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• From SO(3) to SE(3)

• From SE(3) to MAV control
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Recap: Rigid Body Rotation Dynamics

• The equations of a rotating rigid body with control torques 𝜏 are:

• 𝑥 = 𝑅, 𝑝 ∈ 𝑆𝑂 3 × ℝ3

•
ሶ𝑅
ሶ𝑝

=
𝛽𝑅(𝜔)

෤𝑝 𝜔
+

0
𝐼3

𝜏

with  𝜔 = 𝐽−1𝑝

and 𝛽𝑅: ℝ3 → 𝑇𝑅𝑆𝑂 3 , 𝜔 ↦ 𝛽𝑅 𝜔 ≔ 𝑅 ෥𝜔

• Total energy of the system

• 𝐻 𝑥 = 𝐻 𝑝 =
1

2
𝑝⊤𝐽−1𝑝

Ƹ𝑒1

Ƹ𝑒2

Ƹ𝑒3

ො𝑥𝑠

ො𝑦𝑠

Ƹ𝑧𝑠𝜔



Recap: Stabilization Control on SO(3)

• We aim to design a Geometric PD controller 

𝜏 = 𝜏𝑝 + 𝜏𝑑

such that 𝑥𝑑 = 𝑅𝑑 , 0  is an asymptotically stable equilibrium point of 

the closed loop system

ሶ𝑅
ሶ𝑝

=
𝛽𝑅(𝜔)

෤𝑝 𝜔 + 𝜏𝑝 + 𝜏𝑑
.

gradient of some pos.def. function Ψ 𝑅  

on 𝑆𝑂(3) with a minimum at 𝑅 = 𝑅𝑑 .
Inject damping such that time derivative 

of 𝑉 𝑥 = 𝐻 𝑝 + Ψ 𝑅  is neg. def.



Recap: Geometric structure of SO(3)

• The geometric nature of SO(3) will be reflected in
1. How to compute the error between 𝑅, 𝑅𝑑 ∈ 𝑆𝑂(3) ?

2. How to design Ψ 𝑅  to be positive definite ?

3. How to compute 𝑑Ψ 𝑅 ∈ 𝑇𝑅
∗𝑆𝑂(3) ?

4. How to convert 𝑑Ψ 𝑅  to the proportional torque 𝜏𝑝 ∈ ℝ3 ?

5. How to design the derivative torque 𝜏𝑑 ∈ ℝ3 ?

෥𝜔

𝑠𝑜 3 ≔ 𝑇𝐼𝑆𝑂(3) 

𝐼



Recap: Stabilization Control on SO(3)

1. How to compute the error between 𝑅, 𝑅𝑑 ∈ 𝑆𝑂(3) ?
• Error between actual and desired

𝑅𝑒  ≔ 𝑅𝑑
⊤𝑅 ∈ 𝑆𝑂 3  

• We have that

𝑅𝑒 → 𝐼 as 𝑅 → 𝑅𝑑 

{𝑠}

{𝑏}

{𝑑}



Recap: Stabilization Control on 𝑆𝑂(3)

2. How to design Ψ 𝑅  to be positive definite ?
• One choice for Ψ: SO 3 → ℝ is

Ψ 𝑅 ≔
1

2
 tr(𝐼 − 𝑅𝑑

⊤𝑅)

• Ψ 𝑅𝑑 = 0

• We have shown before that it can be written as 

Ψ 𝑅 = 1 − cos 𝜃 

for some 𝜃 ∈ −𝜋, 𝜋 . 

