Step Response

Inntol | © e
»> Mandatory Hardwore
¥ Type -

Indtial T umo Parsmons

Calenton
e

F light Moxes
F ailSale
HWID
ADS8
>> Optionnl Hardwars

>> Advenced

4 Ititude Hold Mode
position North/South o
- est
Position East/W m Position Up/Down

Velocity Up/Down

[ veoon e e
tion East/West 8 Down
Acceleraf Acceleration Up/

W - | atlas 2 o y :
i \M : ‘ A 20 n . e (s) 3 o ‘ > Rate Roll
| .»W\w»{mwﬂm ey Gyro instance Filtering (3 Notch tracking ()

Pre-filter ® Post-filter Estimated post-filter X & Notch | Notch 2 [ Logged




Hardware and Set-up



Waypoint Navigation

|

|

Position East/West Position North/South Altitude Hold Mode
[ ]

Velocity East/West Velocity North/South Position Up/Down

Acceleration East/West Acceleration North/South Velocity Up/Down

. Acceleration Up/Down

Stabilize Mode

Angle Roll I Angle Pitch I Angle Yaw

Acro Mode
Rate Roll Rate Pitch Rate Yaw

Filters incl. Gyro and Accelerometer Low Pass; RPM and FFT Harmonic Notches; FLTE, FLTD and FLTT




Hardware used

e AOS UL8 Frame

* Matek H7A3 Flight Controller (or
any FC with an Ardupilot target)

e 4in1 ESC
* M10 GPS and Compass module
e ELRS 2.4GHz Receiver

e DJI O3 Air Unit (also works with
0O4)
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Wiring —4inl ESC

JST-SH-8P

wwl Desxy
seacoocesennces . e B sy

MCU
STM32H7A3RIT6

o.
%
=
°
(.
o
=

|
if
L |
P L}
Ex
i
if
i
-

JST-SH-8P

* Wiring from the FC to ESC is very
Important :
. :I:::::: seameRanD 8

* If you have not bought a “stack” then Rt EH-LE :
you MUST carefully check the pin-outs e
between FC and ESC

G
= o wa?(006000666666600
o

* Some combinations will apply reverse £R
polarity and burn your flight VBAT
controller on first power up! & M9

* If pinouts don’t match then you can a
re-pin the plug using a pair of CUR
tweezers é
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« . eac e @
Wiring — GPS + Compass 8713, 2"
g p e m
8%
* Wiring from the FC to GPS is pretty et
e a Sy ® (;’ This side UP by default
* For Ardupilot you’ll need to connect 05 o mandliciozn o e o
SCL-SCL, SDA-SDA, TX-RX, RX-TX, GND XTYELXILY
and 5V
* Make a note of the number of the
serial port (TX/RX) for the GPS .
* SCL/SDA are for the Compass GND

* TX/RX are for the GPS ==




Wiring — Recelver

e Wiring from the FC to ELRS is pretty
easy

* You'll need to connect TX-RX, RX-TX,
GND and 5V

 Make a note of the number of the
serial port (TX/RX) for the Receiver

Gee OOB(

S11
@

MATEKSYS
H7A3-SLIM

$2 S3 S4

S7
o000

EASIo08 @ o) @ O
0°% 20

$8 $9 $10
o000

c@® .
wa@ @5
swo@ “@0
swe@® @0

This side UP by default

29 @ ® snan-a +a S

&
¥ H-O 1

G 4V5 Rx4 Tx4 [SCL SDA
C N N N

g
G 4V5 Rx2Tx2 SCL SDA &4V5 R

4V5




S11

Wiring — DJI O3/04

$8 S§9 S§10
o000

$2 S3 S4

N
(%]

* Wiring from the FC to the Air Unit is
pretty easy

* You'll need to connect TX-RX, RX-TX, gz i
GND and PWR (7.4 — 26.4V)

* Make a note of the number of the
serial port (TX/RX) for the Air Unit

BN oy RED: Power (7.4-26.4 V)

PIN2 o BLACK: Power GND

ENS_— WHITE: UART RX (Connects to Flight Controller OSD TX, 0-3.3 V)
PIN4 oo GRAY: UART TX (Connects to Flight Controller OSD RX, 0-3.3 V)
ENS oy  BROWN: Signal GND

%l;l YELLOW: DJI HDL (Connects to Flight Controller S.Bus, 0-3.3 V)

\
(& OscarLiang con



Setup — Flashing Ardupilot

* If your FC does not have Ardupilot installed
* https://firmware.ardupilot.org/

* Copter

* Check Latest for your target

* If you can’t find it there try Beta

* Download arducopter with bl.hex (with bootloader)
* Flash with STM32 Cube Programmer (full chip erase)



https://firmware.ardupilot.org/
https://firmware.ardupilot.org/Copter/latest/MatekH7A3/arducopter_with_bl.hex

Mission Planner

* There is a log download bug with
the latest version of Mission
Planner 1.3.82

* Use 1.3.81 or apply Beta
Updates from the Help Page!

Mission Planner 1.3.82 build 1.3.9169.6147 ArduCopter V4.6.0-beta3 (110acc96) m) X

& D4 I

L
PLAN SETUP CONFIG SIMULATIOl = HELP

Welcome to the Mission Planner, mission planning for Unmanned Aerial Vehicles (UAV).

Help:
Arduplane: http://ardupilot.org/plane
ArduCopter: http://ardupilot.org/copter

ArduRover: http://ardupilot.org/rover

Please visit http://ardupilot.org/planner further information.

Main Developer: Michael Oborne

Design: Samantha Nelson

Contributions from: Andrew Radford, Marooned, Ryan Beall, Tom Pittenger and https://github.com/ArduPilot/MissionPlanner/graphs/contributors
ArduCopter lllustrations: Max Levine

Librarys: Gmap.net, Sharpkml, SharpZipLib, IronPython, KMLib, OpenTK, ZedGraph, alglib, BouncyCastle, DotSpatial, LibVLC, netDXF

Companys that have contributed to Mission Planners development: 3D Robotics, Falcon Unmanned, UAV Solutions
ShortCuts

Main Screen

F2 - FlightData

F3 - FlightPlanner
F4 - Tuning

Check for Updates

@ Show Consc.



Setup — Frame Type

* Mission Planner > Setup Tab >
Mandatory Hardware > Frame

Type

* Frame Class > Quadcopter
* Frame Type > X (probably) or V

Mission Planner 1.3.82 build 1.3.8979.17128 ArduCopter V4.6.0-beta3 (110acc96)

DATA PLAN SETUP CONFIG SIMULATION HELP

Install Firmware Frame Class

>> Mandatory Hardware Al
. | v e
E}mm Type \| | Undefined

Initial Tune Paramete
Accel Calibration
Compass

Radio Calibration
Servo Output

Serial Ports

ESC Calibration

Flight Modes VTail @

FailSafe

HW ID

NOTE: Xand H are NOT @ Other
ADSB H interchangable the prop

rotation changes

>> Optional Hardware

>> Advanced NOTE: This is the Y6B and
prop rotation changes from
the old YBA



Setup — Initial Tune Parameters

Mission Planner 1.3.82 build 1.3.8979.17128 ArduCopter V4.6.0-beta3 (110acc96)

DATA PLAN SETUP CONFIG SIMULATION HELP

* Mission Planner > Setup Tab > e

IVI d H d > I e . o I >> Mandatory Hardware gYwhla‘:losdmnbm”_ba:;mh::igw size for a new copter setup.
t t ease e sure ore ering a ing parameters:
a n a O ry a r Wa re n I I a Frame Type — ALL INITIAL SETUPS ARE DONE (Calibrations. frame settings. motor tests)
- ‘ — BATTERY VOLTAGE MONITORING IS SET AND WORKING
Tune Parameters [ it Tune Poramet. "\ s FILTER with volo cer than 20is aptionland proaly ey fr sl
Accel Calibration Wem—cppar 0% Dest. v com Ko . a8 20
Compass
Radio Calibration Airscrew size in inch: 8
. o . Servo Output Battery cellcount: 6 Battery Chemistry
* Airscrew Size > Prop Diameter Seriet Pt T

ESC Calibration Battery cell fully discharged voltage:3.3

¢ B atte ry Ce I I CO u nt Rt Sodee @ Using T-Motor Flame ESC?

FailSafe ~ Add suggested settings for 4.0 and up (Battery failsafe and Fence) ?

* Battery Chemistry 5o

>> Optional Hardware

e Add su gge sted settin gs for 4.0+ A i o e e s o i o g e it B

https ://ardupilot. org/copter/docs/tuni rocess-instructions html

PLEASEREAD IT !



Setup — Board Alignment

* Mission Planner > Config Tab > Full Parameter List > AHRS_ORIENTATION
* You only need to change this if your board orientation is different to the

manufacturers default

Mission Planner 1.3.82 build 1.3.9169.6147 ArduCopter V4.6.0-beta3 (110acc96)

& D5 3

LT N4
DATA PLAN SETUP CONFIG SIMULATION HELP
="
E&mmm =-Al A | Value Defauit

ACRO
.- ADSB_TYPE AHRS_ORIENTATION (8 0
- AHRS

. ANGLE_MAX

- ARMING

‘- ARSPD_ENABLE
- ATC

i. AUTO_OPTIONS
- AUTOTUNE

.. AVD_ENABLE

3- AVOID

- BARO

- BARO1

3- BARO2

3- BARO3

3- BATT

.. BATT2_MONITOR
.- BATT3_MONITOR
i~- BATT4_MONITOR
.. BATT5_MONITOR
.- BATT6_MONITOR
i~- BATT7_MONITOR
.. BATT8_MONITOR

Planner

COMPASS_EXTERNAL (1 0

Units

Options

0:None
1:Yawd5
| 2-V~0n
O:intemal
1:Extemal

| 2-CnmmndCibnenl

>
com21-1-QUADROTOFJR cONNECT

| Desc
Overall board orientation relative to the standard

_| Fav Load from file

orientation for the board type. This rotates the IMU and | Save to file

| Configure compass so it is attached extemally. This is

| nnmmnann enadinan 8o las tha baaed $a b adartadin |

auto-detected on most boards. Set to 1 f the compass

lin mdmmmath: mnmenmdad Whan adnmmaths anmeantad

Compare Params

All Units are in raw
format with no scaling

3DR_Inis+_AC34 p: R4
Load Presaved

Search
ahrs_orientation

B Modified
@ None Default

g.om..m...

AS 9X¥ 9X1 XIA A6 © WBD A6 ©

PN
9 AS IX¥ IXL
MATEKSYS

H7A3-SLIM
c@®

3vi@

swo @

swc@®

This side UP by default

$11

S§7 S8 §9 S10

Vbat G Cur G S1 S2 S3 $4

VB2 G CU2 S5 Sé

G 4V5 Rx4 Tx4 |SCL SDA x5 T.
o0080000ES
G 4V5 Rx2Tx2|SCL SDA 4V5 Rx3 Tx3

G
G X
PPPOOIOOO®

5

]

4V5 Rx5 Tx:
5 R




Setup — Accel Calibration

Mission Planner 1.3.82 build 1.3.8979.17128 ArduCopter V4.6.0-beta3 (110acc96)

& &« O 3

DATA PLAN SETUP CONFIG SIMULATION HELP

¢ M iss I O N P | a nn e I > Set u p Ta b > Install Famware Accelerometer Calibration

Mandatory Hardware > Accel et o el S e
! : P
Ca | I bratlon Initial Tune Paramete

J

Level your Autopilot to set default accelerometer offsets (1 axis/AHRS trims)

‘ This requires you to place your autopilot flat and level

Calibrate Level

Radio Calibration

o 1 A | Servo Output Level your Autopilot to set default accelerometer scale factors for level flight (1 axis)
a I ra e C C e This requires you to place your autopilot flat and level.
Serial Ports Simple Accel Cal

* Reboot! .
e Calibrate Level .

