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• Recap last lecture

• Analysis of mass-damper dynamics

• Analysis of flying-effector dynamics

• Impedance control in the pH framework
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GEOMETRIC PORT-HAMILTONIAN FRAMEWORK

• Energy instead of Signals

• Multi-physics & open systems

• Coordinate-free descriptions

• Finite & infinite-dimension systems
• Exploit underlying structure

• Energy-based analysis &  control

Port-based 

Modeling
Geometric 

Mechanics

Systems & 

Control Theory

       

       

       

           

       

      

                         

4



5

• A physical system composed of interconnected physical subsystems can be seen as a set of 

subsystems interacting with each other

• Each i-th subsystem has its own

INTERCONNECTION OF SUBSYSTEMS

State 𝑥𝑖 ∈ 𝒳𝑖

Energy 

function

ℋ𝑖:𝒳 → ℝ
𝑥𝑖 ⟼ℋ𝑖(𝑥𝑖)

Flow 𝑓𝑖 ∈ ℱ𝑖

Effort 𝑒𝑖 ∈ ℱ𝑖
∗

Power 

Balance

ሶℋ𝑖 = 𝑒𝑖 𝑓𝑖 ℱ𝑖

Example: Point mass moving in 3D

State Momentum  

𝒑 = 𝑚𝒗

Energy function Kinetic energy

ℋ 𝒑 =
1

2𝑚
𝒑𝑻𝒑

Flow Rate of Change of Momentum

ሶ𝒑

Effort Gradient of Kinetic Energy
𝝏ℋ

𝝏𝒑
=
𝒑

𝑚
= 𝒗

Power Balance
ሶℋ𝑖 =

𝝏ℋ

𝝏𝒑

⊤

ሶ𝑝
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• Total State: 𝑥 = 𝑥1, … , 𝑥𝑛
• Total Energy: ℋ 𝑥 = σ𝑖ℋ𝑖(𝑥𝑖)

MODELING COMPLEX SYSTEMS BY INTERCONNECTION

ሶ𝑥 = 𝐽 𝑥 − 𝑅 𝑥
𝜕ℋ

𝜕𝑥
+ 𝐺 𝑢

𝑦 = 𝐺𝑇
𝜕ℋ

𝜕𝑥

ሶ𝑥 = 𝑓(𝑥) + 𝐺 𝑢
𝑦 = ℎ(𝑥)

Port-Hamiltonian Representation

Standard State-Space Representation
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Point Mass 

Model on ℝ3:

Hamiltonian 

Energy:

Port-Hamiltonian Model:

PORT-HAMILTONIAN MODEL MODELING OF POINT MASS

Skew

Symmetric



8

• Nonlinear Equations of Motion

• Kinematics

• Dynamics

FLYING END-EFFECTOR MODEL

Control 

Torques

Control 

Forces

Interaction 

Torques

Interaction 

Forces
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• Nonlinear Equations of Motion on SE(3)

• Kinematics

• Dynamics

FLYING END-EFFECTOR MODEL

• 𝐻𝐵
𝐼 ∈ 𝑆𝐸(3)- Pose of Ψ𝐵 w.r.t. Ψ𝐼

• 𝑇𝐵
∗,𝐼 ∈ ℝ6- Generalized velocity of Ψ𝐵 w.r.t. Ψ𝐼, expressed in Ψ∗

• 𝑊src
∗ ∈ ℝ6 ∗- Generalized forces by src acting on body expressed in Ψ∗

• 𝑃∗ ∈ ℝ6 ∗- Generalized momentum of body expressed in Ψ∗

𝑇𝐵
∗,𝐼

: Generalized Velocity = Twist

𝑊src
∗ : Generalized Forces = Wrench

Control 

Wrench

Interaction 

Wrench



PORT-HAMILTONIAN MODEL OF A FLYING END-EFFECTOR

Port-Hamiltonian dynamics Energy of aerial robot
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• Recap last lecture

• Analysis of mass-damper dynamics
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• Impedance control in the pH framework

