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GEOMETRIC PORT-HAMILTONIAN FRAMEWORK

Port-based

Modeling

Geometric Systems &
Mechanics Control Theory

» Energy instead of Signals
* Multi-physics & open systems
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FLYING END-EFFECTOR MODEL

 Nonlinear Equations of Motion on SE(3) T;": Generalized Velocity = Twist
 Kinematics Wsrc: Generalized Forces = \Wrench

I — EJI TB.I
HL,=HLT]

* Dynamics

Control  Interaction
Wrench  Wrench V]

« HL € SE(3)-Pose of Wg w.rt. ¥,
. T,;‘" € R®- Generalized velocity of Wy w.r.t. W}, expressed in W,

End-effector

Gravity l

of Mass

o Wi € (R®)*- Generalized forces by src acting on body expressed in ¥,
« P* € (R®)*- Generalized momentum of body expressed in ¥, U, ‘




FLYING END-EFFECTOR DYNAMICS

 Equations of motion
H;, = Hbfgl Center End-effector
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Port-Hamiltonian Representation
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FLYING END-EFFECTOR DYNAMICS

* Port-Hamiltonian Representation
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FLYING END-EFFECTOR DYNAMICS

* Port-Hamiltonian Representation
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GRAPHICAL REPRESENTATION
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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:

* |t 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: An Approach
to Manipulation:
Part |—Theory

Neville Hogan
Associata Professor,




Impedance Control of Mass Damper

 Equations of motion

« £ =y

*mv =—b |v|[v —mg + feon +/int
* Impedance control law

* fcon = Mg _Kpf — Kgqv

* Closed loop dynamics
mv = —b |v|v — K,& — Kgv + fine

U

mé + (B(v) + Kp)& + Kpé = fin

Equivalent mass-spring damper
system with respect to (fin, <) Closed-loop

dynamics




Standard Impedance Control On SE(3)

End-effector
of Mass

\IJ 7 Gravity l

Port-Hamiltonian dynamics

777777777777 ; - leeriaI
H(HEL, PB):: C /:|0 ,Robot
OH |
Storage of Kinetic |
and Potential Energy OxH .
| — & |
| |
|
B - wi
Impedance W | | int
| I:
Controller =/B 7 || DRB | B.I
TB? | ! TB,
Power Supplied by Power Supplied by
Controller Environment

Energy of aerial robot

(5:) - (—x;ﬂB Jk(PB)) (antre) = (0) ove = w

01 H
T3 =0 1) (5t

1
H(H}, P7) = o(P7) T 1P +m(£}) g
Kil:;tic Pot;;tial




Standard Impedance Control On SE(3)
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Standard Impedance Control

" Interaction
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Standard Impedance Control On SE(3)
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Standard Impedance Control On SE(3)

Gravity Compensated

Aerial Robot

\ : Up
\IJ[ oy Virtual
* Virtual -
Damper Spring
Impedance control law
B __ T B B
WC —_— Ad Cb ngr - dmp _ Wg
~ ~~ S Ve S~
Virtual Virtual Gravity
Spring Damper Compensation

Virtual .. D | L pPB:cC
Spring C: %P(HC’S) LH(HB’-{: ) "ic E
| )
. . Gravity
Oun Hp Hgs ) OaH & |compensated
Virtual Damper | Al |Aerial
X#2, : MTF R: K, I 0 ‘Robot
| |
ngl) de\%ﬂB I Oal ([ - & |
spr | ‘1
- | |
Virtual spr | | WBt
Set =
Point D,I lmp :II DRB -
TD B,I TB’I
B,I Ts | | i
TB, o = —
W&/ T o =
VMTF —= C :: —Hg(Hp)|
Sy M
Advantages

Passive closed-loop pH system
Contact-stability guaranteed
Robust to parametric uncertainties




Outline

* Importance of Passivity

~N =



Passivity and Port-Hamiltonian Systems

A nonlinear affine control system with state x € R™ and input-output pair
(u,y) € R™ x R™ in the form

i = f(x) + g(x)u (1)

y = h(x) (2)

