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ABSTRACT

An integrated flight simulation program for multicopter drones is presented. The program
includes rigid body dynamics, propeller thrust, battery energy, control, and air. Using this
program, users can monitor and analyze the states of drones along flight trajectories. As a
programming language, Modelica has been chosen, that specializes in simulation program
development. Modelica enables users to develop simulation programs efficiently due to
acausal and object oriented properties. For missions including horizontal and vertical
maneuvers, many dynamical states of drones have been analyzed with simulation results.
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Fig. 1. Modelica program example
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Fig. 2. Architecture of conventional
simulation programs
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Table 1. Modules for multi copter drones Table 2. Variables of connectors
Module Role Name potential variable flow variable
body rigid body dynamics position, attitude, force, torque,
- angular velocity, mass,
bodyShell aerodynamic force/moment ExtFrame+ gvelocity, Y inertia moment,
motor action and reaction torque CG position massxposition
propeller thrust and moment PowFlow energy power
: : : density, speed of _
battery electric power reservoir AirFlow sound, air speed
sensor to sense motions Gravity position aravity (@)
FCS flight control system Flange»+ angle (1d) torque (1d)
ar density, temperature, wind *extended from existing connector, **existing connector
gravity gravity force
3l T
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Fig. 4. Modelica connector concept

connector PowFlow
Real Energy;
flow Real Power;
end PowFlow;

Fig. 5. Connector definition code
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Fig. 6. Rigid body dynamics and multi body

ExtFrame&

34 Boll 2

gd. oy mEol 239 uw, ojd Waow
A =

A A, ¥ ea AT 5 Aok S, 4 2
o AR %9 ARE FU BF Fasie] 9A
AT AA FHo| ALtE. RHEE 3ol 9
@ A% Bol 225 @RS AolRaTy ETHE
F7bsk=H, Fig. 614 AEH= ¥, ZHE, #
ARRE Bge g 2o

F 2

T+(r+r,) X F—wxh ©))

[‘]]aq+m(rTT]3x3_7""jj 4)

oA mEo 9g wW(
9, ol5e AdEe /%

of

1,2,-+), Fig. 4°lA*]
oo ezt A



440 A=

THE I A 7 T B

e e,

A AFEm)H AZFSA(reg)S

T:Emi/ Toa = (Zmz ng)/mT @)

A AR E flow WFely] Wi, 7
259 #s dgstd m o r gt AFSE A
A7) mEe WAsets, dFs g
AEAT BT ALAD m % o7t AE
o7 AAMRG oldd EFL AYE flow
St

¢
P
rr
J
Jlm
O
i
ol[‘
2
Mo
-
N
olf
Ol

31 Z2a¥ 7= MA

, grolBnegj el RE

i, ot e HAA dAste

g z‘z =SS Tt A dATTHE

2 BRES AAEY, AAEEE =4 HOk t‘&t}.
2E i

= (Z )
EEL AAHoRE A &

2 7pg gt A w98 e o3 2o12].

E_El_lau z}/H [¢)

32 FR
321 &

P = Yt mg” 6)
S0 = —wx ([J,w) +>,M 7)
7= 510l ®
ry =" = [R|% ©

S(w), AEUA(g), F(F),
Qo) Z&E=
e A
A 23EA|(B) ol Wﬂ 740]74“} 4”4374]
of g AL ™A EE BASIG. dE (R
T #E4HE 74]"“’\1 &3 AHE A FEA
A o2 H33= sPPo|rt,

oo, &
Aol 21 (6)~(9)

o] E% 2 ExtFrame #YHE
3 ZWEE

2 & 2 tH15,16].

