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This work is concerned with the modeling and analysis of a complex humanoid robotic system walking on a mobile
platform. For this purpose, a software package was synthesized allowing the selection of configurations of both the
humanoid and the platform. Each joint of the biped and the platform can be defined by the user via the motor state
(active or locked) and the gear type (rigid or elastic). In the moment when the biped steps on the platform, the latter,
by its dynamics, acts on the biped dynamics and the biped on the other hand, by its characteristics, influences the
dynamics of the platform motion. These two complex contacting systems form a more complex system, the
mathematical model of which has to encompass all the elements of coupling between the humanoid joints and the
platform joints. It has been shown that coupling is more influenced when elasticity elements are included into the
configuration. Reference trajectory of each joint can be defined so as to encompass or not encompass elastic
deformations as well as known or unknown characteristics of coupling between the humanoid and the platform. The
control structure for the biped walking on the platform should be defined so that it satisfies the requirement for the
ZMP (Zero-Moment Point) to be within the given boundaries in every sampling instant, which guarantees a dynamic
balance of the locomotion mechanism in the real regime. The synthesized new software FLEXI makes it possible to
choose a robotic configuration. The analysis of simulation results of the humanoid robot motion on an immobile
platform gives evidence for all the complexity of this system and shows how much system parameters (choice of
trajectory, configuration, geometry, elasticity characteristics, motor, etc.) influence stabilization of its humanoid
motion. All research in humanoid robotics has an aim to create a robot similar to a human that would be his servant,
worker or soldier and that would replace him in all dangerous situations.
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Introduction

ODELING of the locomotion mechanisms of a rigid
anthropomorphic structure is certainly a very
interesting problem.

During the last four decades we have witnessed a strong
development of a new class of mechanisms capable of
performing diverse artificial motions of a locomotion-
manipulation type [7-11]. The paper [12] considers the
control of a robot with elastic joint in contact with dynamic
environment.

For a long time already, researchers have been thinking
about the implementation of elastic joints into an already
complex model of a locomotion mechanism.

Let us review in brief some of the works dealing with
robotic mechanisms that involve elasticity at joint.

The method proposed in [5] provides a general approach
to the problem of defining mechanical configuration models
and kineto-ealstodynamic effects. In [6], the author
discusses the problem of force control of a manipulator
with an elastic joint. Using the same principles defined by
Spong [5] still in 1978, in this work we introduce elastic
joints into a mathematical model. The generated new
software FLEXI defines a mathematical model of the
robotic locomotion system. The analysis of simulation
results was carried out on a 10-DOFs (degrees of freedom)
humanoid robot and a 3-DOFs platform. In the present
research phase the robot's motion on a mobile platform is
analyzed.
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Modeling of a Humanoid Robotic System
Kinematics and dynamics of a humanoid locomotion
robotic system walking on a mobile platform are modeled.
Since elasticity elements are introduced, it is necessary to
explain the kinematics of these systems.

Kinematics

In the presence of elasticity elements, the notion of a
joint (DOF) requires a new meaning, which is necessary to
expand and explain. In its configuration, each joint may
contain:

— motor and/or
— gearing system.

The motor may be
* Active, if it realizes the motion whereby the motor
deflection angle 6, # const or
* Locked, if it is fixed at a certain position, and its speed
and acceleration are zero, then 6, - const .

Behind any motor there may be implemented a gearing
system, which may be:
~ Elastic, if the deformation is elastic, then the joint
deflection angle & #0.

~ Rigid, if elastic deformation is & =0 .

This means that a joint can be defined in dependence of
the working state of the motor and a type of gearing. There
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are four types of joints. Therefore, this work analyzes the
behavior of a humanoid robotic system which may contain
joints of the types AE, LE, AR and LR, as defined in [16].
We can define all kinematic characteristics: the Denavit-
Hartenberg parameters, rotation matrix, the overall
transformation matrix and the Jacobi matrix.

Dynamics

Coupling between the biped and the platform

In order to model the biped motion on a mobile platform
it is necessary to define first the characteristics of the
coupling between these two complex systems. To analyze
the coupling characteristics we will use first the rigid
configurations of the biped and the platform. The coupling
characteristics are very important, and therefore their
explanation should not be blurred by some other effects
such as, for example, elasticity.

Biped rigid, platform rigid
The complex robotic mechanism consisting of the
humanoid and the platform being in contact at the point

“A” is sketched in Fig.la. The system's mathematical
model is of the form:

t=H(q)q+h(q,q) M

The inertia matrix H(g) is a full matrix, having also

elements outside the diagonal, characterizing the coupling
between the present DOFs. The presence of coupling is also
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reflected on the vector A(g,q) through the Coriolis' and

centrifugal forces. The control vector is 7 .

