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1. Quadrotor Dynamics.

1) Quadrotor Fright Principle.

Rotor2(Right)

2 2 2 2
T, =U, =k (@ +0, +0," +0,")

2) Quadrotor Dynamics.

VI = RIIBVB
VB = (RIBFG,I +TT,B +Fug +AFD,B) I m—(Qg x V)
Q = NE';QB

QB =J _1{77,8 — (2 xJQ;)}
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2. Quaternion.

1) Attitude Represent.

Direction Cosine Matrix

Euler Angle

Quaternion

u = Axis of Rotation
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2. Quaternion.
3) Quaternion definition.
q=[0.a,1 0 b —q. D
* : 1P {qo 0+ 0Dy + Doy 40, xpv}
q =[a,—-4,]

4) Quaternion Rotation.

V,=q®V,®q R2(q) = (9,2 —a,a, )1 +24,9," +2g,[q]"
=WV +CosO(l —vv) +sinfl x v
- Y _ _
v, =Ri(qQ)v, 1-2q9,°-2q,° 20,0, -20,0, 20,0, + 2G,0,
=| 20,0, +20,09;, 1- 2%2 - qu2 20,95 — 20,0,
| 20,0, -20,0, 20,05 +20,0, 1-2¢," -20,°
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3. Quaternion Feedback Control.

1) Quaternion error.

q - qe ® qd

¥

‘ Go%od — Ay * (—Cyq)
qe - q ® qd = |: o ‘ i|
0o (=) + Goady +9, X (~Cya)
2) Quaternion Kinematics. b e
1 { -0, © } e ,_
2| (g1 +S(@)o ,‘

3) Quaternion Feedback control.

u - _K pqe - Kd(!) sin{a/2) '.
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Quaternion Feedback Control.

4) Simulation.

Command Altitude = 10m

Position
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3. Quaternion Feedback Control.

4) Simulation.

Command Altitude = 10m Attitude = 20, -5, 80 deg

Angular Velocity Rotor input
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2. Pyramid type of 4-CMGs.

1) Configuration of Pyramid type of 4-CMGs.

2) Modeling of 4-CMG's pyramid type.

(cBcosy, siny, cpcosy, siny,
siny, cpcosy, siny, cpcosy,
| spcosy, spcosy, spcosy, SpCosy, |
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3. Quadrotor modeling installed with pyramid type of 4-CMGs

1) Quadrotors Dynamics Model.

VI — REIaVB
[y = (RIBFG,I +TT,B + FA,B +AFD,B) [ m— (QB XVB)

Q = NEIaQB
Q, =11, —(Q,xJQ,)} + 4 CMGs.
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3. Quadrotor modeling installed with pyramid type of 4-CMGs

2) Modeling of quadrotor installed with 4-CMGs.

=[abc] (DCM)

Quadrotor body Spinnjng wheel

o=Cw (Angular Velocity)

Inertial frame

779 =[7/ 00 ]T (gimbal rate)

o =[0@07] (spin rate)

a1

HEZHLQI CMGe| ZtE A = &l 1uf &Lt

CMGQI AHZtHA M HEZES| SHERAZS Amete ztrHadyE CE WEL;
HEZHO 45k HEIMBEA M A5 IRHAHZO 2= LHEHE == RUACH

-
Zdo| &z ot BMEo| A&t 242t Y, @y 2 LIEPHCE.
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3. Quadrotor modeling installed with pyramid type of 4-CMGs

2) Modeling of quadrotor installed with 4-CMGs.

« Total Angular Momentum « Euler's Equation of Motion

h=hs+hg+hd Jo+wxJo=M

N, =J.w
B : « Kinematic differential equation
N, =Cl (0, +7,)

N, =Cly (v, +7, +@,)

- HE2EC Byl 2%
© 2UR(o| BN 2EYH
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3. Quadrotor modeling installed with pyramid type of 4-CMGs

2) Modeling of quadrotor installed with 4-CMGs.

Dynamics of Multiple CMGs

Jo+w" Jo+w0C (y)h (0)=

C,=CG, C, =-C,G

C,(y)=

C (r) =

b b,...b
[C, C, ... C\]

71 Vo o T
(@, @, ... D]

= o 1, 0, ...

IabNa—)N]

0 0
0

O IabN

G =

—C,(»)H, (@)y

H,(®)
0 O]
0
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3. Quadrotor modeling installed with pyramid type of 4-CMGs

2) Modeling of quadrotor installed with 4-CMGs.

V, =R!V,
VB — (RIBFG,I +TT,B + |:A,B +AFD,B) / m-— (QB ><VB)

Q| = NEISQB
Q, =)t - (2, xIQ;)-Q,"C,(»h,(@)-C,(»)H,(@)7}
4 CMGs.
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3. Quadrotor modeling installed with pyramid type of 4-CMGs

3) Simulation

Command Altitude = 10m Attitude = 20, -5, 80 deg

Position

Euler
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3. Quadrotor modeling installed with pyramid type of 4-CMGs

3) Simulation

Command Altitude = 10m Attitude = 20, -5, 80 deg

Quatrotor Angular Velocity 05 CMG Gimbal Angular rate()
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3. Quadrotor modeling installed with pyramid type of 4-CMGs

3) Simulation

Quadrotor Quadrotor + 4CMGs
Rotor input Rotor RPM
10000 T T T 10000 T
<€——— 9130 rom motor(1) motor1
motor(2) motor2
8000 |- motor(3) | 8000 | €——— 7997 rom motor3 | |
motor(4) motor4
6000 | B 6000
g_ 4000 B g 4000
833 rpm
P 833 rpm
2000 | 1 2000 - \ |
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1. Least Square Method.