OUTLINE
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• Equations of motion

• ሶ𝜉 = 𝑣
• 𝑚 ሶ𝑣 = −𝑏 𝑣 𝑣 −𝑚𝑔 + 𝑓con

• State space representation

• 𝑥 ≔ 𝑥1, 𝑥2 = 𝜉, 𝑣

•
ሶ𝑥1
ሶ𝑥2

=
𝑥2

−
𝑏

𝑚
𝑥2 𝑥2 − 𝑔 +

0
1

𝑚
𝐼3

𝑓con

MASS DAMPER DYNAMICS
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• State space representation

•
ሶ𝑥1
ሶ𝑥2

=
𝑥2

−
𝑏

𝑚
𝑥2 𝑥2 − 𝑔 +

0
1

𝑚
𝐼3

𝑓con

• Stored energy analysis

• 𝐻 𝑥1, 𝑥2 =
1

2
𝑚 𝑥2

⊤𝑥2 +𝑚𝑔⊤𝑥1

MASS DAMPER DYNAMICS
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• State space representation

•
ሶ𝑥1
ሶ𝑥2

=
𝑥2

−
𝑏

𝑚
𝑥2 𝑥2 − 𝑔 +

0
1

𝑚
𝐼3

𝑓con

• Stored energy analysis

• 𝐻 𝑥1, 𝑥2 =
1

2
𝑚 𝑥2

⊤𝑥2 +𝑚𝑔⊤𝑥1

• ሶ𝐻 𝑥 =
𝜕𝐻

𝜕𝑥1

⊤

ሶ𝑥1 +
𝜕𝐻

𝜕𝑥2

⊤

ሶ𝑥2

MASS DAMPER DYNAMICS

Inner product between 2 vectors in ℝ𝑛



15

• State space representation

•
ሶ𝑥1
ሶ𝑥2

=
𝑥2

−
𝑏

𝑚
𝑥2 𝑥2 − 𝑔 +

0
1

𝑚
𝐼3

𝑓con

• Stored energy analysis

• 𝐻 𝑥1, 𝑥2 =
1

2
𝑚 𝑥2

⊤𝑥2 +𝑚𝑔⊤𝑥1

• ሶ𝐻 𝑥 =
𝜕𝐻

𝜕𝑥1

⊤

ሶ𝑥1 +
𝜕𝐻

𝜕𝑥2

⊤

ሶ𝑥2

= 𝑚𝑔⊤ ሶ𝑥1 +𝑚 𝑥2
⊤ ሶ𝑥2

= 𝑚𝑔⊤𝑥2 + 𝑥2
⊤ (−𝑏 𝑥2 𝑥2 −𝑚𝑔 + 𝑓con)

MASS DAMPER DYNAMICS
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• State space representation

•
ሶ𝑥1
ሶ𝑥2

=
𝑥2

−
𝑏

𝑚
𝑥2 𝑥2 − 𝑔 +
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𝑚
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1
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𝑚 𝑥2
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• ሶ𝐻 𝑥 =
𝜕𝐻

𝜕𝑥1

⊤

ሶ𝑥1 +
𝜕𝐻

𝜕𝑥2

⊤

ሶ𝑥2

= 𝑚𝑔⊤ ሶ𝑥1 +𝑚 𝑥2
⊤ ሶ𝑥2

= −𝑥2
⊤ 𝐵 𝑥2 𝑥2 + 𝑣⊤𝑓con

MASS DAMPER DYNAMICS

𝐵 𝑥2 ≔ 𝑏 𝑥2 𝐼3 ∈ ℝ
3×3 ≽ 0
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• State space representation

