returned lticoptar 4> col e ' "

Enter Stablized Node!

by the Pixhawk autopilot in the lower-left corner e .ok el M

of the interface.
Figure. User interface of CopterSim
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Basic Experiment

[0 Experimental procedure

5) Opell 3DDlSplay EZ 30 Display 3D Scene Viewer - o X

. | , — S AR TRHREE
Double-click on the desktop shortcut

#1 (RPN tego}l/t}g\f\n/feor

. . #2 (R x(n)
3DDisply to open it. || -
[
: Roll (deg Vym/s):
|| var(de) Tzn/s):

6) Simulation performance

Trajectory Viewer

Arm the quadcopter for manual control using
the given RC transmitter7. The quadcopter can
hover and fly at a specified speed. When all
control sticks are in the middle position, the
quadcopter will keep hovering.

Figure. User interface of 3DDisplay

S LRAETERRRA




Analysis Experiment

[0 Experimental Objective
B Things to prepare
(1) Software: MATLAB R2017b or above, Simulink-based Controller Design and Simulation

Platform, Instructional Package “e6.2”(https://rflysim.com/course).

B Objectives

(1) Adjust PID controller parameters to improve its control performance and record the overshoot
and the settling time, and then obtain a group of satisfied parameters;
(2) Based on the obtained satisfied parameters, sweep the system to draw the Bode plot and

analyze its stability margin.
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“‘ Analysis Experiment

-

O Experimental Procedure
(1) Stepl:Initial model setup

The steps to adjust PID parameters are similar to those used
for attitude control. First, adjust the altitude channel and then
adjust the horizontal position channel. Furthermore, for each
channel, first adjust the velocity control loop and then adjust the
position loop. The necessary file can be found in the folder
“e6\e6.2\tune”. Because the PID adjusting methods for the
channel control loops are similar, the PID parameters for velocity
along the oexe axis are adjusted here as an example. First, let the
quadcopter hover at the initial altitude of 100m by setting the
throttle value to 0.6085 and the initial speed of four motors to
557.1420rad/s. Modify the corresponding parameters in the file
“Init_control.m” as shown on the right.

ModelInit_PosE=[0,0,-100];
Modellnit_VelB=[0,0,0];
Modellnit_AngFEuler=[0,0,0];
Modellnit_RateB=[0,0,0];

Modellnit RPM=557.1420;

A ETEHRREE
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Analysis Experiment

O Experimental Procedure

(2) Step2: Adjust the PID parameters of the velocity control loop
Open the model “Control System” -

“position_control” in the file B
“e6\e6.2\tune\PosControl tune.slx”. vd i:p

Replace “vx desired” with a step input. e -
Later, configure the step response and “vx” -
to “Enable Data logging” to get the step 32

response of the velocity control loop, as vx

shown on the right.
Figure. Setting step response for velocity control loop
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Analysis Experiment

O Experimental Procedure
(2) Step2: Adjust the PID parameters of the velocity

control loop

Modify the PID parameters corresponding to the

velocity control loop in the file “Init control.m” . First, v ||
adjust the proportional term parameter and set the at
integral and derivative term parameters to 0. After that, i
run the file “Init control.m” (you must run the file
cach time to update any changes if you change them).
Click on the Simulink“Run” button to view responses
in the“Simulation Data Inspector”. The proportional

Velocity (m/s)

KKKKK

KKKKK

term parameter gradually increases from a small value I

to a large value, i.e., the variable “Kvxp”in the file Figure. Step response of velocity along the o,x, axis channel

“Init_control.m” increases.
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# Analysis Experiment
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0 Experimental Procedure

(2) Step2: Adjust the PID parameters of the velocity control loop

5 L

Later, adjust the integral and
derivative term parameters, i.e.,“Kvxi”
and “Kvxd” in the file “Init control.m”. k
Finally, fine tune the proportional term
parameter and the resulting PID '
parameters are

Velocity (m/s)

Kvxp=2.5; 1

Kvxi=0.4;

KVXd:0.0l ; 0 1 2 3 4 5 6 7 8 9 10

Time (s)

Figure. Step response of velocity along o,x,

axis channel with a group of satisfied PID parameters
AT EXTENRRE
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[0 Experimental Procedure

Analysis Experiment

(3) Step3: Adjust PID parameters for the position control loop

Adjust the proportional term parameter for
the position control loop. Using the obtained
position control loop parameters in Step 2,
replace “x_desired” with a step input, and set
the step mput and “x” in the
“PosControl_tune.slx” file to “Enable Data
Logging”.