ADSB
>> Optional Hardware

>> Advanced




Setup — Comypass

Mission Planner 1.3.82 build 1.3.8979.17128 ArduCopter V4.6.0-beta3 (110acc96)

* Mission Planner > Setup Tab > & DA 2 LY

DATA PLAN SETUP CONFIG SIMOLATION HELP
| Compass Priority

IVI d t I I d > Install Fmware
a n a O ry a r W a re >>Mandatory Hardvmre‘ Set the Compass Priority by reordering the compasses in the table below (Highest at the top)

‘ Priority IEV”J | BusType | Bus | Address | DevType | Missing | Extemal | Orientation
Yaw180

Compass .

Initial Tune Paramet

Accel Calibration

| Compeso

Radio Calibration

Servo Output
L ] L]
* Onboard Mag Calibration > Seriol Ports

Do you want to disable any of the first 3 compasses? .

ESC Calibration v UseCompass 1 « UseCompass2 « Use Compass 3 .m B Automatically learn offsets
| A reboot is required to adjust the ordering

Flight Modes

tart "

[

FailSafe (A mag calibration is required to remap the above changes
‘ Onboard Mag Calibration

HW ID

* Reboot!

>> Optional Hardware

>> Advanced

Relax fitness if calibration fails




Setup — Radio Calibration

* Mission Planner > Setup Tab >
Mandatory Hardware > Radio
Calibration

e Calibrate Radio

* Check Roll, Pitch, Yaw, Throttle
channels are correct

* Centre stick should be exactly
1500

* Low stick < 1000
* High stick > 2000

Mission Planner 1.3.82 build 1.3.8979.17128 ArduCopter V4.6.0-beta3 (110acc96)

B & D5 O

;) ©

DATA PLAN SETUP CONFIG SIMULATION HELP

Install Frmware

>> Mandatory Hardware
Frame Type
Initial Tune Paramel
Accel Calibration
Compass

| Radio Calibration

Servo Output
Senal Poris
ESC Calibrabon
Flight Modes
FailSafe
HW ID
ADSB

>> Optional Hardware

>> Advanced

—c 1.0 S—

)
Calibrate Radio

Spektrum Bind




Setup — Radio Calibration

* Mission Planner > Setup Tab >
Mandatory Hardware > Radio
Calibration

e Calibrate Radio

* Check Roll, Pitch, Yaw, Throttle
channels are correct

* Centre stick should be exactly
1500

* Low stick < 1000
* High stick > 2000

Mission Planner 1.3.82 build 1.3.9169.6147 ArduCopter V4.6.0-beta3 (110acc96)

B & D5

=

DATA PLAN SETUP CONFIG SIMULATION HELP

Install Feumware

>> Mandatory Hardware
Frame Type
Initial Tune Paramete

Accel Calibration

Compass

| Radio Calibration

Servo Output
Serial Ports

ESC Calibration
Flight Modes
FailSafe

HW ID

ADSB

L e—

Calibrate Radio

Spektrum Bind




Setup — Servo Output

. Mis: r 1.3.82 build 1.3.8979.17128 ArduCopter V4.6.0-beta3 (110acc96)

B &b D

DATA PLAN SETUP CONFIG SIMULATION HELP

Install Frmware # Positio everse Function

 Mission Planner > Setup Tab > e e I8 [ Qoo oo 0l

. T | BN — L) 1L E -
Mandatory Hardware > Servo —

Initial Tune Parame

Output recor oo | ¢ P
Com ﬁ (4] Disabled B (1100 [ [1500 | [1500

. _ N =
Set servo outputs 1-4 as Motor T s s
Outputs 1-4 e O —u

. : BT e N W Ju0 - [ U0 -

* For typical 4in1 ESCs the | —
correct Servo Number and FaiSafe Cp——a o Q9 HE@E

’ HW 1D Cp—— e R HHH

Motor Number won’t match «m—— G HwHHE

: : - >>Optional Hordwore | 1> (wgweem @ [Debes g (100 [ 50 | 150 |
* This will be addressed in Motor >> Advanced " p— oees 0[50 B [0

Test later on




Setup — Serial Ports

Mission Planner 1.3.82 build 1.3.8979.17128 ArduCopter V4.6.0-beta3 (110acc96)

* Mission Planner > Setup Tab >
. = £ 3 & % «
Mandatory Hardware > Serial RERL.2.5

Install Fomware

Port Na 54
>> Mandatory Hardware e ==

Protcol
Ports Frame Tope senLronT
tnitial Tune Parame SERARZ
. : : Accel Calibration
et serial Ports accoraing to SERALPORT T s
Compass UART3

u r Wi ri n Radio Calibration SEARTE -

yo g Servo Output SERIAL PORT5 =
UARTS :

| serialPons

* Receiver -> RCIN, baud rate oys—

Flight Modes

shouldn’t matter -

HW ID

* GPS -> GPS, baud rate is usually

>> Optional Hardware

57600 -

e DJI 03/04 -> Display Port , baud
rate is 115200



Setup — ESC Calibration

Mission Planner 1.3.82 build 1.3.8979.17128 ArduCopter V4.6.0-beta3 (110acc96)

 Don’t click Calibrate ESCs this B &EdLS > L8

DATA PLAN SETUP CONFIG SIMULATION HELP

Ca n get yO u r FC St u C k i n a IOO p Install Firmware ESC Calibration (AC3.3+)

>> Mandatory Hardware : Remove Props!
. . . . After pushingl tb\s button: '
and cause issues with digital Frome Type Do e

-when LEDs flash, push Saftey Switch (if present)

ESCs that don’t support PWM e Cottrn e
protocol (E.g. Bluelay) R

Radio Calibration Output PWM Min G| Leave as 0to use RX input range

Servo Output Qutput PWM Max Leave as 0 to use RX input range
o S et E S C Ty p e to D S h Ot 3 OO Serial Ports Spin when Armed speed when motors are armed but throttle is at zero (idle)

Spin minimum minimum speed of motors while in flight (slightly higher than “Spin when Armed™)

® Sp|n When armed -> 0_05 to 0.1 : Spin Maximum maximum speed of motors while in flight (almost all escs have a deadzone at the top)

* Spin minimum -> 0.1 to 0.15 Fodsele

HW ID

* Spin maximum ->1.0 ADSB

>> Optional Hardware

>> Advanced




Setup — Flight Modes

 Set up your flight mode switch

* You may want to change which
channel on your radio controls
flight modes

* Config > Full Parameter List >
FLTMODE_CH will accomplish
this

e Use Search!

Mission Planner 1.3.82 build 1.3.8979.17128 ArduCopter V4.6.0-beta3 (110acc96)

@ &3« I

DATA PLAN SETUP CONFIG SIMULATION

Install Fomware

>> Mandatory Hardware
Flight Mode 1
Frame Type

Flight Mode 2
Initial Tune Paramete Flight Mode 3

Accel Calibration Flight Mode 4

Compass Flight Mode 5

Flight Mode 6
Radio Calibration =
Servo Output
Senal Porils

ESC Calibration

| Mission Planner 1.3.82 build 1.3.8979.17128 ArduCopter V4.6.0-beta3 (110acc96)

£ v ©
TA PLAN SETUP CONFIG SIMULATION HELP

GeoFence Al F
ACRO

Basic Tuning ADSB_TYPE FLTMODE_CH
AHRS

Extended Tuning ANGLE_MAX FLTMODE1
ARMING

Onboard OSD ARSPD_ENABLE
ATC

MAVFip AUTO_OPTIONS
AUTOTUNE

User Params AVD_ENABLE b
AVOID FLTMODE4
BARO t
BARO1 FLTMODES
BARO2
BARO3
BATT
BATT2_MONITOR
BATT3_MONITOR
-~ BATT4_MONITOR
BATT5_MONITOR
BATT6_MONITOR

FLTMODE2

FLTMODE3

FLTMODES

(9

HELP

Current Mode: Stabilize

Current PWM: 8:0
Stabilize

= B Simple Mode

g s s
AltHold B B Simple Mode

B Simple Mode

B Sl e
B Sl e

| Defauit

Units

| 0:Disabled
5Channel5
€.l

0:Stabilize
1

| N Y]
0:Stabilize
1:Acro

I WA

0:Stabilize

|2 AwUIa

0:Stabilize
1:Acro

|3 )

0:Stabilize
1:Acro

{2-ABLIL

0:Stabilize

12-AbLinld

B Super Simple Mode
B Super Simple Mode
B Super Simple Mode
B Super Simple Mode
B Super Simple Mode
B Super Simple Mode

Simple and Super Simple
description

PwWM 0 - 1230
PwM 1231 - 1360
PwWM 1361 - 1490
PWM 1491 - 1620
PWM 1621 - 1749
PWM 1750 +

COM21-1-QUADROTO¥ DISCONNECT

RC Channel to use for flight mode control

Flight mode when pwm of Flightmode
channel(FLTMODE_CH)is <= 1230

Flight mode when pwm of Flightmode

channel(FLTMODE_CH)is >1230, <= 1360

Flight mode when pwm of Flightmode
channel(FLTMODE_CH)is >1360, <= 1430

Flight mode when pwm of Flightmode
channel(FLTMODE_CH)is >1490, <= 1620

Flight mode when pwm of Flightmode
channel(FLTMODE_CH)is >1620, <= 1749

[ Flight mode when pwm of Flightmode
channel(FLTMODE_CH)is >=1750

] Fav Load from file
] _Save to file

\Write Params

Refresh Params

Compare Params

All Units are in raw
format with no scaling

‘ 3DR_lns+_AC34 p:|Rd
® Load Presaved
T Reset to Default

| Search
FLTMODE_CH

@ Modified
@ None Default




Setup — Failsafe
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EE A=

DATA  PLAN SETUP CONFIG SIMULATION HELP

* In general your Failsafe should  [EEiE== =

>> Mandatory Hardware

probably be RTL (Return To —

Home and Land) A

Compass

* Defaults are usually good but Rodio Cliotn

Servo Output

check low battery voltage and serrore

ESC Calibration

t i m e Flhight Modes
| Faisae

HW ID

ADSB

>> Optional Hardware

>> Advanced
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Setup — Battery Voltage prrrmm=

DATA PLAN SETUP CONFIG SIMULATION HELP

Install Femware

. . >> Mandatory Hardwarei Monitor Battery Capacity 5200 mbh
* Mission Planner > Setup Tab > FromeType | Sl oo B P et Low Bty
Optional Hardware > Battery Monitor |[Eietise e
* The voltage measurement should be - e
. Radio Calibration : o i
correct by default if you've flashed the = SVt i e B

rlght ta rget Sl Pl 5. Current (Calced)

6. Amperes per volt:
ESC Calibration

* The current measurement will depend [E—

on the value of the current sense
resistor on the ESC HW 1D
ADSB
* Typical values >> Optional Hardwore

RTK/GPS Inject

e 25 mOhm -> 40 Amps per Volt

CubelD Update

* 10 mOhm -> 100 Amps per Volt Sik Radio

CAN GPS Order
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=% A - ‘{‘- v ©
E & &2 v [ [
DATA PLAN SETUP CONFIG SIMULATION HELP
Motor Test

. Thvotte % 5[l Owatons) 2T (AT St et b on

in Ar
>>Mandatory Hardware| .. o Type:V Spin Arm TR

F T Set Motor Setthen;n: ’ﬁ that will be
— rame lype S . ut \ i
‘ u p O O r e S AP Motor Number: 1, CCW Spin Min [t

Initial Tune Parmmetq | TSRS Motor Number: 4. CW sttt
Accel Calibration I cas  Motor Number: 2, CCW ;“‘tgtr:f:q Ztet;zsftreodn;?lghctlockwise rotation
Compass A cal  Motor Number: 3, CW i"c?iﬁ?ﬂiik &3’3 n,‘oo?;; our molor numbers
Radio Calibration i
e Mission Planner > Setup Tab > Optional e =
Hardware > Motor Test oot Pors T:f:;n
e REMOVE PROPS! ESCCalibration | i
Flight Modes
* For typical 4inl1 ESCs the motor order will be —
wrong! W 1D
* You must test and check that the correct motor S
spins and that it spins in the right direction Optional Hardware
according to your diagram RTKIGPS Inject
CubelD Update
* Double check or you will have a big crash on ———

ta ke-off! CAN GPS Order

* If you are using a typical Betaflight 4in1 ESC in Battery Monitor
the usual orientation Battery Monitor 2

