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MATLAB and Pixhawk
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Preliminary

The relationship between the airframe radius R and the maximum radius of a
propeller 7, 1s (the number of arms of the multicopter 1s n)

R= rmax/sin@

n

Figure. Multicopters with different airframe configurations and their geometry parameters
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Preliminary
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Figure. Solution to Hovering Endurance
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Preliminary

In order to make this chapter self-contained, the preliminary 1is
from Chapter. 3 and 4 of “Quan Quan. Introduction to

Multicopter Design and Control. Springer, Singapore, 2017” .
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Basic Experiment b & X
(2) Quadcopter (b) Hexacopter
u Experimental Objective % :%: o
B Things to prepare octo+  ocrox  xs

. . (c) Octocopter
The multicopter performance evaluation

website: https://flyeval.com/paper/.

Dongjie Shi, Xunhua Dai, Xiaowei Zhang, and Quan Quan. A Practical Performance Evaluation Method for Electric
Multicopters. IEEE/ASME Transactions on Mechatronics. 2017, 22(3):1337-1348.

B Objectives

A multicopter (e.g., a tricopter, coaxial hexacopter, quadcopter, hexacopter, coaxial octocopter, and

Fig. Some basic configurations of multicopters

octocopter) should be configured with hover endurance longer than 10 min by using the evaluation
website, where the flight environment parameters are “Altitude”: 0 m, and “Air Temperature”:

25°C. In addition, all configuration parameters and basic performance parameters of the designed

multicoEters should be recorded from the multicoEter Berformance evaluation website.
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Basic Experiment

O Configuration Procedure

(1) Configure a tricopter

The first step 1s to configure a tricopter in which the*“Total Weightis set to “1.0 kg, the “Frame Size” is set
to “450 mm”, the “Altitude” is set to “0 m”, the “Air Temperature” is set to “25° C”, and the “Aero Design” is

set to “medium”. Other parameters, including the weight and the resistance of each component, are estimated

by statistical models from the website www.flyeval.com/paper/.

‘"1;1"' Total Wei Frame Size Altitude Alr Temperature Aero Design
1.0 kg 450 mm 0 m 25 *C mediur ¥
Min. Battery Capacity Max. Takeoff Throftle FCU Max. Tilt Limit FCU & Attaches Current
15% L 85% L Mo Limit 0.5 A

Figure. TricoEter basic parameters
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Basic Experiment

O Configuration Procedure

(2) Select the brands and type specification of the motor, propeller, ESC, and

battery to comprise a feasible propulsion system.

I Motor Brand: Model:

DJi - 2212 K20
FPropeller Brand Model-
DJl v CFP 10x3.8
- i ESC Brand Model
- = * Common.. v max 304
jf Battery Erand Model Cell Structure
* Common.. - LiPo 15-3 7V-25/35C-3000mAh 3 ¥ |g5[1 ¥ |P

Calculate ! |

Figure. ProBulsion system for tricoEter
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Basic Experiment

O Configuration Procedure s.cums

Hovering Time : - 14.7 min. z 41.2% MultiCopters
(3) Calculate the parameters and | -
a _ 08 kg = 57 9% MultiCopters
R o kol B e 576 km = 65 8% MultiCopters
performance of the multicopters .
Flying Range: _ 3.87 km = 43.5% MultiCopters
Forward Speed: _ 1.2 mis z 52 5% MultiCopters
The parameters and performance
Detail Information
of the multicopters are obtained by |
Howvering Performance : Max. Throttle Performance : Integral Performance :
Hovering Time 2147 min. Flying Time o 3.4 min. MNormal Operation 2 11.2 min.
CllelIlg the “Calculate 122 button on the Throttle Percentage - 54.2 % Total Lift (26N Total Weight S1ka
: Motar Current t320A Maotor Current 151 A Remaining Load - 1.08 kg
Motor Speed CB324 1 rpm Motor Speed S 86799 rpm Max. Takeoff Altitude - 575 km
Web Slte . Motor Power S3TW Motor Power S1344W Max. Tilt Angle
Battery Voliage 1av Batiery Voliage M2V Max. Forward Speed - 11.2 mis
Battery Current S04 A Battery Current 4B 3A Mazx. Flying Range ©3.87 km
Power Efficiency CT4T % Power Efficiency CT42 % Wind Resistance -4 Degrea

Figure. Tricopter performance
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Total Wei Frame Size Altitude Air Temperature Agro Design
1.5 ka 450 mm 0 m 25 °C mediur ¥
Min. Battery Capacity Max_ Takeoff Throttle FCU Mazx. Tilt Limit FCU & Attaches Current
15% r 85% r Mo Limit w 0.5 A
I Motor Brand: Model:
A * 2312E KNVBOO -
Propeller Brand Model:
A * CFP 10x3.8 -
- . ESC Brand Model
- = * Common.. . max 304 -
f Battery Erand Model Cell Structure
* Common.. - LiFo 15-3.7V-20/30C-3700mAh = 3 .51 v P

