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PHRIDOM 

The -PH-R- Projects Physical-Human-Robot 



ICRA 2007 Tutorial 

• Modelling 
• Position and compliance control 
• Collision detection 
• Friction Observer and Compensation 



Compliant Robots: Under-actuated Systems 
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Compliant Robots: Under-actuated Systems 
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M nondiagonal (Tomei’91) 

gravityelastic UUU 











)()(

)(
)(

1 qMqS

qSB
qM

L

T

M diagonal (Spong’87 simplification)  











)(0

0
)(

2 qM

B
qM

L

Dynamic state feedback linearizable 

(De Luca & Lucibello ‘98, 

ICRA Best Paper Award)  

static state feedback linearizable 



Some State Feedback Controllers 

Regulation  (PD + g(q)) 

Regulation (full state + g(q) ) 

g.a.s. 

Tracking  (full state + feedforward 

Tracking  (passivity based, 

                 backstepping, …) 

Tracking Computed Torque 

for qd constant 

l.s. 

g.a.s. 

g.e.s. 

linear, decoupled 
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g.a.s. for qd constant 

state vectors 
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Performance for Torque Controlled Robots  
www.DLR.de  •  Chart 8 

Vibration Damping OFF 

Vibration ON 

Passivity based regulation controllers with feed-forward for 

tracking perform good enough on torque controlled HD robots 

https://www.youtube.com/watch?v=Z-ho7_sUkp0 

https://www.youtube.com/watch?v=Z-ho7_sUkp0
https://www.youtube.com/watch?v=Z-ho7_sUkp0
https://www.youtube.com/watch?v=Z-ho7_sUkp0


Variable stiffness arm 

actuators 

DLR Hand Arm System 

 

Tendon driven 

fingers 

Highly integrated 

electronics 

motor module FSJ 

Antagonistic finger actuation 

Anthropomorphic light weight robot: 

 

• size, kinematics, force and dynamics 
of human arm and hand 

• variable stiffness in all joints 

  

• 53 degrees of freedom! 

• 106 motors 

• 212 position sensors 

 



Motor 1 

Motor 2 

q 
Moving Joint Output 

Changing Stiffness 

External Load 

Nonlinear 

Springs 

Harmonic Drive Gear 

[Wolf & al. ICRA 2008] 

(upper arm) 

- one big motor1 moves 

the joint 

- one small motor2   

changes joint stiffness 

- without motor2 

we have a serial 

elastic joint 

 

 

 

Variable Impedance Actuators 



Decoupling Damping Control in Modal Coordinates 

 

  11~   KKKKKKu STDP

state feedback controller in modal coordinates, with diagonal gain matrices. 

[Albu-Schäffer & al. ICRA 2010] 

Generalization of passivity based flexible joint concepts to VIA robots  



Minimalistic Link Side Damping 

• also VIA robots are state feedback  

linearizable (Spong’87, De Luca ‘97), however purely 

Passive controllers come to their limits 

 

Approach: 

• Use the linearizability to adjust only those features 

which really matter  

    (gravity compensation, damping, TCP-stiffness)  

 

• For practical robustness, change the rest 

of the dynamics as little as possible!!! 

 

So it‘s all about how to design the desired 

closed-loop dynamics! 

 

 

 

Ott Springer 2008 

De Luca & Flacco, CDC2010 



Elastic Structure Preserving Control (ESP) 

Dynamic shaping 

(motor side) 

PD control 

(new motor coord.) 

Control input: 
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Achieve active damping by changing the plant properties as little as possible   
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Coordinate transformation: 

M. Keppler & al, ICRA 2016, CDC 2016 



Stability and Passivity Analysis 

• Non-autonomous system: 

 

 

 

 

• Passivity of closed-loop system (          ) 

 

 

 

• Global uniform asymptotic stability (Matrosov) 

 

 

 

 

 



Active Link Side Damping, no Inertia and Stiffness Change 

https://www.youtube.com/watch?v=PATvv47QfQs 

https://www.youtube.com/watch?v=PATvv47QfQs


Exploiting Elasticity for Robustness: Hammer-Drilling in  

a Concrete Plate 
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https://www.youtube.com/watch?v=JVdufPRK4NI&t=6s 

 

https://www.youtube.com/watch?v=JVdufPRK4NI&t=6s
https://www.youtube.com/watch?v=JVdufPRK4NI&t=6s


Why Does it Work Better – a Discussion? 
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Comparison of gains for feedback 

linearization with 

• decoupled, constant error dynamics 

• structure preserving error dynamics 

In practice, gains are limited by unmodelled 

dynamics, actuator saturation, discretization,…  

M. Keppler & al TRO, accepted for publication 



Conclusion 
- Robot control had a tremendous development over the last decades  … 

We even can in principle control an elephant to jump like a flea 
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- However, with age, one learns that sometimes less is more … 

 

Formalizing this concept for nonlinear systems would be a nice joint challenge 

for the next future! 

Happy Anniversary Alessandro  !!! 