* Servo 1->Motor4 DroneCAN/UAVCAN
* Servo 2 -> Motor 1
* Servo 3 -> Motor 2
* Servo 4 -> Motor 3

Joystick
Compass/Motor Calil
Range Finder
Airspeed

PX4Flow

Optical Flow

OSD

Camera Gimbal
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Setup — Motor Test Bl & D 5 7 C

DATA PLAN SETUP CONFIG SIMULATION HELP

] — # Position Reverse Function Min Trim Max
>> Mandatory Hardware m - M M M
. | R ol oo Jg 1000 | (2000 [
REMOVE PROPS. Initia[TuY:Pﬂrﬂmetﬂ ) m . M M |M
* For typical 4in1 ESCs the motor order T A .. LI TR - i - i - e -
W|” be Wrong! C::pﬂ;' raton s Disabled - D N - T
* You must test and check that the correct Radio Colibroion |+ o ——
motor spins and that it spins in the right ~ ESSSEEES e e  HiCEMEH
direction according to your diagram coroipon | - o0 5 (50 5 l“““’” 5

: : e [osted  JEN[100 | (1500 [ (1500
. Dourt])Ie c?ekck ofrf you will have a big ESCCalibraton | 10 pn i [ 1500 [ [0 |
crasn on take-oftr! Flight Modes 1 *. :”maltmahma
* If you are using a typical Betaflight 4inl FailSate 2 (—— . 100 Jeg (1500 g [1500 |3
ESC in the usual orientation HW ID il s s I TN =T - JEA - LG - JEC - |
 Servo 1-> Motor 4 ADSE " (. 100 gg (1500 g [1500 [EQ
* Servo 2 -> Motor 1 >> Optional Hardware | 1> [H—_G— o o0 [ [1=00 [ [0 [ER
* Servo 3 -> Motor 2 >> Advanced ' ——e 1100 [ [1500 | 1500 Y

e Servo 4 -> Motor 3



Setup — Compass Interference

* Mission Planner > Setup Tab > Optional
Hardware > Compass/Motor Calibration

* Not essential but can be good to check

* Flip props over so drone is pulling down
onto the ground

* Run up to 50-75% throttle for 5-10 seconds
to see the effect on the compass reading

e |f interference is less than 30% then that’s
acceptable

* Less than 60% might be OK but consider
relocating the compass away from motor
wires/battery cables

* More than 60% you should relocate the
compass

ﬂ Mission Planner 1.3.82 build 1.3.8979.17128 ArduCopter V4.6.0-beta3 (110acc96)

B & @45 3 S

JATA PLAN | SETUP [DP‘FV\E SIMULATION  HELP

Install Frmware

>> Mandatory Har

>> Optional Hardwan

RTK/GPS Inject
CubelD Update

Sik Radio

CAN GPS Order
Battery Monitor

Battery Monitor 2

Interference %

Initialising ArduPilot

ublox 1 HW: 000A0000 SW: ROM SPG 5.10 (7b202e)

Compass Motor Calibration
Interference (Min: 0 Max: 4 Mean: 1.64) Current (Min: 0.77 Max: 7.24 Mean: 1.74)
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50
Throttle %
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Gyro Settings

e Mission Planner > Config Tab >
Full Parameter List

* For F7 and H7 boards it can be
beneficial for flight performance
and tuning of smaller drones to
set

* INS_FAST SAMPLE =1
* INS_GYRO_RATE = 1 (2kHz

* This avoids aliasing of motor
frequencies above 500Hz

* |t should be set by default on
modern boards

Mission Planner 1.3.82 build 1.3.8979.17128 ArduCopter V4.6.0-beta3 (110acc96)

B Db

PLAN
GeoFence
Basic Tuning
Extended Tuning
Onboard OSD
MAVFtp

User Params

CONFIG
A

ARMING

)_ENABLE

NITOR

BTN_ENABLE
AM
M1_TYPE

Name A | Value

INS_ACCOFFS_X 0.017638

0.0156616

INS_ENABLE_MASK

INS_F AMPLE

INS_GYR_CAL

YR_ID

INS_GYR1_CALTEMP  |24.03382

_GYRO_FILTER

INS_GYRO_RATE

GYROFFS_X -0.0064701

INS_GYROFFS_Y 0.0135633

A

| Desc

Accelerometer offsets of X axis. This is setup using
the acceleration calibration or level operations

Accelerometer offsets of Z axis. This is setup using
the acceleration calibration or level operations

ometer scaling of X axis. Calculated during
eration calibrat

Accelerometer scaling of Y axis Calculated during
acceleration calibration routine

Btmask of IMUs to enable. k can be used to
prevent startup of specific detected IMUs

Mask of IMUs to enable fast sampling on. f
avaiable

Conrols when automatic gyro callbration is
performed

Gyro sensor |D, taking into accournt its type, bus
and instance

Temperature that the 1st gyroscope was calibrated
at

Fiter cutoff frequency for es. This can be
set to a lower value e wth very high

Gyro rate for IMUs with fast sampiing enabled. The
qyro rate is the sample rate at which the IMU fiters

o sen of X axis. This is setup on each
boot during gyro calibrations

Gyro sensor offsets of Y axis. This is setup on each
boot during gyro calibrations

is is setup on each

8 Nore Defaut




Mission Planner 1.3.82 build 1.3.9169.6147 ArduCopter V4.6.0-beta3 (110acc96)

Setup — Logging T PEN=

DATA PLAN SETUP CONFIG_SIMULATION _HELP
RIKN/GFS Inect -FFT Setup

CubelD Update sample count per batch
Number of samples to take when logging streams of IMU sensor readings. Will be rounded down to a multiple of 32.

Sik Radio This option takes effect on the next reboot

* Mission Planner > Setup Tab > canps order [ | BESH ——————
Optional Hardware > FFT Setup N :

Battery Monitor 2

Sensor Bitmask

PY CO r re Ct | O gi n g S.etti n gs a re DroneCAN/UAVCA Bitmap of which IMUs to log batch data for. This option takes effect on the next reboot.

Joystick v IMUT B IMU2 B IMU3

essential for tuning o i
° Sample Count — 1024 Or 2048 Range Finder .-PleaseensuneIMU_RAWandlMU_FASTaretumedoﬁtouseFFT

Airspeed Log bitmask

[ ) Typ i Ca I Iy it iS best tO I O O n Iy PX4Flow Bitmap of what on-board log types to enable. This value is made up of the sum of each of the log types you want to be sa\
. M Optical Flow v FastAftitude '~ Medium Attitude « GPS '« System Performance '« Control Tuning '« Navigation Tunir
IMU1 to avoid overloading and
I Oggi n g d ro p_o u tS B oo v PID v Compass [} Camera « Motors + FastIMU [} RawIMU [ Video Stabilization

v Fast harmonic notch logging

v RCinput «~ IMU [ Mission Commands + Battery Monitor «~ RC output [§ Optical Flow

Motor Test

* The logging bitmask should be set [e—G5G"=-
as shown Porachite

ESP8266 Setup

* This captures all the data needed [ -—_—s
for the tuning process | FFTSeuwp

>> Advanced




Setup — Logging

* Mission Planner > Config Tab >
Full Parameter List

* INS_LOG_BAT OPT =5

@& DA 3 CS P

DATA PLAN SETUP CONFIG SIMULATION HELP COM21-1-QUADROTOF DISCONNECT

GeoFence =-Al ue » | Options | Fav | Load from file

ll ACRO Number of samples to take when logging streams of
Basic Tuning - ADSB_TYPE INS_LOG_BAT_CNT  |1024 IMU sensor readings. Wil be rounded down to a 0 Save fofile

- AHRS L ! | | | o dbimln af DD Thin anbine $alonn Afant am tha naut

Extended Tuning ANGLE_MAX INS_LOG_BAT_LGCT |32 :‘:;Jgtt:g Gof sBa»’TTpiiZ tI?J push to count every

ARMING

Write Params

Refresh Params

Onboard OSD ... ARSPD_ENABLE Interval between pushing samples to the AP_Logger

- ATC INS_LOG_BAT_LGIN 20 Alog

=]
=)
MAVFip i~ AUTO_OPTIONS Bitmap of which IMUs to log batch data for. This option ]
o

Compare Params

All Units are in raw

: INS_LOG_BAT_MASK 1 2 =
. AUTOTUNE takes effect on the next reboot | format with no scaling

User Params L AVD_ENABLE - | { |
X ! \ INS_LOG_BAT_OPT Options for the BatchSampler.
El'ammetar List _

Planner s a

DR_lis+_AC34 p: |4
Load Presaved

Reset to Default

CubelLan 8 port Switch Batch Logging Options Mask

... BATT2_MONITOR Options for the BatchSampler INS_LOG_B
- BATT3_MONITOR

BATT4_MONITOR ~ Sensor-Rate Logging (sample at full sensor rate seen by AP) [} Sample post-filtering '~ Sample pre- and post-filter B Modified

- BATTS5_MONITOR

i~ BATT6_MONITOR
.- BATT7_MONITOR
i~ BATT8_MONITOR




Hover Test!

Do the hover test in the
Stabilized Flight Mode

* You may find that the Pitch Axis
is reversed compared to
Betaflight

* |If so set parameter
RC2_REVERSED =1 to fix this



Filter Tuning



Waypoint Navigation

Position East/West Position North/South Altitude Hold Mode
[ ] [ ]

Velocity East/West Velocity North/South Position Up/Down

Acceleration East/West Acceleration North/South Velocity Up/Down

. Acceleration Up/Down

Stabilize Mode

Angle Roll I Angle Pitch I Angle Yaw

Acro Mode

Rate Roll I Rate Pitch I Rate Yaw
Filters incl. Gyro and Accelerometer Low Pass; RPM and FFT Harmonic Notches; FLTE, FLTD and FLTT




Download the log

* You can download logs within
Mission Planner > Data >
DataFlash Logs

* Logging space is finite so unless
you have a big SD card
periodically clean the logs

* Once the log has downloaded you
can review it within Mission
Planner

* Make a note of where your logs
are saved

e Usually \Documents\Mission
Planner\logs\QUADROTOR\1

r (29 Log Downloader

@ 1 01/01/1970 00:00:00 (7067358)

@ 2 01/01/1970 00:00:00 (12827840)
@ 3 01/01/1970 00:00:00 (13346508)
~ 401/01/1970 00:00:00 (12313256)

Download All Logs
Download Selected Logs

First Person KML

Getting list of log files

Found 4 log files, note: item sizes are just an estimate
Fetching log file 01/01/1970 00:00:00 ...

Download complete.