• Therefore,

0 ≤ Ψ 𝑅 ≤ 2 

෥𝜔

𝑠𝑜 3 ≔ 𝑇𝐼𝑆𝑂(3) 

𝐼



Recap: Stabilization Control on 𝑆𝑂(3)

3. How to compute 𝑑Ψ 𝑅 ∈ 𝑇𝑅
∗𝑆𝑂(3) ?

• The differential of Ψ: SO 3 → ℝ is defined as the unique covector 𝑑Ψ 𝑅 ∈
𝑇𝑅

∗𝑆𝑂(3) that satisfies 

𝑑Ψ 𝑅 | 𝛿𝑅 𝑇𝑅𝑆𝑂(3) = ቚ
𝑑

𝑑𝜖 𝜖=0
Ψ R𝜖 ,  ∀𝛿𝑅 ∈ 𝑇𝑅𝑆𝑂(3)   

where R𝜖 is a curve on 𝑆𝑂 3  that satisfies

|R𝜖 𝜖=0 = 𝑅,  ቚ
𝑑

𝑑𝜖 𝜖=0
 R𝜖 = 𝛿𝑅

෥𝜔

𝑠𝑜 3 ≔ 𝑇𝐼𝑆𝑂(3) 

𝐼

The pairing between any covector in 

𝑇𝑅
∗𝑆𝑂 3  and vector 𝑇𝑅𝑆𝑂 3  is:

Γ| 𝛿𝑅 𝑇𝑅𝑆𝑂 3  ≔ tr (Γ𝛿𝑅)



Recap: Stabilization Control on 𝑆𝑂(3)

3. How to compute 𝑑Ψ 𝑅 ∈ 𝑇𝑅
∗𝑆𝑂(3) ?

• Ψ R𝜖 =
1

2
 tr (𝐼 − 𝑅𝑑

⊤R𝜖)

• ቚ
𝑑

𝑑𝜖 𝜖=0
Ψ R𝜖 = −

1

2
 tr 𝑅𝑑

⊤ ቚ
𝑑

𝑑𝜖 𝜖=0
R𝜖 = −

1

2
 tr 𝑅𝑑

⊤𝛿𝑅

• 𝑑Ψ 𝑅 | 𝛿𝑅 𝑇𝑅𝑆𝑂(3) = tr (𝑑Ψ 𝑅 𝛿𝑅)

• By comparing both sides, we have that

𝑑Ψ 𝑅 = −
1

2
𝑅𝑑

⊤

෥𝜔

𝑠𝑜 3 ≔ 𝑇𝐼𝑆𝑂(3) 

𝐼



Recap: Stabilization Control on 𝑆𝑂(3)

4. How to convert 𝑑Ψ 𝑅  to the proportional torque 𝜏𝑝 ∈ ℝ3 ?

• We use the duality of linear maps !

• Let 𝐴: 𝑈 → 𝑉 be a linear map between the vector spaces 𝑈 and 𝑉. Then its dual 

map 𝐴∗: 𝑉∗  → 𝑈∗ is defined (implicitly) by:

𝐴∗(𝛼)|𝑢 𝑈 = 𝛼|𝐴(𝑢) 𝑉,  ∀𝑢 ∈ 𝑈, 𝛼 ∈ 𝑉∗

෥𝜔

𝑠𝑜 3 ≔ 𝑇𝐼𝑆𝑂(3) 

𝐼



Recap: Stabilization Control on 𝑆𝑂(3)

4. How to convert 𝑑Ψ 𝑅  to the proportional torque 𝜏𝑝 ∈ ℝ3 ?

෥𝜔

𝑠𝑜 3 ≔ 𝑇𝐼𝑆𝑂(3) 

𝐼

ℝ3 
 𝑆 

𝑠𝑜 3  
 𝐿𝑅,∗ 

𝑇𝑅𝑆𝑂(3)

ℝ3 ∗
 𝑆 

𝑠𝑜∗ 3
 𝐿𝑅

∗  
𝑇𝑅

∗𝑆𝑂(3)

𝛽𝑅 

𝛽𝑅
∗  



Recap: Stabilization Control on 𝑆𝑂(3)

4. How to convert 𝑑Ψ 𝑅  to the proportional torque 𝜏𝑝 ∈ ℝ3 ?

• 𝑑Ψ 𝑅 = −
1

2
𝑅𝑑

⊤ ∈ 𝑇𝑅
∗𝑆𝑂(3)

