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Abstract—This paper presents a research work and the results,
which were gained over the last year in the field of modeling and
controlling hybrid walking systems. Various model configurations
have been designed as a part of the modeling, based on the
simplest compass gait model. In the field of controlling, the
generation and the tracking of trajectories was verified for a
benchmark underactuated system. The theory of hybrid systems
was used to solve research tasks within the experiment ALICE
in the CERN.

Keywords—hybrid systems, walking models, trajectory gener-
ation, detector-control system

I. INTRODUCTION

Biped locomotion is one of the most sophisticated forms of
the movement. In terms of dynamic systems, human walking
stands out above the other forms of biped locomotion due to
the fact that during a major part of the step, the moving body
does not occur in the static equilibrium position [1].

One of the most important reasons for studying the human
locomotion is its effectiveness. For example, in difficult terrain,
in comparison to the wheel machines, it is easier for two or
more leg robots to walk, thanks to its versatility [2]. The
movement of the robot’s legs while passive walking on the
inclined plane is controlled by its own dynamics powered by
the gravitational acceleration g [3]. The aim of the control of
underactuated walking is to utilize the natural dynamics of
the robot, because the control is more efficient and adds less
power to the system than the control which exactly tracks the
reference trajectory of the fully-actuated system [4].

II. PREVIOUS ANALYSIS AND ACHIEVED RESULTS

While modeling of walking as such, it is necessary to
consider not only the continuous dynamics of the legs but
also the discreet events that occur when swing leg impacts
the ground. For this reason, it is the most useful to use the
concept of the hybrid systems that combine the continuous
and discrete dynamics of the model [5]. Hybrid systems, along
with the state automaton theory, also provide framework for
modeling and controlling of the hybrid systems of the research
project Experiment ALICE on LHC in CERN: Study of strongly
interacting matter at extreme energy densities [6].

In a modeling of walking, each discrete state x4 is described
by its own continuous dynamics f,,. In the case of mechanical
systems, such as underactuated walking robots, this leads to
using of the Lagrange equations for deriving of non-linear
differential motion equations of the walking system.
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Figure 1. Description of the hybrid biped locomotion

The discrete dynamics, which is one part of the overall
dynamics of the hybrid system, it is defined by the exis-
tence of events specified by the extended hybrid state vector
C(t) = (x(t),u(t), za(t),uq(t)), where x(t) represents a
continuous state-space vector, u(t) is a continuous input, x4(t)
discrete state vector and uq(t) discrete input. When modeling
of the discrete dynamics, which is defined by occurrence of
the discrete events in the walking systems, is used the fact that
each planar robot can be simplified into a kinematic chain [7].

Collisions in this kinematic chain are modeled as discrete
events, because it is assumed that as a result of collision, an
immediate change of speeds @(t) will appear. If the impact
force F; does not generate the momentum when the swing
leg impact the ground, the momentum of it is retained at this
point. Exactly this fact is used to create and derive a discrete
model of walking systems [8].

Since walking systems must exhibit periodic behavior when
walking, for their analysis, limit cycle and Poincaré maps are
used. Poincaré maps simplify the analysis of the limit cycle
for analyzing one fixed point [9].
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Figure 2.

Several control methods have been developed to control the
biped locomotion, most of them use a feedforward control
structure [8], which is shown in Fig. 2.

A crucial feature of the planned motion of an underactu-
ated robotic walk is periodicity, which is the difference in
comparison to the trajectory planning for simple benchmark
underactuated systems such as cart and pole system, serve to
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Figure 3. Model of the Compass Gait

verify control methods for the robotic walking [10].

III. SOLVED TASKS

Model of the Compass Gait - (CG), shown in Fig. 3
represents the basic and the passive walking model, which
was first studied in the work of the research group Goswami
et. al. [11].

The dynamics of the swing and stance legs can be derived
when using Lagrange equations. The discrete dynamics of the
CG model includes only one situation when the swing leg
falls on the ground. If the collision condition s(0) : Ong(t) +
Os(t) +2a = 0 is fulfilled, the swing leg becomes stance and
stance leg becomes swing leg.

The robotic walking model creates a closed limit cycle. Fig.
4 shows that using the nonlinear differential equations for the
continuous dynamics and the equation for discrete dynamics,
it allows to obtain a closed limit cycle when appropriate initial
conditions.

Limit cycle

Figure 4. Simplified phase portrait of the Compass Gait model

Since the underactuated walking robots are the part of
the more complicated systems, it is preferable to verify the
motion planning methods firstly on a suitable benchmark
underactuated systems such as, cart and pole [12] [13].

When using the two-point boundary problem, it is necce-
sary to modify the model of the cart and pole system. The
modification consists of replacement the cart with the linear
aproximation of the LSM. After the modification, it is possible
to use the solution of the two-point boundary problem for
the design of the trajectories from the lower stable to the
upper unstable equilibrium position of the pendulum, which is
dealt with in the article called Inverted pendulum with linear
synchronous engine swinging using boundary value problem
(Koska et.al.) which was sent to a foreign journal. A significant
part of the results are shown in Fig. 5.
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Figure 5.  Tracking of the desired pendulum angle 07 (¢) and the angular
velocity 07 (t) against the laboratory system pendulum angle 01(t) and
angular velocity 61 (t)

IV. FUTURE RESEARCH STEPS AND CONCLUSION

This article summarizes the author’s research activity over
the last year. The aim in the next thesis is to design the metho-
dology of generating mathematical models of hybrid walking
systems with different configurations, and also to adequately
design control methods for different model configurations.

Further research activities of the author will be focused on
the design of the intermediate level communication of the
Detector Control System for ITS subdetector within experi-
ment ALICE in the CERN using a model workplace within
the KKUI FEI TU.
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