Figure. Coaxial hexacopter configuration
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Basic Experiment

Basic Information

Hovering Time : - 13.4 min. = 39% MuliCopters
Remaining Load : _ 1 kg = 52 4% MultiCopters
Max. Takeoff . e .
Alttude R 44 km 2 59.4% MuliCoplers
Flying Range: _ 4.07 km = 44 0% MultiCopters
Forward Speed: — 0.6 mfs = 57.5% MultiCopters

Detail Information

Hovering Performance : Max. Throttle Performance : Integral Performance :

Hovering Time - 134 min. Flying Time 2 3.9 min. Mormal Operation - 10.6 min.
Throttle Percentage - 60 % Total Lift 326N Total Weight “15kg
Motor Current t283A Motor Current S101A Remaining Load 1.7 kg
Motor Speed S 5155.1 rpm Motor Speed S T7531.8 rpm Max. Takeoff Aliitude - 4.4 km
Motor Fower S2B2W Motor Power SR32W Max. Tilt Angle T
Battery Voltage eV Battery Voltage v Max. Forward Speed - 10.6 m/s
Battery Current S141A Battery Current 48T A Iax. Flying Range - 4.07 km
Power Efficiency B0 % Power Efficiency (765 % Wind Resistance -4 Degree

Figure. Coaxial hexacopter performance
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Basic Experiment

Total Wei v Frame Size Altitude Air Temperature Aero Design
1.5 kg 450 mim 0 m 25 “C mediur v
Min. Battery Capacity Max_ Takeoff Throftle FCU Mazx. Tilt Limit FCU & Attaches Current
15% L 85% L Mo Limit  w 0.5 A
I Motor Brand: Model:
A v 2312E ENVE00 -
Fropeller Brand Model:
A - CFP 10x3.8 -
- . ESC Brand Model
- - * Common.. v max 304 v
f Battery Brand Model Cell Structure
* Comman.. v LiFo 18-3.7V-20/30C-3700mAR = 3 /51 ¥ |F

Figure. Quadcopter configuration
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Basic Experiment

Basic Information

Howvering Time : 12.3 min. = 36.9% MultiCopters

Remaining Load : 0.69 kg = 40.8% MultiCopters

Max. Takeoff - i .
Altitude: _ 3.07 km = 50 6% MultiCopters
Flying Range: _ 3.58 km =47 7% MultiCopters

Forward Speed: 2.2 mis = 45 1% MultiCopters

Detail Information

Howvering Performance : Max. Throttle Performance : Integral Performance :

Hovering Time S 123 min. Flying Time © 4.6 min. Mormal Cperation - 104 min.
Throttle Percentage C60.4 % Total Lift (2TTN Total Weight S1.5 kg
Motor Current CATA Motor Current 103 A Remaining Load - 0.69 kg
Motor Speed - BG47 1 rpm Motor Speed CT748.8 rpm Max. Takeoff Altitude - 2.07 km
Motor Power SITW Motor Power 058 W Max. Tilt Angle S467
Batiery Voliage 1TV Batiery Voliage 13V Max. Forward Speed - 2.2 mis
Battery Current 153 A Battery Current 413 A Mazx. Flying Range ©3.58 km
Power Efficiency CB0.6 % Power Efficiency T7.2% Wind Resistance - 2 Degree

Figure. Quadcopter performance
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Total Wei v Frame Size Altitude Air Temperature Aero Design
15 kg 550 mm ] m 25 "C mediur ¥
Min. Battery Capacity Max. Takeoff Throftle FCU Wax. Tilt Limit FCU & Attaches Current
15% r 85% v Mo Limit 0.5 A
Moitor Brand: Model:
DJl - 2312E KENMBO0 v
Fropeller Brand Model:
DJl - CFP 10x3.8 v
ESC Brand Model
* Commaon.. - max 304 -
Baftery Brand Model Cell Structure
* Comimon.. - LiPo 15-3.7V-20030C-3700mAh - = 3 |51 v P

Figure. Hexacopter configuration
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Basic Experiment

Basic Information

Hovering Time : _ 14.8 min. = 47 3% MultiCopters
Max. Takeoff — - .
preebi B S9%Hm x5k MuCopters
Flying Range: _ 3.87 km =43 6% MultiCopters
Forward Speed: — 11.8 mis = 54.1% MultiCopters
Detail Information

Hovering Performance : Max. Throttle Performance : Integral Performance :

Hovering Time 2148 min. Flying Time - 3.2 min. MNormal Operation 211 min.
Throttle Percentage 532 % Total Lift S39TN Total Weight 15 kg
Motor Current (205 A Motor Current C009A Remaining Load 1.69kg
Motor Speed - 4510.8 rpm Motor Speed - 7H30.6 rpm Max. Takeoff Alfitude - 593 km
Motor Fower 201 W Motor Fower SEhEW Iax. Tilt Angle t62”
Batiery Voliage eV Batiery Voliage SV Max. Forward Speed 11 8 mis
Battery Current C128A Battery Current IR0 4 A Max. Flying Range C3.87 km
Power Efficiency 738 % Power Efficiency 754 % Wind Resistance -4 Degree