• ǁ𝑒𝑅 ≔ 𝐿𝑅
∗ 𝑑Ψ 𝑅 =  sk 𝑅𝑑

⊤𝑅 =
1

2
(𝑅𝑑

⊤𝑅 − 𝑅⊤𝑅𝑑)  ∈ 𝑠𝑜∗(3)

• 𝑒𝑅 ≔ 𝛽𝑅
∗ 𝑑Ψ 𝑅 = S−1 ǁ𝑒𝑅 =

1

2
𝑆−1 𝑅𝑑

⊤𝑅 − 𝑅⊤𝑅𝑑 ∈ ℝ3 ∗

• The proportional torque is then designed as

𝜏𝑝 ≔ −𝑘𝑝𝑒𝑅

෥𝜔

𝑠𝑜 3 ≔ 𝑇𝐼𝑆𝑂(3) 

𝐼

Proportional gain: 𝑘𝑝 ∈ ℝ+



Recap: Stabilization Control on 𝑆𝑂(3)

5. How to design the derivative torque 𝜏𝑑 ∈ ℝ3 ?

• Let’s conduct a Lyapunov analysis for the closed loop system

ሶ𝑅
ሶ𝑝

=
𝛽𝑅(𝜔)

෤𝑝 𝜔 + 𝜏𝑝 + 𝜏𝑑
=

𝛽𝑅(𝜔)

෤𝑝 𝜔 − 𝑘𝑝 𝛽𝑅
∗ 𝑑Ψ 𝑅 + 𝜏𝑑

 



Outline

• Recap last lectures

• Lyapunov analysis of closed loop system

• From SO(3) to SE(3)

• From SE(3) to MAV control



Stabilization Control on 𝑆𝑂(3)

• Consider the Lyapunov function:
𝑉 𝑅, 𝑝 = 𝐻 𝑝 + 𝑘𝑝Ψ 𝑅

where

𝐻 𝑝 ≔
1

2
 𝑝⊤𝐽−1𝑝, and          Ψ 𝑅 ≔

1

2
 tr(𝐼 − 𝑅𝑑

⊤𝑅)

with 

             𝑑𝐻 𝑝 = 𝐽−1𝑝 ⊤ = 𝜔⊤, and         𝑑Ψ 𝑅 = −
1

2
𝑅𝑑

⊤



Stability Analysis

Compute the time derivative of V

• 𝑉 𝑅, 𝑝 = 𝐻 𝑝 + 𝑘𝑝Ψ 𝑅

• ሶ𝑉 𝑅, 𝑝 = ሶ𝐻 𝑝 + 𝑘𝑝
ሶΨ 𝑅 = 𝑑𝐻 𝑝 ሶ𝑝 ℝ3 + 𝑘𝑝 𝑑Ψ 𝑅 | ሶ𝑅

𝑇𝑅𝑆𝑂(3)



Stability Analysis

Compute the time derivative of V

• 𝑉 𝑅, 𝑝 = 𝐻 𝑝 + 𝑘𝑝Ψ 𝑅

• ሶ𝑉 𝑅, 𝑝 = ሶ𝐻 𝑝 + 𝑘𝑝
ሶΨ 𝑅 = 𝑑𝐻 𝑝 ሶ𝑝 ℝ3 + 𝑘𝑝 𝑑Ψ 𝑅 | ሶ𝑅

𝑇𝑅𝑆𝑂(3)

                                        = 𝑑𝐻 𝑝 ሶ𝑝 ℝ3 + 𝑘𝑝 𝑑Ψ 𝑅 |𝛽𝑅(𝜔) 𝑇𝑅𝑆𝑂(3)



Stability Analysis

Compute the time derivative of V

• 𝑉 𝑅, 𝑝 = 𝐻 𝑝 + 𝑘𝑝Ψ 𝑅

• ሶ𝑉 𝑅, 𝑝 = ሶ𝐻 𝑝 + 𝑘𝑝
ሶΨ 𝑅 = 𝑑𝐻 𝑝 ሶ𝑝 ℝ3 + 𝑘𝑝 𝑑Ψ 𝑅 | ሶ𝑅

𝑇𝑅𝑆𝑂(3)