T, = CpA(RR)?, Q = CpA(RR)’R (10)

1 Ne [90 01 A}
CT_QWR L3 4 2 (11)
A Cp Cye, CIBAH(EHCIE 84 o8
T) S APH R Feh=r[15], AlEd el
AT E Y F Jde T2 240y 24
2o ¥ Egx REHE AgdAn
I8 Z2H 9 Z,l—_?_%a‘t(JPQ)ﬁ C 29
A LF(w) W, Aol22xY Bt ZE
itk A Z2dgo 9% 3 mWEE th
&3 2oh(u, = 99 TFAH)
F= T, (12)
M=(r,+1) X F —wx (£ .J0u) (13)
+= 2] A W) oA AAT=

w298 ST 3

Ed =

qQ EI(T )E 4

req
oz E5 34 E_:LO]E}(Rg 7 Za1).
=Q,tc Q—I—(

req

A AEEHE EHEE whAbg B9 3
Azte] Aolz 2~z

BEAA ARste dHe ted ged, A%
e o] oA B 2

E;)attery == P=— ﬂ‘eqn (16)

|
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Fig. 8. Propeller and motor module
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Fig. 17. Guidance loop concept diagram
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Fig. 18. Libraries for multi copter drones
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Table 3. Example quadcopter parameters

Value
Parameters
mr 1.34 kg
[Jr diagl 1.11, 1.11, 1.16 ] (kg-m?)
Sref, /ref 1 mz, 1 m
Cr [ 0.01, 0.02, 0.04 ]
Cu all zeros
arm length 05 m
c R 0.01 m, 0.1 m
N, 2 (blade number)
blade G 0,=2.0, 0,,=0, A=0, ¢, =0.1C7
rotor =d=1x10"° kg-m?, ¢=2x10"° Nm/s
battery 6000 mAh, 15.2 V (initial value)
Kerr 100 / [100 - 25+ 7; - 0.0065A]
B, To 101.3 kPa, 25T
. uy=5%[1 - 1/(A+1)], B\=60°
wind start at t=50 sec
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Fig. 20. Simulation program

Table 4. Mission scenario

time (sec) Target position (X,Y,h)E (m)
0~ 50 0, 0, 100

50 7 120 0, 200, 100

120 7 190 200, 200, 100

190 ~ 260 200, 200, 500

260 T 330 200, 200, 1000

330 T 400 200, 200, 1500
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Fig. 21. Simulation results: positions
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Fig. 22. Simulation results: battery energy

rpm
11000

9000

7000

5000

3000

0 100 200 300 400
time (sec)

Fig. 23. Simulation results: propeller speed
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Fig. 24. Simulation results: propeller speed
and power consumption
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N Kilo-rpm = =
4 muil g — =
3 ———— Q (rotof speed l(rpm) 6
. T 4 3 da|sl gAE 3E Al (Fig. 1)
1 : “ 2
Thrust (N) < \] model test
. o Inertia inertial(J = 0.1);
120 m : ‘ s 30 . .
100 ; f : ‘ 25 Spring springl(c = 2);
80 he;gh?(m) speed(m/s)| 20 D.ampe? damp?rl(d = 0.2);
60 ; 15 Fixed fixed1, fixed?2;
40 i i ‘ 10 .
ot P / 77777777777777777777 : Torque torquel;
0 : : 0 Step stepl(startTime = 0);
80 82 84 86 88 90 equation

time (sec)

Fig. 25. Free fall results after power loss
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skl FEstddth 1A 3 dTAI" e, AE
old Ao A AHAFE=E Eol7] #std,
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HA, zeAy F9H/38EA5, EHy =
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Zse Aot

mi
N
ol
T 5 X
o
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o e
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Bl Jo O ofd
W e wo ol

> mE ko no" Mo o oft 4N P
o |

Y o of

B oeRe dTFTSFATUNA
A HEEHE 2877 13- 5
Ag 2 Ao}7] ATA% Ao ABurh

connect(stepl.y, torquel.tau);
connect(torquel.flange, inertial.flange_a);
connect(damperl.flange_b, fixedl.flange);
connect(inertial.flange_b, damperl.flange_a);
connect(springl.flange_b, inertial.flange_a);
connect(fixed2.flange, springl.flange_a);

end test;
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