Figure. Hexacopter performance
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Total Wei » Frame Size Alfitude Alr Temperature Aero Design
15 kQ 550 mm 0 m 25 "C mediur v
Min. Battery Capacity Mayx_ Takeoff Throttle FCU Max. Tilt Limit FCU & Attaches Current
15% v 8h% v Mo Limit 0.5 A
1 Motor Brand: Model:
Dl - 2312E KNMBOO -
Fropeller Brand Model:
N ] - CFFP 10x3.8 -
- . ESC Brand Model
- = * Commaon.. v max 30A -
I Battery Brand Model Cell Structure
* Commaon.. v LiFo 15-3.7V-20/30C-3700mAR - 3 /51 v |F

Figure. Coaxial octocopter configuration
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Basic Experiment

Basic Information

Hovering Time - 15.2 min. = 42% MultiCopters

Remaining Load :

188 kg = G5 3% MultiCopters
Max. Takeoff — .
Alfitude: = 67.9% MultiCopters
Flying Range: 4.03 km = 44 5% MultiCopters

=11
&)

=

3

Forward Speed: 12.89 mis = 56.2% MultiCopters

Detail Information

Hovering Performance : Max. Throttle Performance : Integral Performance ;

Hovering Time S 152 min. Flying Time o3 min. Marmal Operation - 11.2 min.
Throttle Percentage B13% Total Liit 42N Total Weight S1.5 kg
Motor Current 18T A Motor Current D8 A Remaining Load 1.68 kg
Motor Speed - 4464 .4 rpm Motor Speed S 7547 .2 rpm Max. Takeoff Alfitude - 6.38 km
Motor Power S183W MMotor Power CEEIW Mazx. Tilt Angle 637"
Battery Voltage eV Batiery Voliage S10av Max. Forward Speed - 129 mis
Battery Current C125A Batiery Current (G288 A Mazx. Flying Range - 4.03 km

Power Efficiency T8 3% Power Efficiency TE % Wind Resistance -4 Degree

Figure. Coaxial octocopter performance

< i EITEFHRA

BUAA Reliable Flight Control Group



Total Wei v Frame Size Altitude Air Temperature Aegro Design
1.5 kg G50 mm 0 m 25 "C mediur ¥
Min. Baitery Capacity Mazx. Takeoff Throttle FCU Max Tilt Limit FCU & Attaches Current
15% r 35% r Mo Limit 0.5 A
I Motor Brand: Model:
oJl - 2312E KVB00 -
Fropeller Brand Model:
0Jl - Cluanum 36 -
- . ESC Brand Model
- = * Commaon.. - max 304 -
I Eattery Brand Model Cell Structure
* Common.. * LiPo 15-3.7V-65/100C-5000mAh = 3 ¥/51 v P

Figure. Octocopter configuration

\
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Basic Experiment

Basic Information

Hovering Time : E _ 20.4 min. =49 3% MuliCopters
Max. Takeoff S B .
Altude: i - A 7.31km = 70.9% MuliCopters
Flying Range: E _ 4.72 km = 45 5% MuliCopters
Forward Speed: E — 12.7 mfs = 55 9% MuliCopters
Detail Information

Hovering Performance ; Max. Throttle Performance : Integral Performance :

Hovering Time - 204 min. Flying Time - 3.4 min. Mormal Operation - 14.8 min.
Throtile Percentage B0 % Total Liit 498N Total Weight 15 kg
Motor Current S10A Motor Current tO3A Remaining Load c2.37 kg
Motor Speed - 4471.6 rpm Motor Speed S 8232.6 rpm Max. Takeoff Aliftude - 7.217 km
IMotor Power S146W IMotor Power 908w Mazx. Tilt Angle 672"
Battery Voltage 119 Battery Voltage “11av Max. Forward Speed - 727 m/s
Battery Current S125A Battery Current ST41A Mazx. Flying Range S472 km
Fower Efficiency TR % Fower Efficiency S81T % Wind Resistance -4 Degree

Figure. Octocopter performance
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Basic Experiment

[J Remarks

(1) Diagonal size is too small

When the “Propeller Brand™ option in the website 1s chosen as “CFP 10x3.8” (i.e,
the diameter 1s 10 in =25.4 mm), the minimum diagonal size for the tricopter 1s

obtained as

diagnal size = 10X25.4/sin(180° /3) X 1.2
=352 mm.
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[J Remarks

(1) Diagonal size is too small

If the diagonal size is selected
too small such as 100 mm, the
website will return an error
message.

An error message:

* The vehicle body frame does not
match with the chosen propeller, please

change the body frame of the propeller

\

Basic Experiment

L B Total Wei »
: 1 1.0 kg

Min. Battery Capacity
15% A4

" Motor Brand:
DJl

Fropeller Brand
DJl

ESC Brand
* Common..