Check RPM Data

After a hover test check the RPM
data in the log

* As you can see | am getting random
spikes only on ESC[O?

e This is a conflict on the Servo
Output 1 pin for the Matek H7A3

* |f you see this:

* Consider rewiring and using a different
servo output pin for that motor

* Change SERVO_BLH BDMASK to
ignore that channel

e Use FFT rather than BDSHOT for
Harmonic Notch

120 --

Value Graph

ESC[1]RPM (Min: 0 Max: 9042 Mean: 6228.98) ESC[2]RPM (Min: 0 Max: 9057 Mean:
—— ESCBIRPM

00:00:24.000

Baad iR Nl it as e e S

6282.27)
(Min: 0 Max 8214 Mean: 5538.01) ESCI0IRPM (Min: 0 Max: 857142 Mean: 10607.07)

| i i | |
00:00:29.000 00:00:34.000 00:00:39.000 00:00:44.000 00:00:49.000
Time (sec)

ap Time (@ Data Table [ Show Params [a/None . @ Mode @ Errors @ MSG [ Events

Rewire Servo Output 1 to
Servo Output 5




Setup - Harmonic Notches

Mission Planner 1.3.82 build 1.3.8979.17128 ArduCopter V4.6.0-beta3 (110acc96)

* Mission Planner > Config Tab > TN

GeoFence =

Full Parameter List

Set INS_HNTCH_ENABLE
show notch parameters

INS_HNTCH_HMNCS = 7 for 3

BATT9_MON
BCN_TYPE
BRD

harmonics (tri-blade props) -
INS_ HNTCH_MODE = 3 (RPM)

INS_HNTCH_OPTIONS =0 (to
begin with)

MAVFtp

t O User Params

UTE_ENABLED
E

Name

INS_HNTCH_ATT

INS_HNTCH_BW

INS_HNTCH_ENABLE

INS_HNTCH_FM_RAT

INS_HNTC

INS_HNTCH_HMNCS

INS_HNTCH_M

INS_HNTCH_OPTS

INS_HNTCH_REF

5250

Disabled
1:Enabled

UARK

COM21-1-QUADROTO! NISCONNFCT

| Desc
Hamonic Notch Fiter attenuation in dB. Values greater
thi B duce a hard

The minimum ratio below the configured frequency to
take throttie based notch fiers when fiying at a throttle
e e gl

Hamonic Notch Fiter bax

This is the center frequency

Btmask of hammonuc frequences to apply Hamonic

Notch Fiter to. This option takes effect on the next

| Pt gl gty N 3t e T s
frequency tra
throttle, RP

Fiter options. Triple and
double-notches can provide deeper attenuation across
S e il kel sl Vot i
A reference value of zero disables dynamic updates on
the Hamonic Notch Fiter and a postive value enables

l Fav Load from file
e

\Write Params

All Urits are in raw
format with no scaling

Load Presaved

Search
INS_HNTCH

@ Modified

8 None Defauit




Setup — Bi-Directional DShot for RPM (best

* Set RPM1_TYPE =5 for bidirectional DShot _ s

* Set RPM1_ESC_MASK = 15 for all 4 motors oo E S —

e Set SERVO_BLH_BDMASK = 15 for all 4 motors  [SGSSSmiEs s S | m‘"‘”"’w”x“‘;:”:““

* Set SERVO_BLH_POLES =N JE.::..:.. | e T S“Jm}:;m ”’z:;“::m""“
* N =number of magnets in the motor Planner ;

ot p - ESC Telemetry Index to
RPM o s disable

e 14 is typical for 4” to 10” motors : ey S o 5

RPM telemetry of the selected channels will be

e 12 s typical for 3” motors ‘ e ol

RPM1_MIN Minimum RPM to repot. Only used on type = GPIO

* Ifin doubt, count 0 ——

* Set SERVO_DSHOT_ESC = T e
1 for Kiss/AM32/BL32 ' - | B

DShet E ype for all o L ype affects
the range of DShot commands avallable and the bit

* 2 for Bluelay : | e

* All latest ESC FWs supports Extended DShot
Telemetry (EDT) so you can try 3 and 4 instead if
you want the extra information

@ Modified

@ None Default




Setup — Dynamic FFT (if no RPM available

* Set FFT_ENABLE =1 to enable FFT and show
parameters g

GeoFence = Ne
FFT attenuation level in dB for bandwidth calculation and peak

e Set INS_HNTCH_MODE =4 to use FFT to drive the T = —— L e

— Extended Tuning 3 FFT_BW_| 0200 FFT leamed bandwidth at hot attenuation frequencies.
n OtC h e S Onboard OSD FFT_BW_HOVER 2 FFT leamed bandwicth at hover for the attenuation frequencies
MAVFtp
- FFT_BW FFT leamed bandwidth at hover for the attenuation frequencies Al Units are in raw
User P: & i format with no scaling
* Set FFT_MAXHZ =X - : -
. FFT_ENABLE Enable Gyro FFT analyser
- —
[ ] X - 0 . 8 * V * K /60 Planner FFT_FREQ _| 8 0250 The leamed hover noise frequency
batt "MV

CubelLan 8 port Switch A FFT_FREQ_HOVER The leamed hover noise frequency

V.t = Fully charged battery voltage

° K — M t KV T FFT hammonic ft frequency threshold percentage &t which a signal
Vv o or FFT_HMNC_FIT 0100 of the appropriate frequency ts determined to be the hamonic of
e T s Heprlige
Ao The onic peak target
1Center Frequenx FTN1 PiAvg. The resulting vakue

- i - naba - ‘..u B, Aok
* Set FFT MINHZ =Y ! T T ey
— FFT_MAXHZ 20495 vehicles the maximum motor frequency is ikely to be signficantly
s vy
e Y=500/D : :

prop = (TS Sy Y Sy S————— P ——————
FFT_NUM_FRAMES to calculate final frequencies. Averaging output frames can
oy B0 = o et o b

* D,p = Prop Diameter in Inches ‘ R T L

Sampling mode (and therefore rate). 0: Gyro rate sampling, 1: Fast

* Set FFT_WINDOW_SIZE = 256 (F7) or 512 (H7) | : SECSTEIE T

@ Modified

SNR reference threshold in asignalis
determined to be present

* Resolution is INS_GYRO_RATE / FFT_WINDOW _SIZE N : T o T ST
e ~8Hz for 256
e ~4Hz for 512

* You will benefit from FFT_WINDOW _SIZE = 1024 on an H7
if CPU speed allows!




Dynamic FFT uses gyro data to

W h at |S Dyn a m |C F FT locate noise peaks between a

minimum and maximum frequency

* Dynamic FFT looks at a sample of
data from the gyro to try an
determine the presence of noise
peaks and their frequency

* This can be used to drive notch
filters to reduce the effect of
noise

* It is slower and less precise than
RPM data for motor noise

e It can be useful for frame
resonances but is CPU intensive




Filter Review — Load Log

* Open your log in ArduPilot
WebTools Filter Review:
https://firmware.ardupilot.org/

Tools/WebTools/FilterReview/

* Check that the Flight Data
Graph looks correct and there
are no gaps (logging drop outs

Roll

25 firmware.ardupilot.org/Tool:

] R ) e //—\ 1 O

/ o AT d md | O\ YT A GitHub

ArduPilot Filter Review Tool

This tool takes a .bin log with either batch samples or raw IMU samples and display the noise spectrum present before and after any filtering. To setup the logging required by this
tool see: Raw IMU Logging setup. It also estimates the post filter noise spectrums WOULD be if the filter parameters are changed. This allows a single flight with pre filter
logging enabled before the notch's are setup, and experiment with notch filter parameters to see the estimated effects. These params can then be saved and loaded into the autopilot
without the need for repetitive test flights to see filter change results.

Setup

Log type (@ FFT Settings ?) Analysis time () Filter version (?) I Choose file |2 01-01-1970 00-00-00.bin I ( : )
Batch Windows per batch |1 Start (s) |29 ) 1.0
Raw sensor ® 2.0 Open In
Windows size 1024 End (s) |37
Flight Data (?)
4
1.6
1.4 5
L 2
0.8
0.6
0.4 0
0.2

Altitude


https://firmware.ardupilot.org/Tools/WebTools/FilterReview/

Filter Review — IMU Spectrum

e Scroll Down to the IMU
Spectrum

* With my logging settings you
should be able to see
* Pre-Filter Gyro Data
* Post-Filter Gyro Data
* Notch Tracking

* You will also see the effect of
the Gyro Low Pass filter
reducing the noise power at
high frequencies

Estimated post-filter (7)
OXO0yOz

Logging rate: 2023.50 Hz

Gyro | - Primary
Sensor: ICM42688 via SPI at 2023 Hz
Pre-filter (2)
X Y Z
Post-filter ?)
Bx@y@z

Frequency resolution: 1.98 Hz

IMU Spectrum (7)
—Gyro 2 —Gyro 3
Sensor: Sensor:
Pre-filter () Pre-filter (3)
X YOz X Y zZ

Post-filter (7)
XYy ' Z

Estimated post-filter (7)
X0yoz

Logging rate: - Hz

Frequency resolution: - Hz

Post-filter 7)
XUy JZz

Estimated post-filter ()
XOyoz

Logging rate: - Hz

Frequency resolution: - Hz

Amplitude (dB)

W
i\
I

o

200

Amplitude scale ?)

O Linear ® dB O Power Spectral Density

/
WYy
T
W SV
WUVY it | \/
f ‘,.MJF‘\
d

A
A
-30 I )\ \
M A AN
—40 \FYANS, k L
™
L
-50 A
| l
-60 f
=70 AM 1 A A r’\ )
|J I

® Linear |

400 600

Frequency (Hz)

Gyro 1

800 1000

) Log Show notch 1

Frequency scale (2) Notch tracking ?)
® Hz O RPM

Loop Rate Aliasing (7)
Show notch 2 @® Hide O Show O Aliasing only

= X Pre-filter

Y Pre-filter
—— Z Pre-filter
——— X Post-filter
= Y Post-filter
—— Z Post-filter



Gyro Low Pass Filter (INS_GYRO_FILTER)

* The Gyro in a Drone is sensitive
both to the rigid body
movements of the drone
(signal) but also to vibrations
(noise)

* Vibration is generated by the
spinning motors and props
(and some payloads)

* Resonance of the drone’s
airframe and payload can also
amplify certain frequencies




Gyro Low Pass Filter (INS GYRO FILTER)

* The energy in vibrations (noise) is
usually much higher than the
energy in the rigid body “
movement of the drone (signal)! | [ || W

* Fortunately the real movements \ r,/»‘
are at a low frequency and the W § o o
vibrations are at higher [ \W‘“ *‘N
frequencies

* The Gyro Low Pass Filter takes
advantage of this to reduce the
noise without compromising the

X Pre-filter

W MM e
A m
‘ v&&m%

Ith
\l‘“
A i ; A ,mws

Amplitude (dB)

’H-

. | hi Real movements of Vibrations are usually
signa too much: the drone are usually above ~50Hz but

below ~30Hz depend on Prop RPM!



Gyro Low Pass Filter (INS_GYRO_FILTER)

e Unfortunately the Gyro Low
Pass Filter has some trade-offs

* Any low pass filter attenuates
high frequencies but also adds
delay

* The lower the 3dB cut-off
frequency of the filter the
more delay is added

* This delay slows the reaction of
the drone to air turbulence and
control inputs




Tuning the Gyro Low Pass Filter

* We want to gradually increase the
cut-off frequency of the Gyro low
pass filter as high as possible
without letting noise through

 Our main adversary is the
fundamental motor frequency /
lowest frame resonance

* We want this peak to be below
-50dB in the post-filter data

* We will tackle this peak using
Ardupilot’s Harmonic Notch
Filters

(dB)

Amplitude (dB)
1 |

Amplitude
|

i M\ | A f
1‘ f \J (A ~V’ il

Ve i
e




RPM Based Harmonic Notch
Filtering



Harmonic Notch Filter (INS HNTCH )

* As well as broad band high An example of 2
frequency noise drones also B noise peak
experience peaks of noise at
specific frequencies

Amplitude (dB)
| 1

* These peaks are created by the
rotation frequency of the
motors and airframe
resonances

e Peaks of noise are best handled
by notch filtering



Harmonic Notch Filter (INS HNTCH )

* Notch filters provide a very high
degree of attenuation of noise
around a target frequency

* They create much less delay than
an equivalent low pass filter

* The narrower the notch the less
delay it creates but the more
precisely the target frequency
must match the noise peak

* Tuning notch filters is about
targeting narrow notches
precisely where there are noise
peaks

Mag

A notch filter
combined with the

m’t%lde (dB)

Amplitude (dB)
| |

gyro lowpass filter

Target the notch filter

onto the noise peak




Filter Review — IMU Spectrogram

IMU Spectrogram (?)
* The IMU Spectrogram is used to0 v p——— s

validate and tune the Harmonic
Notch Filters

* It shows the noise power at
different frequencies over time

Frequency (Hz)
B o

* Zooming in to a few seconds of [Geren [ Ao crmmns S o |t
Hovering allows us to look at the
key features (Turn off Notch Turn off Notch
tracking for now) Tracking for now




RIDI\/Ihover b Vbatt : KV : Thover

Filter Review — IMU Spectrogram

Frequency (Hz)