•
ሶ𝑥1
ሶ𝑥2

=
𝑥2

−
𝑏

𝑚
𝑥2 𝑥2 − 𝑔 +

0
1

𝑚
𝐼3

𝑓con

• Stored energy analysis

• 𝐻 𝑥1, 𝑥2 =
1

2
𝑚 𝑥2

⊤𝑥2 +𝑚𝑔⊤𝑥1

• ሶ𝐻 𝑥 =
𝜕𝐻

𝜕𝑥1

⊤

ሶ𝑥1 +
𝜕𝐻

𝜕𝑥2

⊤

ሶ𝑥2

= 𝑚𝑔⊤ ሶ𝑥1 +𝑚 𝑥2
⊤ ሶ𝑥2

= −𝑥2
⊤ 𝐵 𝑥2 𝑥2 + 𝑣⊤𝑓con

MASS DAMPER DYNAMICS

𝐵 𝑥2 ≔ 𝑏 𝑥2 𝐼3 ∈ ℝ
3×3 ≽ 0

Power dissipated Power supplied by control
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• Stored energy analysis

• 𝐻 𝑥1, 𝑥2 =
1

2
𝑚 𝑥2

⊤𝑥2 +𝑚𝑔⊤𝑥1

• ሶ𝐻 𝑥 =
𝜕𝐻

𝜕𝑥1

⊤

ሶ𝑥1 +
𝜕𝐻

𝜕𝑥2

⊤

ሶ𝑥2

= 𝑚𝑔⊤ ሶ𝑥1 +𝑚 𝑥2
⊤ ሶ𝑥2

= −𝑥2
⊤ 𝐵 𝑥2 𝑥2 + 𝑣⊤𝑓con

PASSIVITY PROPERTY

Power dissipated Power supplied by control
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• Stored energy analysis

• 𝐻 𝑥1, 𝑥2 =
1

2
𝑚 𝑥2

⊤𝑥2 +𝑚𝑔⊤𝑥1

• ሶ𝐻 𝑥 =
𝜕𝐻

𝜕𝑥1

⊤

ሶ𝑥1 +
𝜕𝐻

𝜕𝑥2

⊤

ሶ𝑥2

= 𝑚𝑔⊤ ሶ𝑥1 +𝑚 𝑥2
⊤ ሶ𝑥2

= −𝑥2
⊤ 𝐵 𝑥2 𝑥2 + 𝑣⊤𝑓con

≤ 𝑣⊤𝑓con

• We say that the mass-damper system is passive

with respect to the input output pair (𝑓con, 𝑣)

PASSIVITY PROPERTY
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• Stored energy analysis

• 𝐻 𝑥1, 𝑥2 =
1

2
𝑚 𝑥2

⊤𝑥2 +𝑚𝑔⊤𝑥1

• ሶ𝐻 𝑥 =
𝜕𝐻

𝜕𝑥1

⊤

ሶ𝑥1 +
𝜕𝐻

𝜕𝑥2

⊤

ሶ𝑥2

= 𝑚𝑔⊤ ሶ𝑥1 +𝑚 𝑥2
⊤ ሶ𝑥2

= −𝑥2
⊤ 𝐵 𝑥2 𝑥2 + 𝑣⊤𝑓con

≤ 𝑣⊤𝑓con

• We say that the mass-damper system is passive

with respect to the input output pair (𝑓con, 𝑣)

PASSIVITY PROPERTY
• In dynamical systems and control theory, passivity describes systems that 

do not generate energy — they can only store or dissipate it.

• Formally, a system with input 𝑢 𝑡 and output 𝑦 𝑡 is passive if there exists 

a nonnegative storage function 𝑉 𝑥 ≥ 0 such that for all time 𝑡 ≥ 0:

𝑉 𝑥 𝑡 − 𝑉 𝑥 0 ≤ න
0

𝑡

𝑢⊤ 𝜏 𝑦 𝜏 𝑑𝜏

• If 𝑉(𝑥) is differentiable, we can write the inequality differentially as:
ሶ𝑉 𝑥 ≤ 𝑢⊤𝑦
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• State variables 𝑥 ≔ 𝜉, 𝑝