The complex system shown in Fig.la is divided, first
hypothetically, in two parts (Fig.1b), whereby the upper
system can move independently of the lower one. The
upper system is the biped and the lower one is the platform.
The motion dynamics of the complex biped mechanism (the
upper part in Fig.1b) is described by the equation:

7y = Hy(q5)dp + My (g5, 45) ()

The motion dynamics of the complex platform
mechanism (the lower part of Fig.1b) is described by the
equation:

Tp :Hp(Qp)‘.].p'i'hp(Qp’q.p) 3)

When separated, these two systems perform independent
motions. As we want to analyze the motion dynamics of the
biped and the platform in contact, we presume exactly such
a situation and because of that it is necessary to connect
these two subsystems. Their linking gives a system shown
in Fig.1c. Let us compare Fig.1a and lc. They stand for the
similar robotic configurations. It has been already
mentioned that between particular DOFs in Fig. la there
exists strong coupling, and because of that it is logical to
suppose that the same strong coupling exists between the
particular biped DOFs and the particular platform DOFs
from Fig.1c.
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Figure 1. Complex robotic mechanism biped-platform.

In general, the biped need not be in contact with the
platform at the point "A" but at some other point, for
example "B" (see Fig.lc). If the points "A" and "B"
coincide, then the geometry of the overall complex
mechanism is simpler. This would be a most favorable case.
However, a much more realistic is the case when the points
"A" and "B" do not coincide. Then there exists a quantity &
which participates in the dynamics of the overall system
motion.

Full coupling between the particular DOFs of the biped
and platform is an essential characteristic of this robotic
system. In this sense the motion of the system shown in Fig.
Ic should be modeled by the following equation, which

encompasses the full coupling between all present DOFs.

% Hﬁ HI»E ijﬁ hﬁE
|\ |\H. H|]. + h )
b bp b qg bp

The inertiality matrix in the model (4) is a full matrix,
and the Coriolis' and centrifugal forces encompass also the
coupling between the biped and the platform.

If, apart from the platform, the biped is in contact with
some other environment as in [13], then the action of that
environment is defined by the dynamic force F,. In our
example from Fig.lc the external force F,; acts on the



FILIPOVIC,M: DYNAMIC OF BIPED MOVEMENT ON A MOBILE PLATFORM IN THE PRESENCE ELASTICITY ELEMENTS 17

dynamics of the motion of both the biped and the platform,
i.e. on the complex biped-platform system, via the system
geometry, that is via the Jacobian matrix J . We thus define
the overall dynamic model of the complex system biped-
platform by the following equation:

T_ H H__ q- h__ JT
— P po| | Tp pb 5 1.
{r} {H H} . J{h}’ P O
b bp b q[? bp ‘]5

In order to analyze the presence of coupling between the
biped and the platform we adopted the configurations of the
biped and the platform shown in Fig.1d. Let us assume
that ¢ = 0. All DOFs of both the biped and the platform are
rotational (the biped has 10, and platform 3 such joints),
and they are defined as the joints of the type AR. the
rotational joints of the platform are g, , ¢,, g3 .

<

The biped and the platform with elasticity elements

Now, when we explained the characteristic of the
coupling between the biped and the platform as a rigid
systems, it is logical to conclude that the additional
elasticity in the system (elastic joints of the humanoid
and/or elastic joints of the platform) could only increase the
complexity of the coupling that takes place via the elasticity
forces, as well as via the inertial (Coriolis' and centrifugal)
forces.

To analyze the properties of the coupling between the
biped and the platform in the presence of elasticity elements
we consider the configuration from Fig.2. If we want to set
some arbitrary joints of the AE, LE or AR type and the rest
of the LR type, then the system structure changes as well as
the structural matrix in it. In order to present the general
structure of the mathematical model of the robotic
mechanism with arbitrarily selected types of each joint, let
us fix certain joints of the biped and the platform in the
following way:

— eo =0 selected joints of type AE,
— ne =2 selected joints of type LE,
— nr =11 selected joints of type AR,
— nc =15 selected joints of type LR.

With the joints thus selected, the mathematical model of
the overall mechanism defined in Fig.3 would be of the
form:

0 =H -G+h +C -& +B & +J -F (6)
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e

_ 3 = .. T
T _Ik-9k+Bk-9k+Sk~(Hk-q+hk+Jk -Fuk) (8)

k

One ERZJ He(q)ERZXIS hE(q’Q)ERZ H

C,=diag[C 1e R**, B, =diag[B 1eR™, ¢, €cR’,

J, (@) eR"*, 7, €R?, l= diag[li] e R,

B = diag[Bl_] € R*?, S,=diag[S ] € R**?,

i

geeRz.

r,eR", I, =diag[1i]eR“"“, B, :diag[Bi]eRll"ll,

S, =diag[S1e R"™"", H, eR"™, h, eR", J, (q)eRGx”,

i

F €R°, 0 eR".
uk k

7]

It is evident that the environment force F,, participates
in generating the overall coordinates ¢, and the same do
the deflection angles & . This force is mapped on the

direction of the generalized coordinates via the elements of
the Jacobi matrix J .
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Figure 2. Humanoid robotic mechanism with 25 DOFs on the mobile
platform with 3 DOFs.