-100 ~80 -60 -40 -20
1000 _
Look for a red line at Look for a red line at
500 Look for a red line at 2:F protor (this is likely 3°Fotor (this is likely
RPM,,../60=F_ to be strong for to be strong for
2-blade props) 3-blade props)
600
400 Red at ve.ry Ig\{v
frequency is rigid-
- body movement of
the drone
0
32.5 33 33.5 34 Tima.§s) 35 35.5 36 36.5
Gyro instance Filtering (2) Axis Notch tracking (2)
|7© 12 3 |7© Pre-filter O Post-filter O Estimated post-filter |7© X0y Oz |7|:| Notch 1 = Notch 2 [J Logged




1000

800

[e)]
(=]
o

Frequency (Hz)
N
(=)
o

200

Filter Review — IMU Spectrogram — RPM Filter

-100

-80 -60 -40

Notch 1: ESC
mess Fundamental

The second harmonic The third harmonic Do we need a 4t" :
will sit on top of will sit on top of harmonic? omene

2-F 3- I:motor

motor

If RPM Notches are
set up correctly you
should see a notch
right on top of Fy, ..,

Turn on Notch
Tracking

32.5 33 33.5 34 34.5 35 35.5 36 36.5

Time (s)

Filtering ) Axis Notclftacking (7)
|7 |7© X Oy Oz |7 Notch I =~ Notch 2 [J Logged

®@1 203 @® Pre-filter O Post-filter O Estimated post-filter

|fGyr0 instance




Filter Review — IMU Spectrogram — RPM Filter

. . We probably don’t We could probably
* Tri-blade props typically need 3 o 3 At ha try without a second
harmonics, but sometimes only the as noise power is harmonic as well!

first and third are needed very low
INS_HNTCH_HMNCS = 7 (or 5)

* Bi-blade props typically need at
least 2 harmonics but sometimes
more, check logs!

* INS_HNTCH_HMNCS = 3 (or more)

Look at Post-Filter




Filter Review — IMU Spectrogram — RPM Filter

-120 -100 -80 -60 -40

1000

800
Some noise is still Significant noise is
600 getting through at still getting through
3'Fmotor at Fmotor ! @
400

Frequency (Hz)

200

29 30 31 32 33 Time(s) 34 35 36 37 38
Gyro instance Filtering () Notch tracking (2)
. Turn off Notch
®1 203 O Pre-filter ® Post-filter © Estimate : (J Notch 1 © Notch 2 [J Logged
tracking




RPM Filtering

e At the moment the Notches are

tracking the Average of all 4 Central CoG,
all motors at
motor RPMs same RPM in
. . h
* This works great if all 4 motors ! Yaw input
are at the same RPM (perfect I\C/IZ‘;Z‘?SR':'&
CoG and no Yaw inputs) differentials

* However often the motors will be
spinning at different RPMs (even @i

in a stable hover if CoG is not CoG, front and
perfect) rear motors at

different RPMs



Multi-Source RPM Filter

* The solution is to use Ardupilot’s Multi-
Source RPM filtering to apply a separate

notch to each motor RPM
 INS_HNTCH_BW = INS_HNTCH_FREQ / 4
(reduce the bandwidth of each notch to

keep latency under control with 4x as many
notches)

* INS_HNTCH_OPTIONS = 6 to enable Multi-
Source and update the notches at the loop
rate (important for narrower notches)

e Recalculate the filters to see the effect
on Notch Tracking

Setup ()

|
ISave Parameters H Load Parameters
| |

First Notch Filter

INS HNTCH ENABLE |1:Enabled v

INS HNTCH _MODE | 3:ESC Telemetry v

INS_HNTCH_FREQ |80 |Hz

I INS_HNTCH_BW 20 |Hz I
INS_HNTCH_ATT |40 |dB
INS_HNTCH_REF |1 |

INS_HNTCH_FM_RAT |1 ]

INS_HNTCH_HMNCS |7 |

1st harmonic & 2nd harmonic & 3rd harmonic

(J 4th harmonic [J 5th harmonic (J 6th harmonic

(J 7th harmonic (] 8th harmonic [J 9th harmonic

(J 10th harmonic (J 11th harmonic (J 12th harmonic
(J 13th harmonic [J 14th harmonic [J 15th harmonic
(J 16th harmonic

INS HNTCH _OPTS 6

O Double mmhm

(J EnableOnAIlIMUs [ Triple notch () Use min freq on RPM source failure




Multi-Source RPM Filter

-120 -100 -80

1000
Notch 1: ESC
Notice the extra Extra Notches are ~ Fundamental
800 . . . == Harmonic 2
notches are slightly covering previously m— Harmonic 3
N spread out around unfiltered vibrations
~— 600
o 3'Fmotor around I:motor
&
3
S 400
i
200

0
29 30 31 32 33 Time(s) 34 35 36 37 38
Gyro instance Filtering (?) Axis Notch tracking (2)
|7® 12 3 |70 Pre-filter @ Post-filter O Estimated post-filter |7© X0y Oz |7 Notch 1 © Notch 2 [J Logged




Tuning the RPM Filter

* Once you have good coverage of
motor noise with the RPM filters
we can tune them for best
performance and minimum delay

* INS_HNTCH_FREQ should be set
at the frequency at which motor
noise starts to become a problem

* This can be found by slowly
throttling up from zero and
looking at the log

.anmehrL'Bl

Frequency (Hz)
NN W

0

Wzl Mission Planner 1.3.82 build 1.3.9169.6147 ArduCopter V4.6.0-beta3 (110acc96)

= & - :! @
DATA PLAN SETUP CONFIG SIMULATION HELP
- Al
- ACRO
- ADSB_TYPE
- AHRS
ANGLE_MAX
- ARMING
- ARSPD_ENABLE
m-ATC
- AUTO_OPTIONS
- AUTOTUNE
- AVD_ENABLE
- AVOID
- BARO
- BARO1
- BARO2
- BARO3
. AT

Name a | Value | Default | Units

GeoFence

INS_HNTCH_FREQ 80 80 Hz

Basic Tuning
Extended Tuning
Onboard OSD
MAVFip

User Params

Planner

Cubelan 8 port Swiich

Here the
noise starts

around 80Hz

Amplitude (dB)

‘ R ————
30 Time (s) 2 34 36
Gyro instance Filtering (?) Axis —Notch tracking (2
@1 0203 ® Pre-filter O Post-filter O Estimated post-filter ®@xX0YyOz O Notch 1 © Notch 2 J Logged




Tuning the RPM Filter

* INS_ HNTCH_BW should be
reduced as far as possible

* Go until you start seeing motor
noise bleeding through in the
post filter data then step back a
bit from there (~10%)

Here you can see noise

coming though despite

notches being correctly
applied

Wl Mission Planner 1.3.82 build 1.3.9169.6147 ArduCopter V4.6.0-beta3 (110acc96)
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Extended Tuning

Onboard OSD
MAVFip
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E‘Full Parameter List
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SIMULATION  HELP

=-Al Name

- ACRO

‘.. ADSB_TYPE

- AHRS

- ANGLE_MAX
ARMING

... ARSPD_ENABLE
ATC

.. AUTO_OPTIONS

- AUTOTUNE

... AVD_ENABLE

- AVOID

INS_HNTCH_BW
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Time (s)
-+ r—Axis Notch tracking (?)

Pre-filter ® Post-filter O Estimated post-filter @®@xX0YOz ‘ Notch 1 © Notch 2 [J Logged

Notch 1: ESC
we Fundamental
w—— Harmonic 2

w— Harmonic 3

-120

—Gyro instance

Filtering @) Axis
O Pre-filter ©

-100 -80 -60 -40

31 32 33 34 35 36
Time (s)

Notch tracking ?)

Post-filter © Estimated post-filter @xXx0yOz ) Notch 1 © Notch 2 [J Logged




FFT Based Harmonic Notch
Filtering



What is the Dynamic FFT?

* FFT stands for Fast Fourier ' .
Transform

* |t takes a chunk of gyro data
(~0.5 seconds) and uses it to
calculate the amount of energy
at each frequency

/ frequency

* The frequency of the biggest
peak(s) detected can then be
passed to the harmonic notch -8

filters
Fast Fourier Transform

N




FFT vs RPM

* For Motor Noise RPM based
harmonic notch filtering is superior to
Dynamic FFT based filtering

* |f you know the motor RPM you know
the exact noise frequency
immediately with no delay

* With Dynamic FFT you have to
calculate it with a nasty trade-off, the
higher your frequency resolution the
lower your temporal resolution:

* For 2Hz frequency resolution you need

to sample for 0.5 seconds, and that’s a
long time in the world of notch filters!

Frequency (Hz)
g N

Amplitude (dB)

Amplitude (dB)




FFT vs RPM

* Dynamic FFT is extremely useful in
addition to RPM filtering for
dealing with airframe resonance

|t can also be used for motor noise
when RPM data is not available
(RPM data should be available!)

* It is much more difficult to get
working perfectly and requires
careful tuning with logs

Amplitude (dB)

Wﬂgr'.‘
iitp

IIIZ
o
-
a
>

Frequency (Hz
- ~n ~n
w o s

35
Time (s)

Amplitude (dB)




FFT for Frame Resonance (NOTCH 2

* FFT_ENABLE=1

* FFT_MAXHZ the upper limit where problematic
frame resonances are seen

* FFT_MINHZ the lower limit where frame
resonances are seen

* FFT_NUM_FRAMES=0-3
average FFT frames together to reduce noise
(not usually needed for large FFT_WINDOW)

* FFT_OPTIONS =1 to apply gyro lowpass and
RPM filters before doing the FFT

* FFT_WINDOW = 1024 if CPU load allows or as
high as possible

* INS_HNTC2_MODE =4 to use FFT for the
second notch (First notch is RPM)

Name A | Value DEET S Units Options

FFT_ATT_REF 15 0100

FFT_BW_HOVER 20 0 200

0:Disabled

FFT_ENABLE 1-Enabled

FFT_FREQ_HOVER

FFT_HMNC_FIT

FFT_HMNC_PEAK

FFT_MAXHZ

FFT_MINHZ

FFT_NUM_FRAMES

FFT_OPTIONS

FFT_SAMPLE_MODE

FFT_SNR_REF

FFT_THR_REF

FFT_WINDOW_OLAP

FFT_WINDOW_SIZE

INS_HNTC2_MODE

INS_HNTC2_OPTS

INS_HNTCH_MODE

INS_HNTCH_OPTS

Desc

FFT attenuation level in dB for bandwidth calculation
and peak detection. The bandwidth is calculated by
SRR T e R R
FFT leamed bandwidth at hover for the attenuation
frequencies

Enable Gyro FFT analyser

The leamed hover noise frequency

FFT hamonic fit frequency threshold percentage at
whlch a scgnal of the appmpnate frequenq' is

b i mln $hn b
Th:- FFT harmonlc peak larget lha1 should be retumed
by FTN1.PkA it

i
Upper bound of FFT frequency detectlon in Hz.On
smaller vehicles the maximum motor frequency is likely

|8n b cimeifinmeth  bimbyne S e Eo sembrininn

Lower bound of FFT frequency detection in Hz. On
larger vehicles the mlnlmum motorfrsqusncy is likely to

bt
Number of output frequenq frames lo retain and
average in order to calculate final frequencies

R S e i b o
FFT conflguranon options. Values: 1:Apply the FFT
“after” the filter bank ,2:Check noise at the motor

B e
Sampling mode (and therefore rate). 0: Gym rate
samphng 1: Fast loop rate samphng 2: Fast loop rate /

e e P Talomn ~Bnnd
FFT SNR reference threshold in dB at which a signal is
determined to be present

FFT leamed thrust reference for the hover frequency
and FFT minimum frequency

Perce:mag:- of window to be overapped be\‘ore
another frame is process. Takes effe

| e T - T S T

Size of window to be used in FFT calculations. Takes
effect on reboot. Must be a power of 2 and between
19D mnd B1D | e sisimdnisin mvivim o b e Fomons s
Hamonic Notch Filter dynamic frequency tracking

mode. Dynamic updates can be throttle, RPM sensor,
R e R I R SO

Hamonic Notch Filter options. Triple and
doubleno1che< can provlde deeper attenuation across