• Hamiltonian function 𝐻 𝜉, 𝑝 =
1

2𝑚
𝑝⊤𝑝 +𝑚𝑔⊤𝜉

• Co-state variables
𝜕𝐻

𝜕𝑥
𝑥 =

𝜕𝐻

𝜕𝜉
𝑥 ,

𝜕𝐻

𝜕𝑝
𝑥 = (𝑚𝑔,

𝑝

𝑚
)

PORT-HAMILTONIAN REPRESENTATION
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• State variables 𝑥 ≔ 𝜉, 𝑝

• Hamiltonian function 𝐻 𝜉, 𝑝 =
1

2𝑚
𝑝⊤𝑝 +𝑚𝑔⊤𝜉

• Co-state variables
𝜕𝐻

𝜕𝑥
𝑥 =

𝜕𝐻

𝜕𝜉
𝑥 ,

𝜕𝐻

𝜕𝑝
𝑥 = (𝑚𝑔,

𝑝

𝑚
)

• Dynamics

• ሶ𝜉 =
𝜕𝐻

𝜕𝑝
𝑥

• ሶ𝑝 = −
𝜕𝐻

𝜕𝜉
𝑥 −

𝑏

𝑚
𝑝

𝜕𝐻

𝜕𝑝
𝑥 + 𝑓con

• 𝑣 =
𝜕𝐻

𝜕𝑝
𝑥

PORT-HAMILTONIAN REPRESENTATION

ሶ𝜉 = 𝑣
𝑚 ሶ𝑣 = −𝑏 𝑣 𝑣 − 𝑚𝑔 + 𝑓con

Standard form
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• State variables 𝑥 ≔ 𝜉, 𝑝

• Hamiltonian function 𝐻 𝜉, 𝑝 =
1

2𝑚
𝑝⊤𝑝 +𝑚𝑔⊤𝜉

• Co-state variables
𝜕𝐻

𝜕𝑥
𝑥 =

𝜕𝐻

𝜕𝜉
𝑥 ,

𝜕𝐻

𝜕𝑝
𝑥 = (𝑚𝑔,

𝑝

𝑚
)

• Dynamics

ሶ𝜉
ሶ𝑝
=

0 𝐼3
−𝐼3 0

−
0 0

0
𝑏

𝑚
𝑝

𝜕𝐻

𝜕𝜉
𝑥

𝜕𝐻

𝜕𝑝
𝑥

+
0
𝐼3

𝑓con

𝑣 = 0 𝐼3

𝜕𝐻

𝜕𝜉
𝑥

𝜕𝐻

𝜕𝑝
𝑥

PORT-HAMILTONIAN REPRESENTATION
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• State variables 𝑥 ≔ 𝜉, 𝑝

• Hamiltonian function 𝐻 𝜉, 𝑝 =
1

2𝑚
𝑝⊤𝑝 +𝑚𝑔⊤𝜉

• Co-state variables
𝜕𝐻

𝜕𝑥
𝑥 =

𝜕𝐻

𝜕𝜉
𝑥 ,

𝜕𝐻

𝜕𝑝
𝑥 = (𝑚𝑔,

𝑝

𝑚
)

• Dynamics

ሶ𝜉
ሶ𝑝
=

0 𝐼3
−𝐼3 0

−
0 0

0
𝑏

𝑚
𝑝

𝜕𝐻

𝜕𝜉
𝑥

𝜕𝐻

𝜕𝑝
𝑥

+
0
𝐼3

𝑓con

𝑣 = 0 𝐼3

𝜕𝐻

𝜕𝜉
𝑥

𝜕𝐻

𝜕𝑝
𝑥

PORT-HAMILTONIAN REPRESENTATION

𝐽 = −𝐽⊤,      𝑅 𝑥 ≽ 0,       𝐺
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• Stored energy analysis