                                        = 𝑑𝐻 𝑝 ሶ𝑝 ℝ3 + 𝑘𝑝 𝑑Ψ 𝑅 |𝛽𝑅(𝜔) 𝑇𝑅𝑆𝑂(3)

                                        = 𝑑𝐻 𝑝 ሶ𝑝 ℝ3 + 𝑘𝑝 𝛽𝑅
∗ 𝑑Ψ 𝑅 |𝜔

ℝ3

                                        = 𝑑𝐻 𝑝 ሶ𝑝 ℝ3 + 𝑘𝑝𝑒𝑅|𝜔
ℝ3

𝑒𝑅 ≔ 𝛽𝑅
∗ 𝑑Ψ 𝑅

Dual map:    𝐴∗(𝛼)|𝑢 𝑈 = 𝛼|𝐴(𝑢) 𝑉



Stability Analysis

Compute the time derivative of V

• 𝑉 𝑅, 𝑝 = 𝐻 𝑝 + 𝑘𝑝Ψ 𝑅

• ሶ𝑉 𝑅, 𝑝 = ሶ𝐻 𝑝 + 𝑘𝑝
ሶΨ 𝑅 = 𝑑𝐻 𝑝 ሶ𝑝 ℝ3 + 𝑘𝑝𝑒𝑅|𝜔

ℝ3



Stability Analysis

Compute the time derivative of V

• 𝑉 𝑅, 𝑝 = 𝐻 𝑝 + 𝑘𝑝Ψ 𝑅

• ሶ𝑉 𝑅, 𝑝 = ሶ𝐻 𝑝 + 𝑘𝑝
ሶΨ 𝑅 = 𝑑𝐻 𝑝 ሶ𝑝 ℝ3 + 𝑘𝑝𝑒𝑅|𝜔

ℝ3

                                        = 𝜔⊤ ෤𝑝 𝜔 − 𝑘𝑝𝑒𝑅 + 𝜏𝑑 + 𝜔⊤𝑘𝑝𝑒𝑅

                                        = 𝜔⊤ ෤𝑝 𝜔 − 𝜔⊤ 𝑘𝑝 − 𝑘𝑝 𝑒𝑅 + 𝜔⊤𝜏𝑑

𝑒𝑅 ≔ 𝛽𝑅
∗ 𝑑Ψ 𝑅

𝜏𝑝 = −𝐾𝑝 𝑒𝑅



Stability Analysis

Compute the time derivative of V

• 𝑉 𝑅, 𝑝 = 𝐻 𝑝 + 𝑘𝑝Ψ 𝑅

• ሶ𝑉 𝑅, 𝑝 = ሶ𝐻 𝑝 + 𝑘𝑝
ሶΨ 𝑅 = 𝑑𝐻 𝑝 ሶ𝑝 ℝ3 + 𝑘𝑝𝑒𝑅|𝜔

ℝ3

                                        = 𝜔⊤ ෤𝑝 𝜔 − 𝑘𝑝𝑒𝑅 + 𝜏𝑑 + 𝜔⊤𝑘𝑝𝑒𝑅

                                        = 𝜔⊤ ෤𝑝 𝜔 − 𝜔⊤ 𝑘𝑝 − 𝑘𝑝 𝑒𝑅 + 𝜔⊤𝜏𝑑

          = 𝜔⊤ ෤𝑝 𝜔
=0

− 𝜔⊤ 𝑘𝑝 − 𝑘𝑝 𝑒𝑅

=0

+ 𝜔⊤𝜏𝑑  

                                        = 𝜔⊤𝜏𝑑 

𝑒𝑅 ≔ 𝛽𝑅
∗ 𝑑Ψ 𝑅

𝜏𝑝 = −𝐾𝑝 𝑒𝑅



Stability Analysis

Compute the time derivative of V

• 𝑉 𝑅, 𝑝 = 𝐻 𝑝 + 𝑘𝑝Ψ 𝑅

• ሶ𝑉 𝑅, 𝑝 = ሶ𝐻 𝑝 + 𝑘𝑝
ሶΨ 𝑅 = 𝑑𝐻 𝑝 ሶ𝑝 ℝ3 + 𝑘𝑝𝑒𝑅|𝜔

ℝ3

                                        = 𝜔⊤ ෤𝑝 𝜔 − 𝑘𝑝𝑒𝑅 + 𝜏𝑑 + 𝜔⊤𝑘𝑝𝑒𝑅

                                        = 𝜔⊤ ෤𝑝 𝜔 − 𝜔⊤ 𝑘𝑝 − 𝑘𝑝 𝑒𝑅 + 𝜔⊤𝜏𝑑

          = 𝜔⊤ ෤𝑝 𝜔
=0

− 𝜔⊤ 𝑘𝑝 − 𝑘𝑝 𝑒𝑅

=0

+ 𝜔⊤𝜏𝑑  

                                        = 𝜔⊤𝜏𝑑 = −𝜔⊤𝐾𝑑𝜔 ≤ 0

Choose 𝜏𝑑 = −𝐾𝑑𝜔 with  𝐾𝑑 ≻ 0

neg. semi-def.