A
s

Baftery Erand
* Common..

Frame Size Alfitude Air Temperature Aero Design
100 mm 0 m 25 "C mediur ¥
Max. Takeoff Throttle FCU Max_ Tilt Limit FCU & Attaches Current
85% v Mo Limit 0.5 A
Model:
2212 K\VO20
Model:
CFP 10x3.8
Model
max 304
Model Cell Structure

LiPo 15-3.7W-25/25C-3000mAh =

Error:

* The vehicle boedy frame doesn't maich with the chosen propeller, please

change the body frame or the propeller.

Figure. “Diagonal size is too small” error
g g
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[0 Remarks

(2) Current is too large

An error message:

* The motor current is excessive, please
verify the limits (current, power, rpm) of
the motor defined by the manufacturer.

\

Basic Experiment

L P Total Wei »
¥ 1.0 kg

Min. Battery Capacity
15% A

i Motor Brand:
DJl

Fropeller Brand
DJl

ESC Brand
* Common..

(A
s

f Battery Brand
* Common..

Frame Size Altitude Air Temperafure Aero Design
450 mm 0 m 25 "C mediur v
Max_ Takeoff Throitle FCU Max. Tilt Limit FCU & Attaches Current
85% A Mo Limit 0.5 A
Model:
- 2212 KNG20
Model:
- CFP 10x3.8
Maodel
- max 30A
Model Cell Structure
v LiPo 15-3.7V-25/35C-3000mAh  ~ 5 v 51 v | H

Error:

* the motor current is excessive, please verify the limits (current, power, rom)

of the motor defined by the manufacturer,

Figure. “Current is too large” error
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gf Analysis Experiment
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0 Experimental Objective

B Things to prepare

The experiment requires a quadcopter whose total weight 1s 1.5kg, and a scenario

where the flight altitude 1s 50m and the local temperature is 25°C. The parameters of

the propulsion system are listed in Table.

Table. Propulsion system parameters

Component Parameters
Propeller | APC1045 (Dp=101in, Hy=4.5in, Bp=2), C7=0.0984, C\=0.0068
Motor Sunnysky A2814-900 (KWFQUE_} RPM/V, Rpn=0.08 0,
WinMax=335W, Lepax = 0.6 A, Uy = 10V)
ESC Temax=30 A, R.=0.008 Q
Battery ACE (Gy=4000 mAh, Up=12V, Rp=0.0084Q, K}, = 65C

LA EVTERMRA
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Analysis Experiment

O Experimental Objectives
B Objectives

(1)

(2)

3)

Show a detailed process for calculating the hover endurance and compare the obtained result with

the result from the multicopter performance evaluation website https://flyeval.com/paper/;

Calculate the hover endurance values under different temperatures (e.g., 0 °C , 10 °C , 20 °C,
30 °C, 40 °C) at different locations such as Beijing, Shanghai, Lhasa, and Changsha. Then, based

on the obtained results, analyze the hover endurance with respect to altitude and temperature;

Analyze the hover endurance with respect to the size and number of propellers.
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https://flyeval.com/paper/

Weight

Blade
Number

Analysis Experiment

O Calculation Procedure for First Objective

Temperature Propeller

Temperature Propeller
and Altitude Parameters

—

—)

(Thiust

Single Thrust

I\ Inverse
d

Thrust Model

Speed

and Altitude Parameters

SR URY

Equivalent Motor
Voltage and Current

Motor Parameters

ol

Motor Model

ESC Batter

<& <L

—>

Torque Model >

Torque

(=
G

v

Parameters Parameters

Battery Parameters

Throttle Rotor

command Number

=

ESC Model

—

Il

<

N\

ESC Input Voltage
and Current

Battery Model

Hovering
Endurance

(1) Calculate the thrust

The thrust generated by a single propeller is

calculated based on the total weight of the quadcopter

as follows

G 15x98
n

T = =3.675N.

r

A ETEHRREE
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Analysis Experiment

O Calculation Procedure for First Objective

Temperature Propeller Temperature Propeller

@ {77 (2) The motor speed NV and the propeller torque M
v = > 4:> are calculated based on the thrust model
Blade {: R ’ _l// Thrust Model que
—— First of all, by using the flight altitude and the
I @ <IL temperature, the atmospheric pressure is obtained as

5.2561
P =101325| 1-0.0065
273+1

arameters Parameters ers 5.2561
@ @ Throttle Rotor @ 5 O
command Number - 1 O 1 325 1 — O- 0065
B :D ::> | :(> — 273+25
)1 ESC Model Battery Model Endurance

ESC Input Voltage > - 10074552Pa
A EHTERRREA
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;f Analysis Experiment