1s sald to be passive with respect to a non negative state-dependent storage
function V() if the following inequality is true for any possible input signal u(?)
and at any positive time ¢:

t
Viz(t)) —V(z(0)) < / yL (s)u(s)ds. (3)
J 0O



Passivity and Port-Hamiltonian Systems

A nonlinear affine control system with state x € R™ and input-output pair
(u,y) € R™ x R™ in the form

i = f(z) + g(a)u (1)
y = h(x) (2

1s sald to be passive with respect to a non negative state-dependent storage
function V() if the following inequality is true for any possible input signal u(?)
and at any positive time ¢:

t
Viz(t)) —V(z(0)) < / yT (s)u(s)ds. (3)
JO

Passivity implies stability, which is a property of the autonomous system (i.e., u = 0),
under the weak conditions that qualify the storage function as a Lyapunov function.




Passivity and Port-Hamiltonian Systems

The input-state-output formulation of a port-Hamiltonian system is given by
the following instance of (1-2):

r = [J(x) — R(x)]|0.H(x) + g(x)u. (4)

y=g' (v)0:H(z). (5)

An immediate property of pH systems (4-5) is that they are passive with
respect to the Hamiltonian as storage function:

I = (i)IH(.I'))T.i' = —(('_)IH(.I'))T]?(.I')(')IH(.I') — .I/Tll < ;/Tu. (6)



Passivity and Port-Hamiltonian Systems

The input-state-output formulation of a port-Hamiltonian system is given by
the following instance of (1-2):

r = [J(x) — R(x)]|0.H(x) + g(x)u. (4)
y =g (z)0.H(x). (5)

An immediate property of pH systems (4-5) is that they are passive with
respect to the Hamiltonian as storage function:

H = (0, H(x))Ti = —(0,H(«))T R(x)0,H () + yTu < yTu, (6)

U

t t
H(xz(t)) — H(x(0)) = / .I/T(S)II(S)([S — FEq(t) < / .I/T(.s‘)ll(.s‘)([s.
J0O J0




Passivity and Port-Hamiltonian Systems

* Port-Hamiltonian system

r = [J(x) — R(x)]|0H(z) + g(x)u,
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Passivity-Based Control

 Passivity-based control (PBC) is a set of techniques aiming at
designing a controller in such a way that the closed-loop system is

passive.

* When it comes to control, port-Hamiltonian theory makes close
contact with PBC.

* Port-Hamiltonian systems have a strong property that the form
& = [J(z) — R(z)]0.H () + g(x)u,
y =g (z)0-H(z).
is conserved under power-preserving interconnection of pH systems.

The control objective becomes then to design a pH controller
such that the desired target pH closed-loop system is achieved !




Passivity-Based Control

» Port-Hamiltonian systems have a strong property that the form
i = [J(z) — R(x)]0.H(x) + g(z)u.
y =g ()0 H(x).
IS conserved under power-preserving interconnection of pH systems.

* The control objective becomes then to design a pH controller such
that the desired target pH closed-loop system is achieved !

* Energy Balancing technique (EB-PBC)
* Interconnection-Damping Assignment technique (IDA-PBC)

Controller == Robot =— Environment




Passive Interaction Control

* A robot manipulator can be understood as a pH system with two
distinct ports:
« Control Port
* Interaction Port

» Along the task it executes, the robot will interact with the
environment, whose dynamics is often unknown.

 The interaction will follow physical laws, dependent on the unknown
parameters of the environment.

Controller == Robot =— Environment




Passive Interaction Control

« Control Objective: Passivity as a must

The controlled robot should result in a passive behavior seen from
the environment port.