La Salle’s Invariance Principle

• Let Ω = 𝒳 =  𝑆𝑂 3 × ℝ3

• ℛ ≔ 𝑅, 𝑝 ∈ Ω ሶ𝑉 𝑅, 𝑝 } 
• ሶ𝑉 𝑅, 𝑝 = 𝜔⊤𝐾𝑑𝜔 ⟹ 𝜔 = 𝑝 = 0 



La Salle’s Invariance Principle

• Let Ω = 𝒳 =  𝑆𝑂 3 × ℝ3

• ℛ ≔ 𝑅, 𝑝 ∈ Ω ሶ𝑉 𝑅, 𝑝 } 
• ሶ𝑉 𝑅, 𝑝 = 𝜔⊤𝐾𝑑𝜔 ⟹ 𝜔 = 𝑝 = 0 

• ℳ ≔ 𝑅, 𝑝 ∈ ℛ ሶ𝑝 = 0}
• ሶ𝑝  =  ෤𝑝 𝜔 − 𝑘𝑝𝑒𝑅 − 𝐾𝑑𝜔



La Salle’s Invariance Principle

• Let Ω = 𝒳 =  𝑆𝑂 3 × ℝ3

• ℛ ≔ 𝑅, 𝑝 ∈ Ω ሶ𝑉 𝑅, 𝑝 } 
• ሶ𝑉 𝑅, 𝑝 = 𝜔⊤𝐾𝑑𝜔 ⟹ 𝜔 = 𝑝 = 0 

• ℳ ≔ 𝑅, 𝑝 ∈ ℛ ሶ𝑝 = 0}
• ሶ𝑝  =  ෤𝑝 𝜔 − 𝑘𝑝𝑒𝑅 − 𝐾𝑑𝜔 ⟹ 𝑒𝑅 = 0

                                                              ⟹ ǁ𝑒𝑅 =  sk 𝑅𝑑
⊤𝑅 = 0 

                                                              ⟹ 𝑅𝑒  − 𝑅𝑒
⊤ = 0     

        ⟹ 𝑅𝑒 = 𝑅𝑒
⊤



La Salle’s Invariance Principle

• Let Ω = 𝒳 =  𝑆𝑂 3 × ℝ3

• ℛ ≔ 𝑅, 𝑝 ∈ Ω ሶ𝑉 𝑅, 𝑝 } 
• ሶ𝑉 𝑅, 𝑝 = 𝜔⊤𝐾𝑑𝜔 ⟹ 𝜔 = 𝑝 = 0 

• ℳ ≔ 𝑅, 𝑝 ∈ ℛ ሶ𝑝 = 0}
• ሶ𝑝  =  ෤𝑝 𝜔 − 𝑘𝑝𝑒𝑅 − 𝐾𝑑𝜔 ⟹ 𝑒𝑅 = 0

                                                              ⟹ ǁ𝑒𝑅 =  sk 𝑅𝑑
⊤𝑅 = 0 

                                                              ⟹ 𝑅𝑒  − 𝑅𝑒
⊤ = 0     

        ⟹ 𝑅𝑒 = 𝑅𝑒
⊤

How many 𝑅 ∈ 𝑆𝑂 3  satisfy this ? ℳ ≔ 𝑅, 𝑝 ∈ ℛ 𝑝 = 0, 𝑅𝑑
⊤𝑅 = 𝑅𝑅𝑑

⊤}

Therefore, largest invariant set in 𝒳 is: 



Outline

• Recap last lectures

• Lyapunov analysis of closed loop system

• From SO(3) to SE(3)

• From SE(3) to MAV control



Geometric structure of SE(3)

• The geometric nature of SE(3) will be reflected in