-

J¢

P =
S "%
¢ gRi™

O Calculation Procedure for First Objective

Temperature Propeller Temperature Propeller
and Altitude Parameters d

{77 {77 ) @ {77 (2) The motor speed /N and the propeller torque M

Speed Torque

LN e soda > are calculated based on the thrust model

Thrust Model |/>

‘Weight

Blade
Number

Single Thrust

-
£
g

— Then, by using the obtained atmospheric pressure, the air
’ @ density is obtained as

ffolﬁlfl‘;: e: i:[l-\?l:)‘:‘kent <_ 2 7 3 })Cl
IO =
< 101325(273+T,
Pm'lz;:lifters PRI:'::::;)E:I‘S Battery Parameters 2 7 3 * 1 O O 74 5 o 5 2

> L 101325(273+25)
command Number _I_
), ESC Model

Motor Model

)po

Hovering

Battery Model :> Endurance 3
=1.178kg/m
ESC Input Voltage

and Current

A ETEHRREE
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Analysis Experiment

O Calculation Procedure for First Objective
(2) The motor speed /N and the propeller torque M are calculated based on the thrust

model

B by using the air density and the B the torque of the propeller is
parameters of the propeller, the motor

speed 1s
2
N =60 |— _M:pDﬁ&ﬂM)
pD *C; fl> 60
2
- 60 507> =1.178*(10*25.4/1000)’ *0.0068*(5236'5 lj
1.178(10*25.4/1000)" *¥0.0984 60
= 5236.51RPM =0.0645N-m

A ETEHRREE
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Analysis Experiment

(3) The equivalent motor current 4And the

Temperature Propeller Temperature Propeller
and Altitude Parameters and Altitude Parameters

{_} {_} equivalent motor voltage U are calculated

Speed Torque

Weight Thrust
Single Thrust J Th::::\;;f)del _: > Torque Model > based OIl the mOtOl. mOdel

Blade :>
Number
}i JMKVOL m0

Motor Parameters

m +]m0
{} 9.55(U ny = 1o Ry
E{lﬁi\;alfflltl.\‘lz?t?l“ . . 00645*900*10 n O
: 9.55(10-0.6*%0.08)

< =6.708A

ESC Battery
Parameters Parameters Battery Parameters MKVOUmO — [mORm

U, = +ImOJRm + Yo
@ @ Comand . @ 9.55(U,,y —1,0R,) Ky oU 0
. * * _ %k
4> :> ZD :Déii‘;ﬁ.‘:iii _[ 00457900710 (g g 10007008 5536 54
900*10

—— > 9.55(10—0.6*0.08)
aﬁd(ui'l‘ent h :6327V

A ETEHRREE
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Analysis Experiment

Temperature Propeller Temperature Propeller (4) The ESC input Um —|— ]mRe

and Altitude Parameters and Altitude Parameters O =

@ @ @ @ throttle : o Yy

Weight Thrust Speed Torque

6.327+6.708*0.008
Single Thrust :l/l\ Thrust Model _> Torque Model _> =

Blade
Number

A

12

Motor Parameters - O 5 32

Equivalent Motor :

R, [ the ESC input I =ol,
< —0.532%6.708
current ]e:

ESC Battery — 3 567A
Parameters Parameters Battery Parameters )

> ESC Model > [ Battery Model :D Eﬁ?:ﬁﬁ‘:i;fe the ESC illpllt Ue = Ub o ]bRb
ESC Iuput Voltage > VOltage Ue e = 12 — 14768 * 00084
=11.876V

LA EVTERMRA

BUAA Reliable Flight Control Group



Analysis Experiment

(5) The hover enduranceis calculated based on the

Temperature Propeller Temperature Propeller
and Altitude Parameters and Altitude Parameters

@ @ battery capacity and the battery current model

Weight Thrust Speed Torque

Single Thrust —I\ Inverse 4> Torque Model 4> = the battery current Ib : [b — nr[ e +1 other

Blade Thrust Model

S = 4%3.567+0.5
Motor Parameters — 1 4.7 6 8 A

Equivalent Motor :
Voltage and Current K

Motor Model

B the minimum battery

C,~Co, 60
Parfl:;fters PRII;'::::SE:I'S Battery Parameters Cap ac ity iS taken as [ b 1 OOO

R 15% of the total 4000-4000x0.15 60

_> ESC Model Battery Model > Eﬁllfl‘lﬁl:ﬁfe capac ; ty hover 14.768 1000
’ = 13.8min

ESC Input o e )
and Current

endurance 7, :

A ETEHRREE
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Analysis Experiment

O Calculation Procedure for First Objective

-n- Total Wei v Frame Size Alfitude Alr Temperature Azro Design
(6) The result calculated 0 _jm B B__Ie medir v
Min. Battery Capacity Max. Takeoff Throttle FCU Max Tilt Limit FCU & Attaches Current
15% v 85% v Mo Limit 0.5 A

above iIs compared by

' Motor Brand: Model:

° ° SunnySky ¥ Angel A2814-KNV300

using the multicopter
Propeller Brand Model:

f l . APC - 10:4 5MR
periormance evaluation
- " ESC Brand
° - E * Customized...

