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Introduction

Series-parallel hybrid robots are a combination of
serial and parallel mechanisms. They offer higher
stiffness, accuracy and payload-to-weight ratio than
serial robots, with the downside of a higher complexity
in modeling and control.

(a) RH5 [1] (b) NASA Valkyrie [2] (c) RH5 Manus [3]

Figure: Humanoids with series-parallel hybrid architecture

SoTA Whole-Body Control (WBC) frameworks
• can only deal with serial or tree-type robots
• abstract parallel submechanisms as serial chains
• resolve kinematics & dynamics of the parallel

submechanisms in a separate function

Disadvantages

1. Physical limitations of the actuators within
parallel submechanisms cannot be considered

2. Singularities of parallel submechanisms cannot
be dealt with

3. The solution does not capture the correct
dynamics of the parallel submechanisms

4. Custom and complicated control software stacks

Contribution We develop a WBC framework for
series-parallel hybrid robots to overcome the limita-
tions of SoTA WBC approaches. The framework al-
lows to exploit the entire robot workspace on position-
and velocity-level when integrating box constraints
for parallel subsystems.

Constrained Kinematics and Dynamics

Robots with closed loops can be described by span-
ning tree joints q ∈ Rn, actuated joints u ∈ Rp

or independent joints y ∈ Rm. These systems are
subject to loop constraints1:

Type position velocity acceleration

implicit: φ(q) = 0 Kq̇ = 0 Kq̈ = k

explicit: q = γ(y) q̇ = Gẏ q̈ = Gÿ + g

Table: Loop constraints of a multi-body system [4]

where K = ∂φ
∂q, k = −K̇q̇, G = ∂γ

∂y, g = Ġẏ.

Independent

Figure: Abstraction in series-parallel hybrid robots [5]

Equations of motion

Equations of motion (EOM) for systems with closed
loops:

τ + τc = Hq̈ + C

where H ∈ Rn×n - mass-inertia matrix, C ∈ Rn -
bias forces, τ ∈ Rn joint forces/torques, τc ∈ Rn -
loop constraint forces.
Using the loop closure Jacobian G ∈ Rn×m with τy =
GTτq and GTτc = 0, and the actuator Jacobian
Gu ∈ Rp×m with u̇ = Guẏ we arrive at EOM in
actuator coordinates:

Huü + Cu = τu

with the mass-inertia matrix:

Hu = G−Tu GTHGG−1
u

the bias (Coriolis-Centrifugal + Gravity) forces:

Cu = G−Tu GT(C + Hg −HGG−1
u gu)

and the net actuator forces τu = G−Tu τy .
1 Assuming fully actuated robots for the sake of simplicity

Whole-Body Control Architecture

Tree-type WBC approaches underestimate the robot
workspace as they model actuator limits as box con-
straints in independent coordinates.
Solution: Define WBC problem in actuator space.
On velocity level:

min
u̇
‖Juu̇− vd‖2

s.t. Jjcuu̇ = 0, ∀j
u̇m ≤ u̇ ≤ u̇M

with Ju = JGG−1
u - Jacobian in actuator space, Jc -

contact Jacobian, vd ∈ R6 - desired spatial velocity
and {u̇m, u̇M} ∈ Rp - actuator velocity limits.
On acceleration level:

min
ü,τu,f

‖Juü + J̇uu̇− v̇d‖2

s.t. Huü + Cu = τu +
∑

j J
j
cufj

Jjcuü = −J̇jcuu̇, ∀j
τum ≤ τ ≤ τuM

where fj ∈ R6 - contact wrenches, v̇d ∈ R6 - desired
spatial accelerations, {τum, τuM} ∈ Rp - force/torque
limits.

(a) RH5 ankle

mechanism

(b) Admissible independent joint space (black) and

box constraints (green)

Figure: Example: Box constraints for actuator positions

(a) RH5 Manus elbow

mechanism
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(b) Admissible independent joint space (black) and

box constraints (green)

Figure: Example: Box constraints for actuator velocities

Experiments

Squatting movements on RH5 humanoid:
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(a) Tree-type WBC approach
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(b) Hybrid WBC approach

Figure: Exploitation of admissible position workspace

Figure: Squats on RH5 [6], red: Serial, green: Hybrid

Boxing movements on RH5 Manus Humanoid:
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(a) Tree-type WBC approach
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(b) Hybrid WBC approach

Figure: Exploitation of admissible velocity workspace

Figure: Boxing movements on RH5 Manus [6]

Conclusion

• Overcome limitations of SoTA WBC approaches
• Achieve a larger admissible workspace
• Require a slightly larger computational effort

References

[1] Julian Esser et al. “Design, Analysis and Control of the Series-Parallel

Hybrid RH5 Humanoid Robot”. In: 2020 IEEE-RAS 20th International

Conference on Humanoid Robots (Humanoids). Shifted from 2020 to

2021. IEEE, 2021, pp. 400–407.

[2] Nicolaus A. Radford et al. “Valkyrie: NASA’s First Bipedal Humanoid

Robot”. In: Journal of Field Robotics 32.3 (2015), pp. 397–419. issn:

1556-4967.

[3] Melya Boukheddimi et al. “Introducing RH5 Manus: A Powerful Hu-

manoid Upper Body Design for Dynamic Movements”. 2022 IEEE

International Conference on Robotics and Automation (ICRA), Ac-

cepted for publication. 2022.

[4] Roy Featherstone. Rigid Body Dynamics Algorithm. 2008.

[5] Shivesh Kumar et al. “A survey on modularity and distributivity in

series-parallel hybrid robots”. In: Mechatronics 68 (2020), pp. 102–367.

[6] DFKI. Whole-Body Control of Series-Parallel Hybrid Robots. 2022. url:

https://www.youtube.com/watch?v=yv6vCUgV6zc (visited on

02/22/2022).

Acknowledgment

This research was funded by the Federal Ministry of Economic Affairs and

Energy (BMWi) and Federal Ministry of Education and Research (BMBF).

1− Robotics Innovation Center (RIC), DFKI GmbH, Bremen, Germany 2− AG Robotik University of Bremen, Bremen, Germany dennis.mronga@dfki.de – http://www.dfki.de/robotics

https://www.youtube.com/watch?v=yv6vCUgV6zc

	References