1. How to compute the error between 𝐻, 𝐻𝑑 ∈ 𝑆𝐸(3) ?

2. How to design Ψ 𝐻  to be positive definite ?

3. How to compute 𝑑Ψ 𝐻 ∈ 𝑇𝐻
∗ 𝑆𝐸(3) ?

4. How to convert 𝑑Ψ 𝐻  to the proportional wrench 𝒲𝑝 ∈ ℝ6 ∗ ?

5. How to design the derivative wrench 𝒲𝑑 ∈ ℝ6 ∗?

෨𝒱

𝑠𝑒 3 ≔ 𝑇𝐼𝑆𝐸(3) 

𝐼



Stabilization Control on SE(3)

1. How to compute the error between 𝐻, 𝐻𝑑 ∈ 𝑆𝐸(3) ?
• Error between actual and desired

𝐻𝑒  ≔ 𝐻𝑑
−1𝐻 ∈ 𝑆𝐸 3  

• We have that

𝐻𝑒 → 𝐼 as 𝐻 → 𝐻𝑑 

{𝑠}

{𝑏}

{𝑑}



Stabilization Control on 𝑆𝐸(3)

2. How to design Ψ 𝐻  to be positive definite ?
• One choice for Ψ: SE 3 → ℝ is to split rotation and translation

Ψ 𝐻 = Ψt 𝜉 + Ψo 𝑅 =
1

2
𝜉 − 𝜉𝑑

⊤𝐾𝑡 𝜉 − 𝜉𝑑 +
1

2
 tr 𝐺𝑜 𝐼 − 𝑅𝑑

⊤𝑅
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Stabilization Control on 𝑆𝐸(3)

4. How to convert 𝑑Ψ 𝐻  to proportional wrench 𝒲𝑝 ∈ ℝ6 ∗ ?

ℝ6 
 ሚ𝑆 

𝑠𝑒 3  
 𝐿𝐻,∗ 

𝑇𝐻𝑆𝐸(3)

ℝ6 ∗
 ሚ𝑆 

𝑠𝑒∗ 3
 𝐿𝐻

∗  
𝑇𝐻

∗ 𝑆𝐸(3)

𝛽𝐻 

𝛽𝐻
∗  

෨𝒱

𝑠𝑒 3 ≔ 𝑇𝐼𝑆𝐸(3) 

𝐼

𝒲𝑝 ≔ 𝛽𝐻
∗ 𝑑Ψ 𝐻

𝛽𝐻
∗ 𝑑Ψ 𝐻 𝛿𝒱 = 𝑑Ψ 𝐻 𝛽𝐻 𝛿𝒱  

𝛽𝐻 𝛿𝒱 ≔ 𝐻 ෪𝛿𝒱



Outline

• Recap last lectures

• Lyapunov analysis of closed loop system

• From SO(3) to SE(3)

• From SE(3) to MAV control



Multi-rotor aerial vehicles 

• Multi-rotor aerial vehicles 
(MAVs) are the most popular 
choice of aerial robotics 
platform.

• Usually, they have a simple 
mechanical structure and few 
moving parts.