WebSlte Constant Discharge Current Mazx. Lipo Cells Resistance (*Optional) Weight (*Optional)
30 A 3 ¥ |5 g me g

https://flyeval.com/paper/. oy BB
Cell Type Cell Structure Capacity Max. Const. C Resistance (*Cptional) Weight (*Optional)
Li-Po ¥ 3 s 4000 mAh 65 C 2.4 mi g

Figure. Quadcopter configuration
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Analysis Experiment

O Calculation Procedure for First Objective

The obtained result 1s

Detail Information

Hovering Performance :

Howvering Time 2 13.8 min.
Throttle Percentage 537 %
Motor Current 135G A
Motor Speed - 5235 8 rpm
Motor Power 1352W
Battery Voltage 11eyv
Battery Current T14T A
Power Efficisncy C79.6 %

Max. Throttle Performance :

Flying Time 2 2.9 min.
Total Lift 414N
Motor Current 1T TA
Motor Speed S 87881 rpm
Motor Power 166.6 W
Battery Voltage 114V
Battery Current CTTA
Power Efficisncy 783 %

Integral Performance :
Mormal Operation

Total Weight
Remaining Load

Max. Takeoff Altitude
Max. Tilt Angle

Max. Forward Speed
Mazx. Flying Range

YWind Resistance

Figure. Results of the multicopter performance evaluation website

10.3 min.
S 1.5 kg

-1 76 kg
26,14 km

]
)

14.7 mis

4.43 km

-5 Deqgree

It can be observed that the
calculated hover endurance is
consistent with the result on the
multicopter performance

evaluation website.

\
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Analysis Experiment

[0 Analysis Procedure for Second Objective

(1) Hover endurance with respect to altitude

']'-f Total Wei v Frame Size Altitude Air Temperature Agro Design
15 kg 450 mm 4 m 25 “C mediur v
. . Min. Battery Capacity Ma:x. Takeoff Throitle FCLU Max. Tilt Limit FCU & Attaches Current
The b381c Conﬁguratlon 15% v 85% v Mo Limit v 0.5 A
" Motor Brand: Model:
parameters of our chosen o , 2212 kv
1 ” Propeller Brand Model:
testing multicopter are shown ropalr Bran e
- W WY bt
” ” - pw .  ESCBrand Model
ln Flgure’ ~ = * Common.. v max 30A
f Battery Brand Model Cell Structure
* Commaon.. - LiPo 15-3.7V-20/30C-5000mAh = 3 ¥(S5)1 ¥|P

Figure. Multicopter configuration for study on hover endurance with respect to altitude
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[0 Analysis Procedure for Second Objective

”& Analysis Experiment

(1) Hover endurance with respect to altitude

With the other configurations unchanged, the table presents the changing trend of hover

endurance in different cities.

Table. Hover endurance with respect to altitude

Site
Shanghai
Beijing

Altitude/m Hover endurance/min

4
43.5

Changsha 500

Lhasa

3658

16.5
16.5
16.1
13.5
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The higher the altitude is,

the shorter the
endurance will be.

hover
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‘f“ Analysis Experiment

[0 Analysis Procedure for Second Objective
(2) Hover endurance with respect to temperature

Table. Hover endurance with respect to temperature

Temperature/°C Hove endurance/min

0

10
20
30
40

17.1
16.8
16.6
16.3

16.1

The higher the temperature is, the

shorter the hover endurance is.
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[0 Analysis Procedure for Third Objective

(3) Hover endurance with respect to propeller size

Table. Hover endurance with respect to propeller size

Propeller size(in) Hove endurance(min)
The larger the propeller is, the longer the

10 17
04 16.5 hover endurance is.
) 15.9

8 14.5
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Analysis Experiment

[0 Analysis Procedure for Third Objective
(4) Hover endurance with respect to the number of propellers

Table. Hover endurance with respect to the number of propellers When the number of propellers is

Type 1 et ERENHINES) i equal, the hover endurance is
Octocopter 18.4

Coaxial octocopter 17.2 shorter for a coaxial multicopter. In
Hexacopter 16.8 general, when the total weight is the
Quadcopter 14.5 same, the more the number of
anx1al e oy piet e propellers is, the longer the hover
Tricopter too heavy to take off

endurance is.
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[0 Experimental Objective

B Things to prepare
The multicopter performance evaluation website https://flyeval.com/paper/.

B Objectives

(1) Design a multicopter. The altitude is 0 m, the local temperature is 25° C, the
load weight is 1.0kg, the weight of airframe, autopilot, and other accessories is
also 1.0kg, the total weight is lighter than Skg, the circumferential circle radius
is smaller than 39.37 in (approximately 1 m), the hover endurance is longer than

15min, and the hover throttle is less than 65% of the full throttle;
A ETEHRRA
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Design Experiment

B Objectives

(2) The configuration parameters and basic flight performance parameters of the

multicopters should be listed and compared with the results from multicopter the

performance evaluation website https://flyeval.com/paper/.
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[0 Experimental Design

Select the motor based on the

(1) Choose to design a quadcopter thrust of a single propeller

A quadcopter is designed to meet the

objectives in the design experiment. Select ESC and the battery
based on the maximum current

The design procedure is shown on the of the motor

right.