• 𝐻 𝜉, 𝑝 =
1

2𝑚
𝑝⊤𝑝 +𝑚𝑔⊤𝜉

• ሶ𝐻 𝑥 =
𝜕𝐻

𝜕𝑥

⊤
ሶ𝑥 =

𝜕𝐻

𝜕𝑥

⊤
𝐽

𝜕𝐻

𝜕𝑥
−

𝜕𝐻

𝜕𝑥

⊤
𝑅 𝑥

𝜕𝐻

𝜕𝑥
+

𝜕𝐻

𝜕𝑥

⊤
𝐺𝑓con

PORT-HAMILTONIAN REPRESENTATION

ሶ𝑥 = 𝐽 − 𝑅 𝑥
𝜕𝐻

𝜕𝑥
+ 𝐺𝑓con

𝑣 = 𝐺⊤
𝜕𝐻

𝜕𝑥

pH form
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• Stored energy analysis

• 𝐻 𝜉, 𝑝 =
1

2𝑚
𝑝⊤𝑝 +𝑚𝑔⊤𝜉

• ሶ𝐻 𝑥 =
𝜕𝐻

𝜕𝑥

⊤
ሶ𝑥 =

𝜕𝐻

𝜕𝑥

⊤
𝐽

𝜕𝐻

𝜕𝑥
−

𝜕𝐻

𝜕𝑥

⊤
𝑅 𝑥

𝜕𝐻

𝜕𝑥
+

𝜕𝐻

𝜕𝑥

⊤
𝐺𝑓con

PORT-HAMILTONIAN REPRESENTATION

ሶ𝑥 = 𝐽 − 𝑅 𝑥
𝜕𝐻

𝜕𝑥
+ 𝐺𝑓con

𝑣 = 𝐺⊤
𝜕𝐻

𝜕𝑥𝑦⊤𝐽 𝑥 𝑦 = 0 , ∀ 𝑦 ∈ ℝ𝑛

pH form

Skew-symmetry property
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• Stored energy analysis

• 𝐻 𝜉, 𝑝 =
1

2𝑚
𝑝⊤𝑝 +𝑚𝑔⊤𝜉

• ሶ𝐻 𝑥 =
𝜕𝐻

𝜕𝑥

⊤
ሶ𝑥 = −

𝜕𝐻

𝜕𝑥

⊤
𝑅 𝑥

𝜕𝐻

𝜕𝑥
+

𝜕𝐻

𝜕𝑥

⊤
𝐺𝑓con

= −𝑣⊤𝐵 𝑝 𝑣 + 𝑣⊤𝑓con

PORT-HAMILTONIAN REPRESENTATION

ሶ𝑥 = 𝐽 − 𝑅 𝑥
𝜕𝐻

𝜕𝑥
+ 𝐺𝑓con

𝑣 = 𝐺⊤
𝜕𝐻

𝜕𝑥𝐵 𝑝 ≔
𝑏

𝑚
𝑝 𝐼3 ∈ ℝ

3×3 ≽ 0

Power dissipated Power supplied by control

Nonlinear Damping
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• Recap last lecture

• Analysis of mass-damper dynamics

• Analysis of flying-effector dynamics

• Impedance control in the pH framework

OUTLINE
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• Equations of motion

• Port-Hamiltonian Representation

FLYING END-EFFECTOR DYNAMICS

Hamiltonian function
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• Equations of motion

• Port-Hamiltonian Representation

FLYING END-EFFECTOR DYNAMICS

Hamiltonian function

Dual maps
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• Port-Hamiltonian Representation

FLYING END-EFFECTOR DYNAMICS

Hamiltonian function
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• Port-Hamiltonian Representation

• Stored energy analysis

• ሶℋ 𝑥 =
𝜕ℋ

𝜕𝑥

⊤
ሶ𝑥

FLYING END-EFFECTOR DYNAMICS

We cannot take the standard inner product between 2 vectors in ℝ𝑛, 

because ሶ𝑥 ≔ ሶ𝐻𝐵
𝐼 , ሶ𝑃𝐵 ∉ ℝ𝑛

ሶℋ 𝑥 = 𝑑ℋ 𝑥 ሶ𝑥 𝑇𝑥𝒳
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• Port-Hamiltonian Representation