SRR I~ RN
Han‘nonlc Hotch Flher amic frequency tracking

mode. Dynamic updaies can be throttle, RPM sensor,
| ECr stoncin: oo o R

Hamonic Notch Fllter optlons Triple and

double-notches can provide deeper attenuation across
St !

o b chailbls ity cnch inad bdbamon s Shon cieole

I Fav




FFT for Frame Resonance (NOTCH 2)

° I N S H NTCZ E NAB LE: 1 to ena b | et h e secon d notc h Mission Planner 1.3.82 build 1.3.9169.6147 ArduCopter V4.6.0-beta3 (110acc96) - O X

i INS HNTCZ MODE = 4 tO use Dynamic FFT Dﬁ“TA % 5(3 m-{j:‘; S\Mu%\cw %‘ _ COMZ‘HIADROTOF D&gmgcr

GeoFence ~'l_| Value | Default | Units | Options | | Fav | Load from file
+ INS_HNTC2_FREQ = FFT_MINHZ the lower limit ~[St—- wacar o n e s e ————
where frame resonances are seen Extended Tuning INS_HNTC2_BW 40 40 He 5250
« INS_HNTC2_BW = INS_HNTC2_FREQ /2 start here | e e
— — — — MAVF | | | | y "
initially, then tune A nSHTCPURAT |1 ] 0110 ey to| W | Allniee s

INS_HNTC2_FREQ 80 Hz 10435 DR_lris+_AC34 p: Jid

* INS_HNTC2_REF = 1 no scaling required Full Porameter Lt

P — INS_HNTC2_HMNCS

* INS_HNTC2_FM_RAT =1 prevent the notch going R e e e R B )
below INS_ANTC2_FREQ wowrczoms o o ||

* INS_HNTC2_HMNCS = 1 we are looking to target a vz | 0010 o e s
frame resonances and they don’t typically have
harmonics

* INS_HNTC2_OPTS = 0 for one frame resonance

e INS_HNTC2_OPTS = 2 Use Multi-Source for multiple
resonances

Load Presaved

Reset to Default




FFT for Motor Noise (NOTCH 1

throttle

throttle

RPM

FFT_ENABLE=1

FFT_MAXHZ slightly above the
fundamental motor frequency at full

FFT_MINHZ the lowest frequency
where motor noise is seen at low

FFT_NUM_FRAMES =0
FFT needs to be reactive to changing

FFT_OPTIONS =1 to apply low pass
filters before doing the FFT

FFT_WINDOW = 1024 if CPU load allows
or as high as possible

Name A | Value DEET Units

FFT_ATT_REF 15
FFT_BW_HOVER A

FFT_ENABLE

FFT_FREQ_HOVER

FFT_HMNC_FIT

FFT_HMNC_PEAK

FFT_MAXHZ

FFT_MINHZ

FFT_NUM_FRAMES

FFT_OPTIONS

FFT_SAMPLE_MODE

FFT_SNR_REF

FFT_THR_REF

FFT_WINDOW_OLAP

FFT_WINDOW_SIZE

INS_HNTC2_MODE

INS_HNTC2_OPTS

INS_HNTCH_MODE

INS_HNTCH_OPTS

Options

0100
0200

| 0:Disabled
1:Enabled

0250

0100

04

0.0 100.0

00109

009

321024

[05
0:Fixed

| R  WPON

Desc

FFT attenuation level in dB for bandwidth calculation
and peak detection. The bandwidth is calculated by

| s lines snlle emmre ot Srord sadils e =dbrens eodincd

FFT leamed bandwidth at hover for the attenuation
frequencies

Enable Gyro FFT analyser

The leamed hover noise frequency

| FFT hamonic fit frequency threshold percentage at
which a signal of the requency is
s

Abn o ban Smodhne Cinnstnths |

| The FFT hamonic peak target that should be retumed
by FTN1.PkA value will be used by

Al T A 4n bomnl b CCT

Upper bound of FFT frequency detection in Hz. On
smaller vehicles the maximum motor frequency is likely

S S T S TR R
er bound of FFT frequency detection in Hz. On
larger vehicles the minimum motor frequency is likely to

e e e e e e S
Number of output frequency frames to retain and
average in order to calculate final frequencies

N S s e e
FFT configuration options. Values: 1:Apply the FFT
“after” the filter bank ,2:Check noise at the motor

& T
Sampling mode (and therefore rate). 0: Gyro rate
sampling, 1: Fast loop rate sampling, 2: Fast loop rate /

|9 amemetins 9 Eord b et #9 e Tobonn AHmrs |

FFT SNR reference threshold in dB at which a signal is
determined to be present

FFT leamed thrust reference for the hover frequency
and FFT minimum frequency.

| Percentage of window to be overapped before
another frame is process. Takes effect on reboot. A

| mnnd dfa b in BN Ao LEd e nesndon cnoe B i

Size of window to be used in FFT calculations. Takes |

effect on reboot. Must be a power of 2 and between
199 ~nd BE1D |~ v Amsiin mivem mvem b e S i s
Hamonic Notch Filter dynamic frequency tracking
mode. Dynamic updates can be throttle, RPM sensor,

JECr dlnmcbnn: me b memion CET hanad Theabtle bhanad
Hamonic Notch Filter options. Triple and
double-notches can provide deeper attenuation across

Py S R e PR SR R e R e e
Hamonic Notch Filter dynamic frequency tracking
mode. Dynamic updates can be throttle, RPM sensor,

e s e
Hamonic Notch Filter options. Triple and

double-notches can provide deeper attenuation across

O S VO s M T AT Ty | PO S

l Fav




FFT for Motor Noise (NOTCH 1)

 INS_HNTCH_ENABLE= 1 to enable the first
notch

* INS_HNTCH_MODE = 4 to use Dynamic FFT ___ _ : .
* INS_HNTCH_FREQ = FFT_MINHZ the lowest [EREEEE ==

DATA PLAN SETUP CONFIG SIMULATION HELP

frequency where motor noise is seen at low | e o ——
throttle I s o T ———

Extended Tuning INS_HNTCH_BW 15

* INS_HNTCH_BW = INS_HNTCH_FREQ /2 [
Sta rt here initially’ then tu ne e INS_HNTCH_FM_RAT 1

User Params

* INS_HNTCH_REF =1 no scaling required W

S a— INS_HNTCH_HMNCS |7

* INS_HNTCH_FM_RAT = 1 prevent the notch [l N TN
going below INS_HNTCH_FREQ

e INS_HNTCH_HMNCS = 7 for tri-blade props
(3 harmonics)

-

Save to file

Write Params
Refresh Params
Compare Params

All Units are in raw
format with no scaling

DR_lIis+_AC34 p: R4

Load Presaved

Reset to Default
Search
INS_HNTCH|

o D
e 8 8 8B 8 B B BB




Tuning FFT Notch Filters

* INS_HNTC2_BW should be reduced
as far as possible (just like the RPM
notches)

* Go until you start seeing the
resonance bleeding through in the
post filter data then step back a bit
from there (~10%)

* The FFT is less precise than RPM
data so FFT notch bandwidth will
always be greater

1.3.9169.6147 ArduCopter V4.6.0-beta3 (110acc96)

a | Value

INS_HNTC2 ATT 40

INS_HNTC2_BW

INS_HNTC2_ENABLE |1

INS_HNTC2_FM_RAT |1

Here you can the FFT notch
being correctly applied for
motor noise (no frame
resonance on AOS UL8 ©))




What about Static/Throttle Notches?

* | don’t advise using static or throttle notches

* They are a brittle filtering approach because they can be rendered
completely ineffective by changes such as
* Changing Props
e Operating Altitude
 Manufacturing tolerances on frames
* Payload

e RPM (HNTCH) [ + FFT (HNTC2) ] based notch settings are effective across
multiple drones of the same design even if parts and payloads change

* If you're using FFT for motor noise (no RPM data) then you may need to
use a static notch for any frame resonance



Tuning the Gyro Low Pass Filter

* Now that our notch filters are
well tuned we should be able
to gradually increase the cut-
off frequency of the Gyro low
pass filter

* INS_GYRO_FILTER in the Full
Parameter List

* Increase it as far as possible
whilst keeping post-filter noise
below about -50dB or lower

(dB)

Amplitude

(dB)

Amplitude
1 |

<
5
o



Tuning the Gyro Low Pass Filter

* When raising INS_GYRO _FILTER
listen for any oscillations

* Also check the motor temperature
after a short hover

 Audible oscillations or hot motors
may indicate insufficient filtering

* They may also be due to a poor
PID tune

* Check logs to identify the source

(dB)

Amplitude

(dB)
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PID Tuning



Background

* Ardupilot uses a cascade of PID
controllers to control the drone

* To get good autonomous flight
performance each of these PID
loops needs to be tuned

 We will start from the bottom
and work our way up

Angle Yaw

Waypoint Navigation

Position
North/South

Position
East/West

Velocity
North/South

Velocity
East/West

Acceleration
East/West

Acceleration
North/South

Angle Roll

Angle Pitch

Rate Pitch

Position
Up/Down

Velocity
Up/Down

Acceleration

Up/Down



Ardupilot Autotune

* Ardupilot has a couple of Auto Tuning
functions which try to find good PID
values for the Rate and Angle
Controllers

* These tools can produce tunes suitable
for hobby use on small drones

* They will struggle on larger drones and
produce suboptimal tunes which can
be dangerously unflyable!

* A methodical manual tuning approach
will produce better results more safely

* This is what we will cover in this guide



The PID-FF-DFF controller

* Ardupilot’s PID-FF-DFF controller consists of five main parts
* Pis the proportional term

* | is the integral term

* D is the derivative term

* FF is the Feedforward term

* DFF is the Derivative Feedforward term



The Ardupilot Rate PID-FF-DFF Controller

Feedforward

Derivative
Feedforward

Target Rate Proportional
of rotation term

PID error
Integral term

Actual Rate

of rotation k
d

dt All the PID gains
live here




Proportional term

The P term acts like
the springin a
suspension strut

PID error

PID error

PID error PID error

PID error PID error
\ 4

PID error PID error

The bigger the error
the harder the P
term pushes back

towards the Target

PID error



Derivative term ~A

The D term acts like
the shock absorber
Actual in a suspension strut

Actual
Actual Actual

Actual

Derivative term
wants the Actual Actual
value to stay the
same and pushes
against any change.



P:D balance

e Just like in a suspension strut the balance
between the spring strength (P term) and the
size of the shock absorber (D term) is very
Important

* The Ardupilot default P:D balance is usually a
suitable starting point but not always!

* The right balance between P and D terms is the
first step of a good PID tune



Integral term

PID error PID error PID error PID error PID error
A\, A4 A A

PID error PID error PID error PID error

Integral term adds
up the error over
time and pushes
back harder and
harder the longer
the error persists




Feedforward term

The feedforward
term pushes in
proportion to the
absolute value of
the Target

The feedforward term helps
overcome resistance that increases in
proportion to the target value. It’s
very useful for the vertical velocity
controller where gravity creates
exactly this effect.




Derivative Feedforward term

The derivative feedforward term
allows the PID controller to react
instantly before PID error builds up.
Correctly set it helps reduce and even
eliminate delay between target and
actual values.