Determine the size of the

propeller
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Design Experiment

[0 Experimental Design
Only motors with thrust

between 7.54N~18.85N are

(2) Determine the thrust of a single propeller

When the quadcopter is hovering, the thrust of a single propeller is
5 considered.
T = Zx 9.8=12.25N.

hup —

When the propulsion system weight is not considered, the propeller should provide at least the
total weight of the payload and the airframe, autopilot, and accessories, etc., which is 2 kg. Thus,
the thrust of the single propeller is

= %x9.8 =4.9N.
4

To leave a safety control margin, the maximum thrust of a single propeller is

T

h,down

(T

max,down ? max,up) _ (

T

h,down ?

T,.,)/0.65=(7.54N,18.85N)
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[0 Experimental Design
(3) Calculate the maximum size of the propeller

Based on the maximum size limit of the quadcopter, the following relationship is obtained as

r.. +R<lm

namely,

r

max

v o= <lm
sin(180° / 4)
Then 7, <0.414m. In order to leave a safety margin, the maximum size of propeller has to satisfy
as

F, =g / (1.05 ~1.2) = 345 ~ 394 mm.
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(4) Select a motor

Appropriate motors are selected by
browsing the manufacturer’s official
website, such as T-MOTOR motors.
Readers can go to the T-MOTOR

official website:
http://uav-en.tmotor.com/

to select multirotor and the MN4014

motor in the MN series 1s selected.

E-MDTDR Multirotor

HHHHHHHHHHHHHHHHHHHHHHH

Motor

U Series

P Series

Navigator Series

Antigravity Series

Gimbal Series

Figure. T-MOTOR motor selection
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ESC

ALPHA Series

FLAME Series

Air Series

T Series

Propeller

Ultra Light
Glossy

Polish

Folding

Polymer Straight
Polymer Folding

VTOL
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[0 Experimental Design

Load Testing Data

Ambient Temperature / Voltage DC Power Supplier
o Vot e O Pover oy | o | O ,
L e R In“Load Testing Data”, readers can
observe the thrust of the motor under
85% 10.1 224 22 1690 5600 7.54
different throttle values. When the
50% 4.3 95.46 950 3700 9.95
voltage 1s 22.2V and the propeller is T-
MMNA014 KV330 222 T];]?ISFR 5% 96 213.12 1750 4900 8.21 50
MOTOR 15 x5 CF, the max thrust is
100% 4.7 326.34 2390 5600 7.32
1.92 kg(18.82N).
65% 8 177.60 1580 4100 8.90
£5% 14.4 31968 2300 5100 719
100% 1 37740 2600 5400 589 Figure. Motor specifications
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[0 Experimental Design

(5) Select an ESC
If “T-MOTOR ESC” is selected and the

maximum current of the selected motor is

25 A, then the “AIR 40A ESC” with a

T— continuous current of 40A 1s selected.

USD100 Consumption Free Shipping by DHL Express (Exc

| |

SPECIFICATIONS

Model ‘Con.(:urmnt Peak Current (108) |BEC Lipo | programmable [tem Weight| Size(L"W*H)

Timin

| (ntermedate/Hign) | 269 | ssemmzszmmilamm | Bigure. T-MOTOR ESC specifications

AIR 40A ‘ 40A GOA | NO | 2-6S
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0 Experimental Design
(6) Select a propeller

Diameter/Pitch 157 *5 (381mm*127mm) Working Temp -40°C ~ 65°C
Weight (single propeller) 26.5g Storage Temp 10°C - 50°C
Material CF+Epoxy Storage Humidity

5 Prop-2P
Surface Treatment Polished Optimum RPM 5200-7000 RPM/min
Propeller type 2blades-integrated Thrust Limitation 6kg

- ‘“f - Figure. A T-MOTOR propeller’s specifications

o4 Here, the T-MOTOR propeller is selected. Moreover,

;t |T| .. according to the matches being offered, the P15X 5 propeller

Figure. -MOTOR propellers is selected. From the basic parameters, the weight of a single

propeller 1s 26.5g.
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Design Experiment

(7) Select a battery

Here, if a GENSACE 12000-mAh battery is selected, according to the motor, ESC and

propeller selected above, the total weight is as follows

G =(2+(0.171+0.026+0.0265) x4 +1.46)x 9.8 = 42.6692 N

Then, the thrust provided by a single propeller is as follows

T = %x 9.8 =10.6673N.