* The motivation behind this claim lies on the fact that if the controlled
robot is passive, then the interconnection with any passive
environment would indeed result in a stable interconnection

Controller == Robot =— Environment




Standard Impedance Control On SE(3)

Gravity Compensated
Aerial Robot
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Impedance Control Power Balance
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Passivity of closed-loop system

» Passivity for Interactive Robots implies guaranteed contact stability with ANY
passive environment

» Passivity analysis is easily performed by combining the energy balances of the
Dirac structures !!
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Variable Impedance Control On SE(3)
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Variable Stiffness Impedance Controller

Variable impedance control law
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Energy-Aware Control

» Designing control systems with passivity as the sole goal is often
considered over-conservative and non optimal in terms of
performance.

« Some tasks (e.g., periodic locomotion) require a continuous
injection of energy in the system to be executed, and cannot be
achieved with a pure passive design.

Controller == Robot =— Environment




Energy-Aware Control

* The Energy-Aware Control framework extends the standard
passivity-based framework with a set of modules such that the goal
IS not primarily achieving passivity but being able to take decisions
observing the energy flows happening insight the whole control
network.

Supervisor

Energy /
Storage Y
N Energy
Routing
Energy /
Dissipation

=— Robot —— Environment :
Controller == Robot =— Environment



Energy-Aware Control

* A fundamental constituent of the energy-aware framework is energy
routing.

* This technique introduces the possibility to design nontrivial power-
preserving interconnections between two or more systems such
that the energy could be transferred from one system to another
without violating passivity.

Supervisor

Energy /
Storage Y
N Energy
Routing
Energy /
Dissipation

=— Robot —— Environment :
Controller == Robot =— Environment




Energy-Aware Control

» Using enerqgy tanks, it is possible to passively implement any
desired control action according to the available energy budget.

* The energy budget is provided by a high-level control module
referred to as the supervisor.

 This supervisor module is interconnected to the control system and
can provide to it new energy if needed.

Supervisor
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Energy
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PROPOSED APPROACH

« A way to restore the passivity, violated because of regulating the interaction wrench, is by

using energy routing and energy tanks.

» The basic idea behind energy routing is that energy within the controller is directed from

certain parts and stored in a virtual tank.

» This stored energy can then be used to implement the non-passive control action of

wrench regulation.

In this way, the total energy content of the closed-loop system remains unaffected.




ENERGY ROUTING AND ENERGY TANK
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ENERGY ROUTING AND ENERGY TANK
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PASSIVITY ANALYSIS

GRAPHICAL STRAIGHTFORWARD — ANALYTICAL NOT NEEDED !
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ENERGY AWARE IMPEDANCE CONTROL
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FEATURES OF ENERGY-AWARE IMPEDANCE CONTROL

<

Interaction wrench regulation

AN

Guaranteed contact stability with unknown
passive environment

SE(3) Geometric consistency

High modularity

Graphical passivity analysis using bond graphs

<N N X

Embed high-level objectives such as
contact-loss stabilization
v’ Safe for generic interaction

Interaction _"Y_in_t;__ Wrench
Wrench Observer Regulation
WS a
WSS WS Wwes A
cgns.ta“t — 1 —=0 K == y2 Energy
pring N ool T osn7 N, CS.D Tt Tank
TS TS -TSS
cs cs cs DeTa nk W

w3

cs || mes.p mp

witl|re "2, Wi,
0N<-Tp 7B

]
|
o
S
N
by
[
o
=
o
|
s
=
a

Virtual WSPT WB Gravity B
Set ’% Dimp :Ic Compensted Wine
Point Ty 7581 Aerial ':
WB B Robot Tg’I
Tg ! g




FEATURES OF ENERGY-AWARE IMPEDANCE CONTROL
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EXP.1: WRENCH REGULATION AND TANK DEPLETION
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EXP.3: FULL ACTUATION CAPABILITIES

[y —
Il

—dg — M — X —

1

1

1

1

295

300

305

W35
Time 3]

320



EXP.4: IMPORTANCE OF ENERGY AWARENESS
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EXP.5: ENERGY-AWARE CONTACT-LOSS STABILIZATION
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