The derivative
feedforward term
pushes in the
direction the target
is changing



P:l balance and D->P->|->DFF->FF tuning
approach

* In the same way as the D term prevents the P term oscillating the P
term prevents the | term oscillating

e As a result there is an ideal P:l ratio for a controller that allows the
maximum | term without oscillations

* This gives us the relationship D->P->|->DFF->FF which guides the
tuning process: D term first, then P term, | term, DFF and finally FF




There are 3 Rate Controllers in Ardupilot

* One each for roll, pitch and yaw
* They all work the same way

 However, the derivative term on the yaw axis is usually set to O
because the lack of authority on the yaw axis means it is usually over
damped and does not require an additional derivative term



Tuning flight tips

* PID tuning flights consist of sharp wobbles on all 3 axis

* When you do sharp moves make sure that you keep hold of the stick
as it returns to centre

* If you release the sticks, they can bounce around the centre as they
spring back which will make the quad oscillate (and might make you
think you have too much P gain when you don’t)

* You can do these sharp moves in Stabilize or Altitude Hold mode (but
not Loiter)



PID Review — Load Log

e Open your log in ArduPilot
WebTools PID Review:
https://firmware.ardupilot.org/
Tools/WebTools/PIDReview/

* Check that the Flight Data
Graph looks correct and there
are no gaps (logging drop outs)

e Select PID ROLL, PITCH or YAW
to look at



https://firmware.ardupilot.org/Tools/WebTools/PIDReview/

PID Review — Reading time series data

Time domain

* Time domain data is

unreadable at the default zoom
level

|||

e Zoom into the parts of the log
where you wobbled the drone
on the selected axis

|11

uuuuuu




PID Review — Reading time series data

* At this zoom level we can see ==

the individual movements i \ / \\ ML/\\ A /\ /\
* The goal is to get the Actual g pesd | “7*%? / W&Avw T e
and Target lines to sit perfectly B WK/ | / \/
on top of each other ﬂ ﬁ ‘
* It is possible to tune P:D

balance only using time series
data

e This is useful as for some
controllers time series is all we
have easy access to




Tuning P:D balance

* Without DFF the Actual will
always lag the target, that’s OK
for now

Actual peak value > Target peak value
Too much P term relative to D term

Actual peak value = Target peak value
P:D balance is correct

Actual peak value < Target peak value
Not enough P term relative to D term

A
<L
o]0)
()]
o)
\ @
0
O




Step Response

Decrease P term relative to D term.

Tuning P:D balance

* It’s also possible to do this

analysis using the step [ —
response in PIDReview o Effects of damping
* You may find this view easier oy

{=0.25

Under damped
; Decrease P term relative to D term.

Steady-state

but the information is the same

Response < %
=
|

Increase P term relative to D term.

{ =1.0 (Critically damped)
( =1.5 (Over damped)

bit of overshoot is OK but
absolutely no oscillation.

[ The red line is the goal! A tiny

Time
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Tuning P:D balance  pEEEER —————

GeoFence Stabilize Roll (Emor to Rate) Stabilize Pitch (Emor to Rate) Stabilize Yaw (Emor to Rate) Position XY (Dist to Speed)
Pk @[ ke @ |[e Ew CE e pow

ACCEL MA [1’35'70’0 B ACCEL MA [1357ob B ACCEL MA [zaébo B INPUT TC ;_'0156

1 T - 4
‘ | '« Lock Pitch and Roll Values

Basic Tuning

« What is important is the P:D ratio not [ a1 1 N
the individual values e —
Planner D
e | would suggest only changing the P EZErrreee. - B |
term during this stage of P:D balance a|r el JE T
tuning to keep things simple e g
* You can do this in Mission Planner > : -[———
Config > Extended Tuning ==
ol Z:;Ied g Ao @ Q)
[ ]

Unless you have a symmetric drone SR o T8 we E B

unlock Pitch and Roll Values and tune - L
each axis separately




Troubleshooting Oscillation

* |f you are suffering from
oscillations that don’t improve
when you reduce the P term this
could be 2 things:

* D term oscillation: High D gains
can self-oscillate independent of
the P term, to fix this reduce both
the D and P terms in steps of 10%

* Excessive filter delay can also
cause oscillations, double check
that you cannot improve your
gyro filter settings




Absolute PID Gain Tuning
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DATA PLAN SETUP CONFIG SIMULATION HELP

GeoF ence Stabilize Roll (Emorto Rate) Stabilize Pitch (Emor to Rate) Stabilize Yaw (Emos
: : 1k

Basic Tuning ACCEL MA ACCEL MA : ACCEL MA
* Once the P:D Balance of the drone has [ ———

been found we want to increase the Onboard 05D e
overall PID gain to reduce PID error MAVF® . = B

User Params ] D 1002

* They way to do this is to increase P, | Full Parameter List i
B

and D by the same multiple Planner d || 9 o Fre
° Pnew - Po|d *1.1 CubelLan 8 port Switch s FLTT _ 2 Accel

° - * Throttle Rate (VSpd to accel) WPNav (cm’s)
hew =log 71.1 a |- BTl S
— * r tadi
* D,.,=D,4*1.1 L - o S - Ll e - [

T -
. o = o RC7 Opt __ Nothing -
* This keeps P:D and P:l ratios the same : rcson

Fiter Logs RC9 Opt _ .
_ . _ T
i Kee'F In.Crea-SIn untll you Sta rt to See Static Notch Filter Hamanic Notch Filter
oscillations in the logs then back down cratid coois [Geg [l st

* Each axis should be adjusted separately

Attenuation Freguency = Harmonics

e
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DATA PLAN SETUP CONFIG SIMULATION HELP

GeoFence

Basic Tuning

* In many cases you will see a =

Onboard OSD

drastic improvement in flight uAvEy

User Params

performance from increasing  |EIEEEE

Planner

overall PID gains CubeLan 8 por v

Stabilize Roll (Emorto Rate)

P ko E
ACCEL MA

B Lock Pitch and Roll Values

Throttle Accel (Accel to motor)

-
-

pso |
oo E

Filter Logs RC39 Opt

Static Notch Filter
Enabled
Frequency
BandWidth

Attenuation

RC7 Opt

Hamonic Notch Filter

RC8 Opt

Enabled |Enabled L Attenuation

Mode __ 5
I -

Bandwidth
Options

Harmonics

RC10 Opt -

7

Refresh Screen

~Velocity XY (Vel to Accel)

[
—
ol ar i

Basic Fiters
Gyro

Accel

Loiter Speed __ 250 =
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DATA PLAN SETUP CONFIG SIMULATION HELP
GeoFence Stabilize Roll (Emorto Rate) Stabilize Pitch (Emor to Rate) Stabilize Yaw (Emos

= T - E : :
. . . Basic Tuning ACCEL MA ACCEL MA ACCEL MA B || nveutTe 0150 B
| term typically has a wide tuning [Biniedtunng

WlndOW ::::;dosn (EateRollﬁ (EdePnchﬁ‘ (Eate'{awﬁ 3
* Itis not always necessary to directly == —h =H

tune the | term (eXC.ept aS part Of Full Parameter List
overall PID gain tuning) A

* However, theoretically increasing ‘ a | e

Speed

the | term can give target tracking —a || =

1 o | Spee 250 :
Improvements . ; = C RC?DDt [Do Nothing |8 ::E:

T

. . RCB Ot Loiter Speed [1250 ¢

* | term should be increased until - —
there is evidence of | term e e

oscillations in the logs then backed
Enabled Enabled A
down 10_20% Frequency Mode

Band\width Reference

* Each axis should be adjusted e R
separately




Yaw AXIs

* The Yaw axis doesn’t usually
need a D term for typical
Multicopters

* This means that only the P:|
balance and overall gains need
to be tuned

* Before increasing P and | gains
consider reducing the Yaw Error
filtering for smaller quads

Extended Tuning
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B & Db DS

DATA PLAN SETUP CONFIG SIMULATION HELP
Stabilize Roll (Emorto Rate) Stabilize Yaw (Emor to Rate)

P P

AcCELma 135700 B ACCELMA [28300 B
B Lock Pitch and Roll Values

Rate Roll

GeoFence

Basic Tuning

Onboard OSD ~Velocity XY (Vel to Accel)

I
[
—
o0

MAVFip

ar

==
EI
i

User Params

Full Parameter List
Basic Fitters

Planner )
Gyro

Accel

CubelLan 8 port Swiich

Throttle Rate (VSpd to accel)

Tune m B RC6 Opt
RC7 Opt

RC8 Opt

Do Nothing

Do Nothing

REI0p [potatng _ |ig
THUEC

el L TL AR
s hiaTad

-0.1
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Rate PID Tuning

At this stage you should have an excellent Rate PID tune on your
drone

* If the Rate tune is good then tuning the higher level controllers will be
straightforward

* Hopefully you are already seeing a big improvement in the flight
behaviour in all modes



Attitude (Stabilize) Control Tuning



Attitude Controller Background

Waypoint Navigation

* The Attitude Controller controls
the Angle of the drone relative to posmon o e
the ground for the Pitch and Roll East/West || North/South Up/Down
axes and North for the Yaw axis

Velocity Velocity Velocity

* These are simple proportional East/West | North/South I Up/Down
East/West North/South

controllers
Rate Roll Rate Pitch

Acceleration Acceleration

* The difference between Desired
and Actual Angle is multiplied by
a factor to give the target rate of
rotation




The Ardupilot Angle PID Controller

Desired
Angle

Target

Proportional

rate of
term

rotation

Angle error

Actual Angle



The Ardupilot Rate PID-FF-DFF Controller

Feedforward

Derivative
Feedforward

Target Rate F Proportional
of rotation term

PID error
Integral term

Actual Rate

of rotation k
d

dt All the PID gains
live here




Attitude Controller Tuning
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DATA PLAN SETUP CONFIG SIMULATION HELP

* You can tune the P terms for Gea_m g 7 g [ g
these controllers in the Extended =25 QQQ

B Lock Pitch and Roll Values
Onboard OSD Rate Roll e Rate Yaw Velocity XY (Vel to Accel)

Tuning Tab -

User Params

* A larger value will give a more Fut Porametr L

Planner

aggressive response to errors in - |usiiees
N - |

attitude .
* Increase the value gradually until
R i ogs - RC9 Opt _v
you start to experience = A | ccron e

Hamonic Notch Filter

oscillations then back down 20% o ' =

Mode

or so to ensure stability —

Frequency

Altitude Hold (Al to climbrate)
000

Refresh Screen



Attitude Logging

Value Graph
ATT.DesRoll (Min:-11.93 Max: 10.42 Mean: -0.08) ATT Roll (Min: -12.69 Max: 11.61 Mean: 0.03)

* You can review the Desired vs
Actual angles in the ATT log
section

* Here you can check for
oscillations or overshoots as you
increase the Attitude P gain

* Tune each axis separately



Attitude Max Acceleration
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Maximum Lean Angles



Calculating Max Lean Angle

* The maximum lean angle should usually be
set to ensure that the drone has enough
Thrust to maintain altitude and control even
at the maximum lean angle

0,00 = COS™1( Wi )
max 0.8 ” Fmax
* This equation may give large angles of 45° or

maore

* For most applications a max angle of 30° is
sufficient and larger values can be concerning
for pilots!

Fmax




Setting Max Lean Angle

Once the max lean angle has been decided upon set
up the maximum angles:

ANGLE_MAX is the max angle allowed in all modes

PSC_ANGLE_MAX is the max angle allowed in
position hold mode (set = 0 to use ANGLE_MAX)

LOIT_ANGLE_MAX is the max pilot requested angle
allowed in loiter mode (set = 0 to use 2/3 of
ANGLE_MAX)

* | would generally recommend:
« ANGLE_MAX =30
 PSC_ANGLE_MAX =0 (same as ANGLE_MAX)
* LOIT_ANGLE_MAX = 30 (same as ANGLE_MAX)

Fmax




Throttle PID Controller



Throttle Controller Background

* The Throttle Controller controls
the Altitude of the drone

* It converts a requested vertical
acceleration into a motor output

* It includes P-I-D-FF-DFF terms
just like the rate controllers and
is tuned in the same way

Angle Yaw

Waypoint Navigation

Position
East/West

Velocity
East/West

Acceleration
East/West

Angle Roll

Position
North/South

Velocity
North/South

Acceleration
North/South

Angle Pitch

Rate Pitch

Position
Up/Down

Velocity
Up/Down




The Ardupilot Throttle Controller

Feedforward

Derivative
Feedforward

Target

Vertical Proportional
Acceleration term

PID error
Integral term

Actual

Vertical
Acceleration p k

dt All the PID gains
live here




Throttle Controller Tuning Flights

* Tuning flights for the Throttle

controller must be done in Altitude
Hold mode

* They will consist of sharp vertical
moves

e Rapid climb, rapid descent, rapid climb
etc.