The throttle at this time is less than 65% of the full throttle. Then, it can
be determined that the thrust is 10.662N and the motor current is 5.78 A,
by using simple linear interpolation between 50% and 65% of the throttle.
The hover endurance is calculated as

C,—-C.. 60 0.85x16000
"1 1000 5.78x4+0.5
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T *0.06=25.9min

All Categories

y -

[] Include description

N J Shopb

Related: gensace4s gensace3s gensace2s gensacebs

Categories
All
< Toys & Hobbies
< Radio Control & Contfrol Line
RC Model Vehicle Parts & Accs

All Listings | Auction | Buy It Now Condition Delivery Options w
BestMatch v | | = ~

415results QO Save this search

Control, Radio & Electronics

Other RC Parts & Accs

Price

Under RMB 250.00 RMB 250.00 to RMB 530.00 Over RMB §30.00

Body Parts & Interior
Sporting Goods

Lrens QCC

Iy

2 Packs Gens Ace 5000mAh 45C 22.2V Lipo
68 Battery for RC Helicopter Boat Cars
Brand New

W 7 product ratings

Cameras & Photo
eBay Motors
Consumer Electronics
Show More ¥

RMB 1,396.02 @ Top Rated Seller

-y

Voltage Buy It Now From United States
B = & *5000mAh  RNB 166.57 shipping
d72ve «ECSplug sasc.eoc 16 Watching
[] 7.4v 0 Q Watch
[I84ve
] 111ves 7 Gens Ace 2200mAh 3S 11.1V 25C 50C Lipo
|i ) Battery : Helicopter Airplane Deans Plug
= (R Brand New

Figure. GENS ACE batteries
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(8) Recalculate the diagonal size

The diagonal size is recalculated based on the size of propeller

2xr,  15x25.4

o [180] ~ sin(180/4)

2R = = 539mm

n

T

To leave a safety margin, a diagonal size of 600mm is adopted.
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(9) Compare with the flight performance calculated by the performance evaluation
website.

Frame+L v

2.0 kg

Min. Battery

Capacity
15% v

Motor Brand:
T-MOTOR

Propeller Brand
T-MOTOR

ESC Brand
T-MOTOR

f Battery Brand
ACE

Figure. Multicopter configuration for design experiment

Frame Si Alfitude Alr Temperature
00 mm 0 m 25 C
Max. Takeoff Throttle FCU Max. Tit Limit
NoLimit ¥ 0.5
Model:
MN4014 KV330
Model:
15x5 CF
Model
AIR 404
Model
LiPo TATTU 68-22.2V-15C-12... »

LA EVTERMRA

BUAA Reliable Flight Control Group

FCU & Attaches Current

Bettery Assemibly



Design Experiment

D EXp erimental Design It can be concluded that the

hover endurance calculated by

Detail Information . .
the website is close to the hover

Hovering Performance : Max. Throttle Performance : Integral Performance : endurance by estimated. The
Hovering Time C 225 min. Flying Time S 7 mim. Mormal Cperation 2178 min.
Throtile Percentage - 626 % Total Lift 194.3 N Total Weight - 4.56 kg remaining load of the aircraft is
Motor Current 669 A Motor Current I21EA Remaining Load 28 kg .
) ) still very large and about 5.44kg.
Maotor Speed S 4623.5 rpm Motor Speed C6716.3 rpm Max. Takeoff Alfitude - 255 km
Motor Power 1322 W Motor Power CHTEW Max. Tilt Angle 517" If want to continue to increase
Battery Voliage 23TV Batiery Voliage 22av Max. Forward Speed 12 4 mis R
the battery life, the readers can

Battery Current “2T2A Battery Current TAT3A Ma:x. Flying Range S8.5 km
Power Efficiency 1809 % Power Efficiency S70.8 % Wind Resistance - 4 Degree increase the battery capacity

Figure. Flight performance of designed multciopter without changing the overall

structure.
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Summary

(1) The performance evaluation of a multicopter can be easily obtained through the multicopter
performance evaluation website https://flyeval.com/paper/. After the propulsion system and flight
environment are set, performance results can be obtained, such as the hover endurance, available

payload, one-way flight distance, and maximum forward flight speed.

(2) Based on the propeller, motor, ESC, and battery model we have established, the hover endurance of a
multicopter can be estimated with the given propeller parameters, motor parameters, ESC parameters,
and battery parameters. Under the same condition, according to the above model analysis, it can be
inferred that the higher the altitude or the higher the temperature 1s, the shorter the hover endurance is;
the larger the radius of the propeller or the more the number of propellers is, the longer the hover

endurance 1s.
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Summary

(3) Given the flight environment of a multicopter, load capacity, maximum weight, maximum size, and
minimum hover endurance, readers can select the propulsion system that meets their design
requirements based on the product data provided by the manufacturers of the motor, ESC, propeller,
and battery.

(4) The following modeling experiments (in Chapter 6) are based on the parameters generated by this

experiment.

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

A ETEHRREE
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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 55
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https://www.springer.com/us/book/9789811531378
https://github.com/RflySim/RflyExpCode/issues
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