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Notation and Concepts

Diagram of Control Efforts

@ w;,Vi: angular speed of rotor i
° ?,-,Vi: thurst provided by rotor i
e 7;,Vi: reaction torque provided by rotor i (contrary to w;)
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Notation and Concepts

Control Efforts for an Arbitrary MAV

Resulting Control Force:
Fe=%"%, (1)

where n, is the number of rotors.

Resulting Control Torque:
ny ny N
?C:Z?,‘—FZ/,'X?; (2)
i=1 i=1

The first sum in (2) corresponds to the moments of the reaction forces,

while the second one represents the moments of the thrust forces.
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Notation and Concepts

Relation Between Reaction Torque and Thrust

In Chapter 2, we described the magnitude of the reaction torque and thurst
force of a rotor by

fi = ke w? (3)

]

T = ks w,-2 (4)

fori=1,...,n,.

Dividing (4) by (3), we find 7; = kf;, with

k
k2T

The parameter k € R will be useful in this chapter.
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Quadcopter Q+

Diagram of Control Efforts
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Legend: I: arm length



Quadcopter Q+

Resulting Control Efforts

Resulting force magnitude F€ and resulting torque T{ in Sp:

FC
TS =Tqf (6)
where f 2 [f; f, ... f4]T and
1 1 1 1
o -/ 0 [/
Ta+ I 0 | 0 ()
k —k k —k

Proof: on the whiteboard.



Quadcopter QX . ..
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Quadcopter QX

Diagram of Control Efforts

Legend: /: arm length
d: (half) frontal separation angle
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Quadcopter QX

Resulting Control Efforts
Resulting force magnitude F€ and resulting torque T{ in Sp:

FC

T | =Taxs ©

where f 2 [f; f, ... f4]T and

1 1 1 1
Do 2 Isind —Isind —Isind [Isind
QX = | _jcos§ —Icos§ [lcosS [cosé
k —k k —k

Proof: on the whiteboard.

12 /30



Hexacopter ...
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Diagram of Control Efforts
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Legend: /: arm length
d: (half) frontal separation angle
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Resulting Control Efforts
Resulting force magnitude F€ and resulting torque T{ in Sp:

FC

T | = 1N (10)

where f2 [f; £ ... f5]* and

1 1 1 1 1 1
Isind —Isind —/ —Isind [Isind |
—lcos§ —lcosd 0 lcosd [Icoséd O
k —k k —k k —k

'y 2

(11)

Proof: on the whiteboard.
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Octacopter . ..
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Octacopter

Diagram of Control Efforts
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Legend: /: arm length
0: frontal separation angle



Octacopter

Resulting Control Efforts

Resulting force magnitude F¢ and resulting torque Tg in Sp:

FC
T | =Tof (12)
where f 2 [f; £, ... fg]T and
1 1 1 1 1 1 1 1
a 0 —Isindé —/ —Isind 0 JIsind [ Isind
To = —/ —lcos§ 0 lcosé | [lcosé 0 —lcosd (13)
k —k k —k k —k k —k

Proof: left as an exercise.
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Tricopter with double rotors . ..
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Tricopter Y6

Diagram of Control Efforts
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Legend: /: arm length
d: (half) frontal separation angle
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Tricopter Y6

Resulting Control Efforts

Resulting force magnitude F€ and resulting torque T{ in Sp:

FC
TS = Dyef (14)
where f2 [f; £ ... f5]* and
1 1 1 1 1 1
a /sin & I[sind —Isind —Isind 0 O
Tve = —lcosé —lcos§ —lcosé —lcosd | | (15)
k —k k —k k —k

Proof: on the whiteboard.
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Quadcopter with double rotors . ..
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Quadcopter X8

Diagram of Control Efforts

Legend: [: arm length
d: (half) frontal separation angle
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Quadcopter X8

Resulting Control Efforts

Resulting force magnitude F¢ and resulting torque Tg in Sp:

FC
T3

= Ixsf (16)

where f 2 [ f ... fg]T, s = sin, ¢ = cos, and

1 1 1 1 1 1 1 1

a s Isd6 —Is6 —Isd —Isé6 —Isd Isd Isd (17)
—lcd —lcd —Ilcd —lcd Icd  Icd Icd Icod
k —k k —k k -k k -k

I'xs

Proof: left as an exercise.
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Quadcopter with longitudinal-vectoring rotors . ..
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Quadcopter with longitudinal-vectoring rotors

Diagram of Control Efforts
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Legend: I: arm length
Bi: vectoring angles
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Quadcopter with longitudinal-vectoring rotors

Resulting Control Efforts

Resulting force components F{, F5 and resulting torque Tg in Sg:

Fg

Fs | =Twva(Br, ..., Ba)f (18)

T3

where f £ [Afa.. f4]T, s = sin, ¢ = cos, and

sP spB2 3 sBa
cfr cB2 cf3 4
Trva £ | Iefr+kspy  —lcfo— ksPo —lcB3+ ksfz  IcfBa — ksfa
—lcpr —lcB2 lefs lcf34
—Ispr+ keBy  IsPa — keBa IsPs+ keBz —IsfBa — ke

Proof: on the whiteboard.
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Quadcopter with transversal-vectoring rotors . . .
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Quadcopter with transversal-vectoring rotors

Diagram of Control Efforts

;[33 B I Kﬁﬁz
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Legend: I: arm length
Bi: vectoring angles
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Quadcopter with transversal-vectoring rotors

Resulting Control Efforts
Resulting force Fy and resulting torque Tg in Sp:

i

Te | = Lrva(Be, -, Ba)f (19)
B

where f 2 [ f ... f4]T, s = sin, ¢ = cos, and

0 —8,32 0 8,34
—Sﬁl 0 Sﬁ3 0
Ty 2 cfr cf2 cf3 cfa
0 ksfBo — IcBa 0 —ksBy + IcBs
—ksBy — Icpr 0 ksB3 + IcB3 0
kefr —IsBr —keBa — IsBa kefBz —IsPs —keBy — Isfa

Proof: left as an exercise.
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Hexacopter with two vectoring rotors ...
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Hexacopter with two vectoring rotors

Diagram of Control Efforts

Bs: 47 fi
'E’Z?ffé 7 1% fz

f;; 33‘3\&:9?3 I%’Z
Af:

Ts
Homework: Obtain the Sp representation of the control efforts.
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Birotor on a 2-DOF gimbal . ..
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Birotor on a 2-DOF guimbal

Diagram of Control Efforts

gimbal 2 >R
fi Za
gimbal 1 f)1
Rpa7n A
~ T2
Ya
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Homework: Obtain the Sp representation of the control efforts.
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Thanks!
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