Reference Trajectory

When considering the motion of a humanoid robotic
system one should distinguish two, mutually dependent,
aspects of defining the reference trajectory:

— reference trajectory of the motion of each joint,
— reference trajectory of the ZMP® [3], [8]).

These two approaches to defining the references are of
equal importance and should act in a coordinated way in
order to achieve a harmonious human-like motion.

The problem of creating a reference joint trajectory of
elastic robots has been dealt with only in several papers, a
procedure being presented first by [1]. More recently in
[2]), this was done for one-DOF robotic system with an
elastic joint and a rigid link, and separately, for a stiff joint
and an elastic link.

There are two aspects of defining the reference trajectory
of the motor angle [14], [15] and [16], viz.:

1. Elastic deformation is considered as a quantity which
is not encompassed by the reference trajectory. This is
the case when the elasticity characteristics in the sys-
tem are not known and are not included in the refer-
ence trajectory definition. We have two approaches to
defining the references:
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— which does encompass the property of the biped-platform

coupling at the reference level

— in real conditions, which does not know the coupling

property.

2. Elastic deformation is a quantity which is at least
partly encompassed by the reference trajectory. It is
assumed that all elasticity characteristics in the system
(both of stiffness and damping) are 'known', at least
partly, and at that level can be included into the proc-
ess of defining the reference motion. We have two ap-
proaches to defining the references motion. We have
two approaches to defining the references:

— which does encompass the property of the biped-platform

coupling at the reference level,

— in real conditions, which does not know the coupling

property.

Control of the biped walking on a mobile platform

The aim of control here is not to stabilize the humanoid
robot motion on the mobile platform to make the ZMP to be
as close as possible to zero, or some similar criterion. Here,
the aim of the control synthesis is to emphasize the effect of
the present elasticity elements and demonstrate the
existence of coupling properties.

fixed support

Figure 3. Humanoid robotic mechanism with 10 DOFs on the mobile
platform with 3 DOFs.

For the simulation example to analyze the humanoid
motion on the mobile platform we choose the control law
7,, which encompasses CR (Centralized Reference control,

calculated from the reference state) z,. plus LO (control

via LOcal feedbacks of motor motion with respect to
position and velocity) z, .

T, =17, +7, )

=Ky (0-0)+K,-(0°-0) (10)

Since, among the others, the biped-platform coupling is
also subject of this work, we will define the CR control for
real conditions, namely as a quantity z,. which does not
encompass

1. the property of the biped-platform coupling at the ref-
erence level, and
2. elastic deformation at the reference level.

The overall control z,. = [z’; z’b"] T contains:

— The CR platform control 7, defined by eq. (4) under the

condition that all biped joints are of the LR type. The
biped is in the state of rest on the platform. The platform
tracks the reference trajectory without additional
disturbances when the biped is placed on it. All the
platform joints are of the AR type.

— The CR biped controlz, is defined by eq. (2) in the

reference regime. All biped joints are defined as being of

the AR type. 7, is defined under the condition that the
humanoid walking on the immobile platform tracks
without additional disturbances the reference trajectory.
This means that all platform joints are defined as being of
the LR type.
Such 7}, is defined under the special, real conditions of not
knowing the coupling property. The conditions of defining

the CR control 7, are significantly different from the real
conditions of the biped motion on the mobile platform.
If we analyze the elastic robotic biped-platform system de-
fined by egs. (6 - 8), then 7;. does not encompass the prop-
erty of

1. coupling, and neither the property of

2. elasticity.

Simulation Examples

General conditions that hold for all the simulation examples
of the humanoid walking on the mobile platform are:

Simulations were carried out for the elastic humanoid
robotic mechanism that moves without constraints. This
means that no environment force is present in the
simulation analyses.