vx_desired

x_desired

X

b

VX

Figure. Setting step response of position control loop

along the 0,x, axis
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“‘ Analysis Experiment

-

% >
L x ¥
L

O Experimental Procedure
(3) Step3: Adjust PID parameters for the position control loop

Increase the proportional term parameter “Kpxp” in the file “Init control.m” gradually, and observe
the step response in“Simulation Data Inspector”. The final selected parameters are

Kpxp=1.0;

Kvxp=2.5; g

Kvxi=0.4;

Kvxd=0.01;

Time (s) Time (s)

Figure. Step response of position control loop Figure. Step response of position control loop

along o.x. axis with different proportional term parameters along o.X, axis with different proportional term parameters
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Analysis Experiment

Bode Diagram

100

O Experimental Procedure ! E A N

-100 N

(4) Step4: Sweep to get the Bode plot

Magnitude (dB)

200 |

Specify input and output signals for the Bode .
plot. Specify “x desired” as “Open-loop Input”,
and then specify “x” as “Open-loop Output”.
Using these parameters, the Bode plot can be

drawn, as shown on the right.

-180 L

360 |

Phase (deg)

540 |

7200 L el el el el . i

10 ? 10 " 10 ° 10 10 2 10 ° 10 *

Frequency (rad/s)

Figure. Bode plot of the open-loop position

Control loop along the o0,x,axis
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Analysis Experiment

[0 Remark

(1) A time-invariant system 1s the premise of the analysis in the frequency domain.
Hence, 1t 1s important to set the quadcopter at an equilibrium, such as hovering.

(2) Find out the mnput and output of the system, and then specify the imnput and output
signals correctly. Select the output signal line as “Open-loop output” when testing
the open-loop system, and “Output Measurement” when testing the closed-loop
system. For details, please refer to the document
https://ww2.mathworks.cn/help/slcontrol/ug/specify-portion-of-model-to-
linearize-in-simulink-model.html.
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(@F2)) Design 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 “¢6.3”
(https://rflysim.com/course).

B Objectives

(1) Obtain the transfer function for the position control channel, and design a compensator for the existing
controller using MATLAB “ControlSystemDesigner” in the velocity control loop to satisfy the conditions
of step response steady-state error e, <0.01 , phase margin> 75, and cut-off frequency > 2.0 rad/s.
The position control loop satisfies that the cut-off frequency is >1 rad/s and phase margin is > 60 ;

(2) Perform SIL simulation and HIL simulation experiment with the designed controller;
(3) Use the designed controller to perform outdoor flight test experiment.
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Design Experiment

[0 Experimental Design

(1) Stepl: Simplify the overall structure

Consider the x-axis channel for example. The simplified model i1s shown below.

Compensator designed in attitude
control experiment

> C’ 11111 ()
Y den(s)

A-k A A
Step K3 K2 Gce

AngRateB

MotorRPMS

Py

Quadcopter Dynamics

Figure. Simulink model ”PosControl tune.slx”
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Design Experiment

[0 Experimental Design

(2) Step2: Velocity control loop analysis

The input 1s the desired velocity and the output is the velocity. Specify signals as input and output.

Compensator designed in attitude
control experiment

| > C’ nnnnn (s)
Y den(s)

-k A A
Step K3 K2 Ge

MotorRPMS

EE

Quadcopter Dynamics

Figure. Specify signals as input and output
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BRSNS e e T

o ' '
Experimental Design B e e =3 B D
Step Bode Impulse Myquist Nichols  Singular... Pole/Zd... /0 Hple/... Viewer Viewer
SELECTED SYSTEM PLOTS RESULTS
° Data Browser @ Bode Plot 1
(3) Step3: Obtain the transfer T —
w MATLAB Work ;‘"" e E—
s Display lineariz§tion result as: {Trans rFunctlon ~
] ° 1] DEG2RAD linsys1
T G 1 Inf ion:
function of the x-axis channel T
ﬁi#h\?\:—"\nfﬁﬁ Operating point: Model initial condition
i ngleRaf
. . . HjKi:YAW_E;Ar?gIeRa s; | iouts. 1 outeute. 8 stat |
ize: inputs, 1 outputs, § states
After the Bode plot is obtained, a variable, namely = U Anyin ~_

I B=5: Linearization Result:

“linsys1”, will appear in the “Linear Analysis Il o

From input output

Workspace”. The transfer function can be obtained B r 6 bl 53+ 2507 ST+ LdSEE = 4 59708
by the operation shown on the right.

