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People are very adept at recovering from large disturbances
and uncertainties when walking. Shifting the Center of Pres-
sure (CoP) within the available foothold (the “ankle strategy”)
is common, as is using angular momentum, by lunging the up-
per body (the “hip strategy”) or windmilling the arms. Angular
momentum has its limits, though, and the control authority of
the ankle strategy decreases as the walking speed increases and
becomes more dynamic. To handle these limitations, humans
quickly adjust their step to the right location and continue
walking.

Humanoid robots can, in theory, utilize these same ap-
proaches, but have yet to match the adaptability of humans.
Some works have formulated model predictive controllers
as quadratic programs to perform trajectory optimization for
step adjustment using the ZMP [1] and DCM [2]. These,
however, have difficulties in real-time implementation due to
the large problem size from the discretized trajectories leading
to long solve times, posing challenges for incorporation on
hardware platforms. Alternatively, the step adjustment has
been optimized without considering the entire trajectory using
either the full LIPM dynamics [3] or its alternative repre-
sentation, the DCM [4]. While these approaches are highly
efficient and easy to implement on hardware, they have the
drawback of not directly considering feedback reaction forces
(the “ankle strategy”) in the optimization. This results in the
robot performing both CoP modulation and step adjustment,
when using only one would be sufficient. In addition to step
adjustment, control authority can be gained by modifying the
step timing through setting the foot down more quickly. This
has been primarily performed via nonlinear optimization [5,
6], which has only limited applications on hardware due
to its slow solve speeds. Notably, [4] linearly approximated
the nonlinear terms in the ICP dynamics, allowing efficient
quadratic programs to be used, instead.

In our upcoming work [7], we demonstrated that the ref-
erence ICP trajectory can be formulated as a linear function
of the upcoming footstep locations to embed a proportional
feedback controller into a quadratic program. This allows both
the CoP feedback action and step adjustment to be considered
during the optimization. In doing so, proper tuning enables
the robot to use CoP control until its authority is saturated,
only adjusting the step positions when absolutely necessary to
stabilize the dynamics. This becomes critical when walking
over complex terrain where proper foothold positioning is
critical. The performance of this controller can be further
increased, however, through the inclusion of both angular
momentum and step timing in the optimization. In this work,

Figure 1. Atlas recovering from a lateral push while stepping in place.

we will illustrate the effects of expanding the work in [7] to
include angular momentum in the optimization. We believe
this is critical for recovering from large tracking errors, and
casting it in an optimization-based framework allows intuitive
tuning of the amount of angular momentum to be utilized.

Additionally, while our work in [7] used a step timing
adjustment algorithm independent of the optimization algo-
rithm for stabilization, in this work we incorporate it in the
optimization, as well. Having it as a separate module, as in [7],
tends to speed up the plan to stepping as quickly as possible,
always saturating the timing controller, which may not always
be advantageous. Instead, by performing a gradient descent
with respect to the step timing around the quadratic cost to go,
we can include timing in the optimization while maintaining
fast enough solve times to implement on hardware.
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