* Because we are looking at
acceleration the drone doesn’t have
to change altitude very much and
the wobbles can be quite quick



Throttle Controller Logging

PIDATar (Min: -509.93 Max: 160.41 Mean: -103.21) 12.43 Max 934.31 1189) g'jl

* You can review the Throttle
Controller Logs in the PIDA log
section

Tfas
3

* As you can see the default
settings can be very oscillatory
as there is no D gain

* P=0.5
* D=0

o
Si INEEREEENR: BC ;c
<3 TVWDOMO— D == "X

FEFYA 3=

P Term Oscillation due
to zero default D gain



Throttle Controller Logging

* Reducing the P gain and adding
some D gain will eliminate the
oscillations

* In this log (an 8” drone) the P:D
balance is around 50:1
* P=0.25
* D=0.005

Value Graph

PIDATar (Min: -327.86 M: 142 PIDAAC (Min:-294 47 Max 29131 Mean:-1) PIDAP (Min:-22 62 Max: 1878 Mean:-0.1)
=== fini=8.07 :-0.01

B PIDA

PPPPP
10

Some delay and undershoot
but oscillations are eliminated




Throttle Controller D-term Noise

PIDAD (Min:-10.76 Max: 6.86 Mean: -0.06)

* As with the Rate Controllers it’s
important to check that the D
term is not too noisy

e Excessive D term noise can be
addressed by decreasing the

PSC_ACCZ_FLTD cut-off
frequency (0 means disabled)

e If needed start with ~20Hz

MSG
MULT
paom
PIDA
B Time
BT
Wi
.:
or
L]
“D
BFF
@0FF
@ Dmo
@sR:

Brag
PIDR
PIDY
]

D term is acceptable here with
SNR = 10 and FLTD disabled




Throttle Controller Feedforward

PIDATar (Min: -269.92 Max: 272.96 Mean: 12.24)

e Similar to Yaw the Throttle
controller can benefit from a
positive Feedforward term

* A larger positive vertical
acceleration naturally requires a
higher throttle setting

* FF provides this without the
need for error between the
Ta rget and Actual values FF increases motor output when larger

° Try PSC_ACCZ_FF — 0_05 to start vertical acceleration is requested
with

Tfas
3

PARM
PIDA
L
T
a
or
Ll
@0
i
@ 0mo
BsR
B




Throttle Controller Derivative Feedforwarad

_,A' DFF reduces delay between Target and
Actual

* The Throttle controller can benefit
from a positive Derivative
Feedforward term

|-}
SE0 EEEEN L5}
F499A° c0ggg>

* As with the other Rate controllers
derivative feedforward helps
reduce the delay between the
Target and Actual curves

* It is tuned in the same way as for ORISR
the rate controllers, increase DFF
to reduce delay, too much causes
Actual to lead Target and
overshoot

Check DFF signal to noise ratio at least ~10. If not
consider decreasing PSC_ACCZ_FLTT cut-off frequency  wo wobiwo  wsloon ossen

rrrrrrrr

Graph Left ] Graph Right [ Clear Graph || Load A Log - Map Time (@ Data Tal




Vertical Velocity Controller

e Sitting above the throttle
controller is the vertical velocity
controller

* This is another PID controller
PSC_VELZ_P, |, D, FF, FLTE, FLTD

* There is no derivative
feedforward or target filtering in
the vertical velocity controller

Angle Yaw

Waypoint Navigation

Position
East/West

Velocity
East/West

Acceleration
East/West

Angle Roll

Position Position
North/South Up/Down

Velocity
North/South

Acceleration
North/South

Acceleration
Up/Down

Angle Pitch

Rate Pitch



Vertical Velocity Controller

Value Graph

* To Tune the vertical velocity —
controller you can use the data in B
* CTUN > DCRt (Desired climb rate)
 CTUN > CRt (Climb Rate)

AHR2
ANG
ARM
ATT
BARO
BAT
CANS
CTRL
CTUN
BT
|
LB
8o
@ ThH
W0
.
Wca
WosA
Wsa
|
%DC
/CR
D32
DCM
DSF
DU3.

e If the Throttle Controller is well
tuned you may not need to add
much D term at all

* You should not typically need to
add any Feedforward (FF) or |

term into this controller Here tracking is good and overshoot is
minimal, slightly reduce P term




Vertical Position Controller

e Sitting above the vertical velocity
controller is the vertical position
controller

* This converts an error in the
vertical position into a target
vertical velocity

* This is simple proportional (P)
controller PSC_POSZ_P

Angle Yaw

Waypoint Navigation

Horizontal Position -

Velocity
Up/Down

Horizontal Velocity

Acceleration Acceleration
East/West North/South

Acceleration
Up/Down

Angle Roll Angle Pitch

Rate Pitch



Vertical Position Controller

* To Tune the vertical velocity
controller you can use the data in
 CTUN > DAIt (Desired altitude)
e CTUN > Alt (Altitude)

BT
M ABst
B ThH
~ DAk
At
L
W0sA
WA
BTA
@oc

* The only parameter to adjust is
PSC_POSZ_P increase it to track the [ | | e
desired altitude more aggressively [ s

Table ([ Show Params |a/None - @ Mode [ Evors [ MSG =

* Watch for overshoot/oscillation

. .- . Here tracking is good and overshoot is
\|:.V'h;~.Ch indicates PSC_POSZ_P is too minimal, P term is appropriate
18




Loiter Controller

e Sitting above the angle
controllers is the loiter controller

* This converts the target
horizontal acceleration into pitch
and roll angles

* |t also contains several
parameters which control the
drone’s movement in loiter mode

Waypoint Navigation

Position

Horizontal Position Up/DOWI’\

Velocity
Up/Down

Horizontal Velocity

Angle Roll Angle Pitch

Acceleration
Up/Down

Angle Yaw

Rate Pitch




Parameters

* LOIT_ACC_MAX the maximum acceleration to correct position errors

* LOIT_ANG_MAX the maximum lean angle in position hold mode
(usually set equal to ANGLE_MAX)

* LOIT_BRK_ACCEL the maximum braking acceleration when the stick is
centred

e LOIT_BRK_DELAY the braking delay when the stick is centred (often
best set to 0)

* LOIT_SPEED the maximum speed in Loiter Mode
* LOIT_BRK_JERK the maximum braking jerk



Jerk, Acceleration,
Max velocity

LOIT_ACC_MAX the maximum
acceleration to correct position errors

LOIT_ANG_MAX the maximum lean angle
in position hold mode (usually set equal to
ANGLE_MAX)

LOIT_BRK_ACCEL the maximum braking
acceleration when the stick is centred

LOIT_BRK_DELAY the braking delay when
the stick is centred (often best set to 0)

LOIT_SPEED the maximum speed in Loiter
Mode

LOIT_BRK_JERK the maximum braking jerk
(increasing this reduces drift when

stopping)

Maximum velocity

controls the drone’s

top speed

Velocity

Braking delay
controls how long
the stick must be
centred before the

braking manoeuvre
begins

Maximum braking
acceleration controls
how fast velocity can

decrease

Braking Jerk controls
how long it takes to
reach maximum
deceleration. And how
long it takes to fully stop
at the end of a braking
manoeuvre.



Horizontal Velocity Controller

Waypoint Navigation

e Sitting above the angle
controllers is the horizontal
velocity controller

Position Position Position
East/West North/South Up/Down

Velocity
Up/Down

* This is another PID controller O
PSC_VELXY_P, |, D, FF, FLTE, FLTD East/West North/South

* There is no derivative
feedforward or target filtering in
the horizontal velocity controller

* This converts a target horizontal
velocity into a target acceleration

Acceleration
Up/Down

Angle Yaw

Angle Roll Angle Pitch

Rate Pitch




Horizontal Position Controller

Waypoint Navigation

Position
Up/Down

Velocity
Up/Down

* Sitting above the horizontal velocity
controller is the horizontal position
controller

* This converts an error in the
horizontal position into a target
horizontal velocity

Horizontal Velocity

* This is a simple proportional (P)
controller PSC_PSCXY_P Loiter Controller

 However there are many
parameters which limit the velocity
and acceleration targets (kinematic
path)

Acceleration
Up/Down

Angle Yaw Angle Roll Angle Pitch

Rate Pitch




Tuning Horizontal Kinematic Parameters

* The parameters with the biggest
effect on the horizontal movement
are LOIT_SPEED and PSC_JERK_XY

* LOIT_SPEED is more obvious, set
this to a suitable maximum speed

* PSC_JERK_XY is more subtle,
increase this to give a snappier _
response to horizontal control Time
inputs in loiter mode

 Setting PSC_JERK_XY too high may
make the drone feel too aggressive

Velocity



Vertical Position Controller

* Sitting above the vertical velocity
controller is the vertical position
controller

 This converts an error in the vertical
position into a target vertical
velocity

* This is a simple proportional (P)
controller PSC_PSCZ_P

 However there are many
parameters which limit the velocity
and acceleration targets (kinematic
path)

Angle Yaw

Waypoint Navigation

Horizontal Position -

Velocity
Up/Down

Horizontal Velocity

Loiter Controller

Acceleration
Up/Down

Angle Roll Angle Pitch

Rate Pitch



Vertical Kinematic Path

PILOT_SPEED_UP
PILOT_SPEED_DN
controls the maximum vertical

PILOT_ACCEL_Z controls speed under pilot control
the drone’s maximum
vertical acceleration

Velocity

PSC_JERK_Z controls
how quickly the
drone reaches
maximum vertical
acceleration

PSC_JERK_Z controls
how quickly the
drone reaches
maximum vertical
acceleration




Tuning Vertical Kinematic Parameters

. PILOT SPEED _UP, PILOT_SPEED DN
Yplca y the max speed when _
C |mb|n§ is higher than when Velocity
descendin

* PILOT_ ACCEL Z controls the
maximum vertical acceleration

 PSC_JERK Zis more subtle, increase
this to reduce the delay on vertical
stick inputs and get to max vertical
acceleration quicker

* Setting PSC_JERK_Z too high may
make the drone feel too aggressive
on sudden vertical moves

Time



Waypoint Navigation Controller

* The waypoint navigation
controller sits above all other and
controls how the drone behaves
when autonomously navigating

Waypoint Navigation

Horizontal Position

Horizontal Velocity

Loiter Controller

Angle Yaw Angle Roll Angle Pitch

Rate Pitch

Position
Up/Down

Velocity
Up/Down

Acceleration
Up/Down




Waypoint Navigation Parameters
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* The waypoint navigation E

GeoFence

parameters can be found in

Extended Tuning

Onboard O

MAVFtp

* Mission Planner > Config > Full [
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Horizontal Waypoint Kinematics

WPNAV_SPEED
_ controls the cruise
Velocity speed in waypoint

WPNAV_ACCEL controls mode
the drone’s maximum
horizontal acceleration

WPNAV_JERK
controls how the
acceleration tends
to zero towards the

maximum velocity

WPNAV_JERK
controls how
quickly the drone
reaches maximum
acceleration




Horizontal Waypoint Kinematics

WPNAV_SPEED
controls the
cruise speed in
waypoint mode

WPNAV_ACCEL_C controls the
drone’s maximum centripetal
cornering acceleration. If set to
0 then use 2x WPNAV_ACCEL

WPNAV_RADIUS controls how
close the drone needs to get
to the waypoint before the
waypoint is marked as hit and
the drone moves to the next




Vertical Waypoint Kinematics WPNAV_SPEED_UP

Velocity

WPNAV_ACCEL_Z
controls the drone’s

maximum horizontal
acceleration

PSC_JERK_Z controls
how quickly the drone
reaches maximum
vertical acceleration

WPNAV_SPEED_DN
controls the vertical
speed in waypoint
mode

PSC_JERK_Z controls how
the acceleration tends to
zero towards the maximum
vertical velocity