¥ Variable Preview

58 + 200 s5°7 + 1.567e04 s'6 + 6.045e05 s'5 + 1.188e07 s'4 + 1.154e08 s'3 o

3330.9(s +1.29) B )

Frequency (rad/s)

(S + 5 -2 1 4e - 07)(S + 1 -25 3)(S + 3 3 . 92)(S2 + 14' 87S + 1 O 1 . 1) ) The linearization result "Iinsyl52'lis created in the Linear Analysis Workspace.

Figure. Transfer function

Simplify
3331s* +5.039¢055° +2.563¢07s* + 4.486e08s +5.371e08
s*+200s"” +1.567¢04s° +6.045¢055° +1.189¢07s* +1.154e08s> +5.557e08s> +5.37108s + 280.1
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(4) Step4: Use toolbox to design
the compensator

Based on the transfer function, establish

Design Experiment

CONTROL SYSTEM

BODE EDITOR

E [ LeftRight| % f=| Tabs Position ¥

4\ Control System Designer - Bode Editor for LoopTransfer C

VIEW

— Oa et
a4 a0

w Controllers and Fixed Blocks

5OBode Editor for LoopTransfer C

Amplitude

a “m” file, then the “Control System j 8
G 0
Design” can be wused to design the Sr— = | 50
19 o M2148
compensator. 150 Freq: 836 rad/s
Stable loop
-200
¥ Responses -90
1 | num=[3331 5.039¢05 2.563¢07 4.486€08 5.371e08]; omoneier 13y 3 reo
2 | den=[1 200 1.567¢04 6.045¢05 1.189¢07 ... OTransfer.r2u e
3 | 1.154¢08 5.557¢08 5.371¢08 280.1];  Preview o P 702 deg.
4 | G=tf(num,den); 360 —— e — -
5 | controlSystemDesigner('bode’',G); Ereniancy (radla)

Top/Bottom I Shrink Tabs to Fit
Single Float
E Custom w 7 Alphabetize
TILES DOCUMENT TABS a
Data Browser ® | Bode Editor for LoopTransfer C | | 10Transfer_r2y: step |

Step Response

Frc@@@@

0.8

o
™

=
=

0.2

0 1 2 3 g 5
Time (seconds)

Figure. Control system design based on Bode plot

\
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Design Experiment

(4) Step4: Use toolbox to design
the compensator

It can be observed that the step response 1s slow.
Drag the curve in the Bode plot up to increase the R
open-loop gain so that the step response becomes
fast.
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Design Experiment

(4) Step4: Use toolbox to design
the compensator

Later, as shown on the right, the response time
reduces but an overshoot appears, and the phase
margin is 50.1. These do not meet the
requirement.
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(4) Step4: Use toolbox to design
the compensator

Consider adding a lead compensator to
increase the phase margin, and further
increase the cut-off frequency and response
speed. The procedure is as follows. In the

Bode plot, right click and select “add
Pole/Zero” - “Lead”.

\

Design Experiment

(dB)

Magnitude

315
P.M.: 68.1 deg
Freq: 4.02 rad/s
60 £ .

{ Bode Editor for LoopTransfer_C

1 | 10Transfer_r2y: step |

Bode Editor for LoopTransfer_C Step Response

s

-200 [
250 .M. 16.2 dB

Freq: 15.3 rad/s
Stable loop

Amplitude

Frequency (rad/s)

Figure. Step response after adding a lead compensator
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Design Experiment

(4) Step4: Use toolbox to design
the compensator

After this step, directly drag the zero and
pole and observe their response to obtain an
appropriate compensator.

~2.5(1+0.155)
© " 1+0.013s

4\ Compensator Editar — O
Compensator
(1 + 0.094s)
C | = | 4.0741 x
(1 + 0.01s)
Pole/Zero
Dynamics Edit Selected Dynamics
Type Location Damping Frequency
Lead -10.7, -99.1 1 10.7, 99.1

Select a single row to edit values

| Right-click to add or delete polesfzeros

Help

Figure. Compensator obtained using toolbox
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Y

(5) Step5s

Design Experiment

: Design a compensator for the

position control loop of the x-axis channel

Put the velocity control loop compensator designed in Step 5 into the model in Step 1, The obtained
Bode plot is shown below.