• MAVs are usually modeled as a 
single rigid body floating in 
space.

Rashad, R., Goerres, J., Aarts, R., Engelen, J. B., & Stramigioli, S. (2020). Fully actuated 

multirotor UAVs: A literature review. IEEE Robotics & Automation Magazine, 27(3), 97-107.



Multi-rotor aerial vehicles 

• MAVs are classified based on 
properties of the map between 
individual rotor thrusts 𝜆𝑖 and 
the resultant wrench applied on 
the MAV’s body which is used 
for control.

𝒲con
𝑏,𝑏 =

𝜏con
𝑏,𝑏

𝑓con
𝑏,𝑏 = 𝑀 𝑡 𝜆

𝜆 = 𝜆1, ⋯ , 𝜆𝑁𝑝
∈ ℝ𝑁𝑝 is the rotors thrust vector and 𝑁𝑝 is 

the number of propellers on the MAV.



SE(3) Control of Fully-actuated MAV

Rashad, R., Kuipers, P., Engelen, J., & Stramigioli, S. (2017). Design, modeling, and geometric control on SE (3) of a 

fully-actuated hexarotor for aerial interaction. arXiv preprint arXiv:1709.05398.



SE(3) Control of Under-actuated MAV

Lee, T., Leok, M., & McClamroch, N. H. (2010, 

December). Geometric tracking control of a quadrotor 

UAV on SE (3). In 49th IEEE conference on decision 

and control (CDC) (pp. 5420-5425). IEEE.

Mellinger, D., & Kumar, V. (2011, May). Minimum snap trajectory generation 

and control for quadrotors. In 2011 IEEE international conference on robotics 

and automation (pp. 2520-2525). IEEE.


	Slide 1: SCE 594: Special Topics in Intelligent Automation & Robotics
	Slide 2: Outline
	Slide 3: Outline
	Slide 4: Recap: Rigid Body Rotation Dynamics
	Slide 5: Recap: Stabilization Control on SO(3)
	Slide 6: Recap: Geometric structure of SO(3)
	Slide 7: Recap: Stabilization Control on SO(3)
	Slide 8: Recap: Stabilization Control on cap S cap O open paren 3 close paren 
	Slide 9: Recap: Stabilization Control on cap S cap O open paren 3 close paren 
	Slide 10: Recap: Stabilization Control on cap S cap O open paren 3 close paren 
	Slide 11: Recap: Stabilization Control on cap S cap O open paren 3 close paren 
	Slide 12: Recap: Stabilization Control on cap S cap O open paren 3 close paren 
	Slide 13: Recap: Stabilization Control on cap S cap O open paren 3 close paren 
	Slide 14: Recap: Stabilization Control on cap S cap O open paren 3 close paren 
	Slide 15: Outline
	Slide 16: Stabilization Control on cap S cap O open paren 3 close paren 
	Slide 17: Stability Analysis
	Slide 18: Stability Analysis
	Slide 19: Stability Analysis
	Slide 20: Stability Analysis
	Slide 21: Stability Analysis
	Slide 22: Stability Analysis
	Slide 23: Stability Analysis
	Slide 24: La Salle’s Invariance Principle
	Slide 25: La Salle’s Invariance Principle
	Slide 26: La Salle’s Invariance Principle
	Slide 27: La Salle’s Invariance Principle
	Slide 28: Outline
	Slide 29: Geometric structure of SE(3)
	Slide 30: Stabilization Control on SE(3)
	Slide 31: Stabilization Control on cap S cap E open paren 3 close paren 
	Slide 32: Stabilization Control on cap S cap E open paren 3 close paren 
	Slide 33: Stabilization Control on cap S cap E open paren 3 close paren 
	Slide 34: Stabilization Control on cap S cap E open paren 3 close paren 
	Slide 35: Outline
	Slide 36: Multi-rotor aerial vehicles 
	Slide 37: Multi-rotor aerial vehicles 
	Slide 38: SE(3) Control of Fully-actuated MAV
	Slide 39: SE(3) Control of Under-actuated MAV