• Stored energy analysis

• ሶℋ 𝑥 =
𝜕ℋ

𝜕𝑥

⊤
ሶ𝑥 =

𝜕𝐻

𝜕𝑥

⊤
𝐽 𝑥

𝜕𝐻

𝜕𝑥
+

𝜕𝐻

𝜕𝑥

⊤
𝐺 𝑊c

𝐵 +𝑊int
𝐵

FLYING END-EFFECTOR DYNAMICS
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• Port-Hamiltonian Representation

• Stored energy analysis

• ሶℋ 𝑥 =
𝜕ℋ

𝜕𝑥

⊤
ሶ𝑥 =

𝜕𝐻

𝜕𝑥

⊤
𝐽 𝑥

𝜕𝐻

𝜕𝑥
+

𝜕𝐻

𝜕𝑥

⊤
𝐺 𝑊c

𝐵 +𝑊int
𝐵

FLYING END-EFFECTOR DYNAMICS
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• Port-Hamiltonian Representation

• Stored energy analysis
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• Port-Hamiltonian Representation

• Stored energy analysis
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FLYING END-EFFECTOR DYNAMICS
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• Port-Hamiltonian Representation

• Stored energy analysis

• ሶℋ 𝑥 = 𝑊c
𝐵 ⊤𝑇𝐵

𝐵,𝐼 + 𝑊int
𝐵 ⊤

𝑇𝐵
𝐵,𝐼

GRAPHICAL REPRESENTATION

Power supplied 

by control

Power supplied 

by environment
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• Port-Hamiltonian Representation

• Stored energy analysis

• ሶℋ 𝑥 = 𝑊c
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• Recap last lecture

• Analysis of mass-damper dynamics

• Analysis of flying-effector dynamics

• Impedance control in the pH framework

OUTLINE



Paradigm Shift: Motion Control vs. Interaction Control

• Motion Control

• Main objective is to achieve 
stability and reject external 
disturbances to maximize 
performance.

• Interaction Control

• Main objective is to be able to 
interact with an unknown 
environment in a stable & 
safe manner.



Paradigm Shift: Motion Control vs. Interaction Control

• Motion Control

• Closed dynamical system.

• Stability analysis requires 
closed loop model.

• Interaction Control

• Open dynamical system.

• Unknown environment needs 
to be incorporated in closed 
loop stability analysis.



Paradigm Shift: Motion Control vs. Interaction Control

• Motion Control

• Based on unilateral signals.

e.g., control of position or 
velocity

• Interaction Control

• Based on bilateral signals

e.g., control of relation between 
velocity and force.



Impedance Control

• The first one to address this issue in the field of robotics was Neville 
Hogan in his seminal trilogy.



Impedance Control

• Neville Hogan's idea of impedance control is that instead of 
commanding exact positions or forces, the robot is controlled to 
behave like a mechanical impedance:
• It responds to external forces with a desired relationship between force, 

position, and velocity, like a spring-damper-mass system.

• The key is shaping the robot's dynamic behavior — its stiffness, 
damping, and inertia— to match the interaction task needs.



Impedance Control of Mass Damper

• Equations of motion

• ሶ𝜉 = 𝑣

• 𝑚 ሶ𝑣 = −𝑏 𝑣 𝑣 −𝑚𝑔 + 𝑓con +𝑓int

• Impedance control law

• 𝑓con = 𝑚𝑔 − 𝐾𝑝𝜉 − 𝐾𝑑𝑣

• Closed loop dynamics
𝑚 ሶ𝑣 = −𝑏 𝑣 𝑣 − 𝐾𝑝𝜉 − 𝐾𝑑𝑣 + 𝑓int



Impedance Control of Mass Damper

• Equations of motion

• ሶ𝜉 = 𝑣

• 𝑚 ሶ𝑣 = −𝑏 𝑣 𝑣 −𝑚𝑔 + 𝑓con +𝑓int

• Impedance control law

• 𝑓con = 𝑚𝑔 − 𝐾𝑝𝜉 − 𝐾𝑑𝑣

• Closed loop dynamics
𝑚 ሶ𝑣 = −𝑏 𝑣 𝑣 − 𝐾𝑝𝜉 − 𝐾𝑑𝑣 + 𝑓int

𝑚 ሷ𝜉 + 𝐵 𝑣 + 𝐾𝑑 ሶ𝜉 + 𝐾𝑝𝜉 = 𝑓int

Closed-loop 

dynamics

𝑓int

ሶ𝜉

Equivalent mass-spring damper 

system with respect to (𝑓int, ሶ𝜉)



Next !