100

Magnitude (dB)

-300
-90

-180

100 |

200 |

0 | e _

Frequency (rad/s)

Figure. Bode plot of the position control loop

It can be observed that the phase margin is 68.8° ,
andthe cut-off frequency 1s 0.95 rad/s. These meet the
requirements marginally. Gain should be increased

slightly to increase the cut-off frequency to 1 rad/s .
For example, choose the position loop gain to be 1.2
and redraw the Bode diagram. As a result, the phase
margin is 65.3  and the cutoff frequency is 1.12.
Therefore, the experimental requirement 1s satisfied.
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Design Experiment

O Simulation procedure

(1) Stepl: Discretize the continuous-time compensator

The designed compensator is an s transfer function, which has to be discretized so that it can be run on
the Pixhawk autopilot, a digital computer. The “c2d” function in MATLAB 1s used as:

H = tf([num], [den])
Hd = c2d(H, Ts, 'foh')

Here, “num” 1s the transfer function numerator coefficient vector, “den” 1is the transfer function

denominator coefficient vector, and “ Ts” 1s the sample time, “Ts= 0.01s”.The s transfer function is
converted 1nto a z transfer function as follows

G - 25(1+0.155) G (2)= 28.857-27.5
1+0.013s z-0.4634
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Design Experiment

[0 Simulation procedure
(2) Step2: Replace the control model

\

[

1

]

VX deswed

Continuous-time model

x_desired

O ex vxd

pX

e

10
B

Q
]
“w
g

o lp

>

| |

Q
slalx |~ 8=

g

0

Q

eay
VX fc‘;

psi " het /P

theta
Discrete-time model
28.85z — 21.5 J= '
z—0.4634 phi -9 .-1
P eay ‘ phi
1
ol theta >
theta

Figure. Controller discretized for HIL simulation
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O Simulation procedure

(3) Step3: HIL simulation

The quadcopter can fly
along a straight line and

hover.

Design Experiment

22 3D Display

Moto:

- m} x
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Figure. HIL simulation shown in 3DDisplay
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72)) Design Experiment

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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O Flight Test Procedure

(2) Step2: Simulink model for flight test

Compared with the model in the HIL
simulation, the flight test model 1s changed
the PWM output. A new data recording
module 1s added to the model, A

“invalid.msg.specified” warning block | -

appears automatically when the Simulink
model 1s opened. The detailed procedures
of adding logger data can be found in
Experiment 5.

Design Experiment

e Y - 1 M | Sy A —

i - - % ARM Output
@ podiiwik @ »
\ hidh o PWM > untie '—» ‘
v T i pwm3
skl pwmd
serT/osm - BUZZER
E&d I 4 R i

Figure. Model for flight test, Simulink model ” PosControl FLY.slx”
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[ Flight Test Procedure
(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 1is
tethered to the quadcopter, and the
other end 1s tethered to a heavy
object. The remote pilot maintains
a safe distance from the quadcopter Figure. Outdoor flight test
during flight.
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X:2.96
Y:-2.131

Z:-2.899

[0 Flight Test Procedure
(5) Step5. Analyze the data

In the left-hand plot,
the quadcopter reaches
the specified position
from 0. The designed
set-point controller
functions well.

The right-hand plot

represents the velocity
control response and it
can be observed that the
quadcopter flies at the
specified speed with a
fast velocity response
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(m/s)

P

i (s)

Figure. Position and velocity along the 0,7, axis




(D

(2)
3)

4)

Summary

Based on the position control model of a quadcopter, a widely-used PID control method 1s developed,
and the design of the position controller is completed in Simulink and MATLAB. The simulation
performance 1s displayed in FlightGear.

The PSP tool of Simulink is used to generate the embedded code which is then uploaded to the
Pixhawk autopilot for HIL simulation and flight test.

The parameters of the PID controller are adjusted to get the satisfied parameters. The system analysis
tool in MATLAB/Simulink is adopted to obtain Bode plots corresponding to the open-loop position
control system and velocity control system to observe the phase margin and gain margin of the
corresponding closed-loop systems.

In order to satisfy the given requirements, the system compensation method is adopted. Unlike in the
attitude control design experiment, this chapter directly relies on the MATLAB toolbox to facilitate the
compensator design. Lead and lag-lead compensators are designed for the position control loop and
velocity control loop respectively, which met the given requirements. Furthermore, the design is
verified through HILsimulation and flight test.

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 59
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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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