Minimize Cost Function J HXH2
Constrain Function C { C: Ax-y=0
where, J ¢ |X| = xZ+x2 ++ x2 =xx

@ Using Indirect Method : Lagrange Multipliers.
Lix,A): x'x + AN(AX - y)

@ Optimality condition.
oL oL

vil=— 12X +ANA=0 vil=—"1:

OX oA

Xx=[x..xT1

n

A=mxn (m>n)
— fat _matrix.

Ax -y =0
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1. Least Square Method.

2

Minimize Cost Function —J J HXH
Constrain Function C { C: Ax-y=0
® Arrange.
1
2X7—+)\.A=O : X:—EAT)\.
Ax-y =0 A = —2(AA")y
@ Solution.

X, ., =A(AA")y < Optimal Value.
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2. Weighted Least Square Method.

Minimize Cost Function { J;Ww4f+WAdf
C,:Aa-c=0, C,: Ab-d=0

Constrain Function C

Let, x=I[a,-,a,b,b]
w, 0 0] x S,
and, [X1,--- Xn] 0 0 : j=1 2 2
0 0 w ||x =W, [a] +w, [b]
Hence, J o x"Wx

[A:A+Aﬂ
y=c+d

and, C:Ax=y
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2. Weighted Least Square Method.

Minimize Cost Function { J W, HaH2 + W, HbH2

Constrain Function C

C:Aa-c=0, C,: Ab-d=0

@ Using Indirect Method : Lagrange Multipliers.
L(x,A) 1 x"Wx + A(AX — )

@ Optimality condition.

VL:%: 2X'W +AA =0 VAL:%: Ax-y =0
G) ¢ oA

® Solution.

X, 0, = WA (AWA") y < Weighted Optimal Value.
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2. Weighted Least Square Method.

1) Quarotor + 4_CMGs Simulation.
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2. Weighted Least Square Method. ) | )
Jw,[a|" +w, o]
1) Quarotor + 4_CMGs Simulation. 0 0
o CMG Gimbal Angular rate(¥) 05 CMG Gimbal Angular rate(%)
5 T T T . T T T T
gimbal(1)
gimbal(2) /
ot gimbal(3) | oFfF
gimbal(4)
gimbal(1)
. . gimbal(2)
NQ -0.5 ) -0.5 gimbal(3)
o 3 gimbal(4)
= g
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g g
S-15 % s
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2k
25 1 1 1 1
0 5 10 15 20 25 30 2.5 J ! ! !
t (sec) 0 5 10 15 20 25 30
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t=0 -1.2008 -1.4171 -2.0223 -1.8150 t=0 -1.2667 -1.4838 -2.1180 -1.9008
t=30 1.9407e-13 2.1533e-13) 3.1665e-13 2.9540e-13 t=30 2.0036e-13| 2.3485e-13| 3.3530e-13 3.0107e-13
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2. Weighted Least Square Method.

1) Quarotor + 4_ CMGs Simulation.
0 th cp s cBf s
P S P A

—-ad d -ad d sp sp sp sp
O 0 0 O

1000 Control Thrust command generated by alti controller

Control Torqgue command generated by atti controller
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1. Motor Dynamics.

A Simplke Model of a DC Motor Driving an Inertial Load
ift) R

KooiE)
Visrous
friction

DC Motor 1:::::; T(t)m — Km * I(t)

)
Torgue i t)
Angular rote

, T,, = motor torque.(K,, *i,)
Motor’s | 3 o =T _/-Pﬂ T, = motor load.(K, *®,,)
Dynamics Tm™“m = "m L "

R,, = motor resistance.

Motor’s . . > L, = motor inductance.
Electronical Dynamics Vapp (t) o le (t) T |7<(€) T Kba)m K, = back EMF constant.
F 2 (using PWM) Vo K., =torqueconstant..

K, = friction coefficient.
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1. Motor Dynamics.

Motor’s
Electronical Dynamics

Motor’s
Dynamics

Motor Dynamics

=X 2E .

: 1
|(t) = R—(_Kme +Vapp)

m

J_& =K_*i(t)
K,
C()m = m(_Kba)m +Vapp)

Control input

R,, = motor resistance.
L, = motor inductance.
K, = back EMF constant.
K _=torqueconstant..
K

= friction coefficient.

m
f
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2. Final Quadrotor Dynamics.

u=-K,gq.—-K,»
Lk, 0 -Lk, O s cp s cp

-a d -d d sp sp sp sp
kK kK kK 0 0 0 0

0 —-Lk, O Lk, cBp s cp s
Ax=y :

r 1
RIS R L .
L I
Il
| |

v=W A (AW AN u

r,= U, = Lk (0, - ,")

. . -1 2 2
C()m = ('JTm Rm) * Km (_Kba)m +Vapp) r,= U, =Lk(o — ")
TW=U3=d(a)22+a)42—a)12—a)32)

T, =U, =k (0 + o, +®; +®,")

VI — RI;VB
VB = (RIBFG,I + T 5 +Fag +AFD,B) I m—(Qg xVyg)

Q =N.Q,
Qg =37{r, 5 —(Q x Q) ~Q,°C, ()h,, (@) -C, ()H, (@)1}



3. Simulation.

Thrust Contri

4, S ZEO| AF DE{FO.
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5. Future Plan.

1. Motor Constrain.
2. Input Time delay.
3. Position Control.
4. Singularity avoidance.

5. Real Test.
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