• Interpretation of impedance control law as another port-Hamiltonian

System that does energy-balancing and damping-injection.

• Impedance control of flying end-effector

• Variable impedance control of flying end-effector



STANDARD IMPEDANCE CONTROL ON SE(3)

Port-Hamiltonian dynamics Energy of aerial robot



STANDARD IMPEDANCE CONTROL ON SE(3)

Impedance control law

Advantages

• Passive controller

• Contact-stability not guaranteed

• Robust to parametric uncertainties



5

2

Robustness against uncertainties

52



VARIABLE IMPEDANCE CONTROL ON SE(3)

Variable impedance control law
Drawbacks

• Non-passive controller

• Contact-stability not guaranteed

• Not safe for generic interaction

Used for 

regulating the 

interaction wrench



EXP.1: WRENCH REGULATION



EXP.3: FULL ACTUATION CAPABILITIES



EXP.4: IMPORTANCE OF ENERGY AWARENESS


	Slide 1: Geometric Port-Hamiltonian Modeling and Control of a​ Flying End-Effector  
	Slide 2: Outline
	Slide 3: Outline
	Slide 4: Geometric Port-Hamiltonian framework
	Slide 5: Interconnection of Subsystems
	Slide 6: Modeling complex systems by interconnection
	Slide 7: Port-Hamiltonian model Modeling of Point Mass 
	Slide 8: flying End-Effector Model
	Slide 9: flying End-Effector Model
	Slide 10: Port-Hamiltonian model of a flying end-effector 
	Slide 11: Outline
	Slide 12: Mass Damper Dynamics
	Slide 13: Mass Damper Dynamics
	Slide 14: Mass Damper Dynamics
	Slide 15: Mass Damper Dynamics
	Slide 16: Mass Damper Dynamics
	Slide 17: Mass Damper Dynamics
	Slide 18: Mass Damper Dynamics
	Slide 19: Passivity Property
	Slide 20: Passivity Property
	Slide 21: Passivity Property
	Slide 22: Port-Hamiltonian Representation
	Slide 23: Port-Hamiltonian Representation
	Slide 24: Port-Hamiltonian Representation
	Slide 25: Port-Hamiltonian Representation
	Slide 26: Port-Hamiltonian Representation
	Slide 27: Port-Hamiltonian Representation
	Slide 28: Port-Hamiltonian Representation
	Slide 29: Outline
	Slide 30: flying End-Effector Dynamics
	Slide 31: flying End-Effector Dynamics
	Slide 32: flying End-Effector Dynamics
	Slide 33: flying End-Effector Dynamics
	Slide 34: flying End-Effector Dynamics
	Slide 35: flying End-Effector Dynamics
	Slide 36: flying End-Effector Dynamics
	Slide 37: flying End-Effector Dynamics
	Slide 38: flying End-Effector Dynamics
	Slide 39: Graphical Representation
	Slide 40: Graphical Representation
	Slide 41: Outline
	Slide 42: Paradigm Shift: Motion Control vs. Interaction Control
	Slide 43: Paradigm Shift: Motion Control vs. Interaction Control
	Slide 44: Paradigm Shift: Motion Control vs. Interaction Control
	Slide 45: Impedance Control
	Slide 46: Impedance Control
	Slide 47: Impedance Control of Mass Damper
	Slide 48: Impedance Control of Mass Damper
	Slide 49: Next !
	Slide 50
	Slide 51
	Slide 52: Robustness against uncertainties
	Slide 53
	Slide 54
	Slide 55
	Slide 56