The geometry of the humanoid robotic system is defined
so to mimic the geometry of a human 1.8 [m] tall, with a
mass of 70 [kg], proportionally distributed over the links.
The foot size with respect to the desired position of the
ZMP in the x-direction is #0.15[m] and in the y -

direction £0.075[m], so that the overall foot size is
0.3x0.15 [m].
The elasticity

E,=69.3-10° [N/m’].
The initial deviations of the angles of the motor are:

module of aluminum IS:

30, (ty)=[0;0;....0,0] [ rad] ,§é(t0) =[0;0;...;0;0][rad/s] .
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Figure 4. Referenced 5, °

and real é motor angle [rad] (Example I).
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20 FILIPOVIC,M: DYNAMIC OF BIPED MOVEMENT ON A MOBILE PLATFORM IN THE PRESENCE ELASTICITY ELEMENTS

e

.04
time [s]

P o
] P.
0.2 04 0.6 08 .
time [s] time [s]
100
0
-100
-200
-300
Q 0.2 0.4 0.6 0.8
time [s] time [s]
150 40
1oof, Fe 80 b
o 20 °
o
50 PS 10 P9 /
Q 4 0 -
-50 -10
o] 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
time [s] time [s]
6 0.2
Q [ e vi
o
0.2 Pu Pn
04
0.6
2 0.8 N
0 02 . 04 0.6 0.8 0 .04 0.6
time [s] time [s]
0
o |
20|y Pra PB
-40
-150 -60
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
time [s] time [s]

Figure 6. Referenced P and real P, moment load [Nm] (Example I).

The initial deviations were deliberately chosen as zeros
in order to emphasize the importance of the other effects of

motion dynamics. The sampling period is: d¢ =0.001[s] . In
the simulation examples, the reference trajectory is defined
as for a rigid system, so that no elastic deformations are
present at the reference level, & =0.

Because of that, only the real values of elastic
deformations & are designated in the figures. The reference
trajectory is defined for real conditions, which does not

encompass the property of biped-platform coupling.
Let us now deal with the simulations.

The tip of the left leg of the 10-DOFs humanoid robot
moves in a half-step from the point "C" to the point "D" on

a mobile platform in a predicted time 7' =0.75[s] (Fig.3).
We select the following parameters of the motor and the
gear: 1=0.3534 [kgmQA/N], B = 7.3534[V/(rad/s)],

$=0.2297 [QA/Nm)] .

Simulations were carried out for the following biped-
platform system: the platform joints, 1, 2 are of the type LE
(they can move about the x, y axes of the local coordinate

frame, respectively) and 3 are of the type AR (can move
about the z axes of the local coordinate frame).
The biped joints, 4, 5, 6, 7, 8,9, 10, 11, 12 and 13, are

also of the AR type. The control is defined by 7, + 7, .
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Figure 7. Real elastic deformations &,; ( &0 ) [rad] (Example ).

The control gains for stabilizing drives of the platform
are: K, =diag[22500] and K, = diag[300], and of the

biped K, = diag[2025] and K,, = diag[90].

Example 1:

If in the preceding example we define the characteristics
of stiffness and damping of the platform joints 1 and 2 of
the type LE to C; =100 [Nm/rad], C:, =10 [Nm/rad],

B =100 [Nm/(rad/s)], B, =1000 [Nm/(rad/s)], the

ZMP position is stabilized, although oscillations are
present.

Fig.4 shows the referenced 6" and the real trajectories

of motor angles €, for all 11 DOFs. There was the disposal

the trajectory where the referenced ZMP® is very close to
zero during the half-step realization.

Fig.5 gives the deviation of 6, fromé .

It is interesting to have a look at Fig.6, showing the
reference reduced torque P° caused by the reference system
dynamics during robotic task realization, as well as the real
reduced torque P caused by the real system dynamics.

Namely, the moment P encompasses the influence of
elastic effects and also the property of the biped-platform
coupling occurring during the motion of the humanoid
robotic mechanism on the elastic platform.

It is evident from Fig.7 that the elastic deformations &,

and &, were of the order of 10°. Fig.8 presents the

referenced forces F;° and moments M; and the real F;,
M; by which the humanoid robot acts on the mobile
platform in all 6 directions of the Cartesian coordinates.

Fig.9 illustrates the ZMP and ZMP motion during the
robotic task realization. The shaded area belongs to the
biped foot.
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Figure 8. Referenced F;,M; and real F,, M; force [N] ([Nm])
(Example 1).
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Figure 9. Referenced ZMP° and real ZMP in the x - and y -directions
[m] (Example I).
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Figure 10. Referenced ZMP® and real ZMP in the x -y plane [m]
(Example 1).

The ZMP position, despite significant oscillations, does
not show the tendency of instability. The ZMP remained
inside the footprint area (see Fig.9 and 10).

Example 2:

If in the preceding example we change the characteristics
of stiffness and damping of the platform joints 1 and 2 of

the type LE to C; =2%1000 [Nm/rad], Cs, =2%1000
[Nm/rad], Bz =1000 [Nm/(rad/s)], Bz =1000
[Nm/(rad/s)] .
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Figure 11. Real elastic deformations &,; and &,, (f,;’l =&, = 0) [rad]
(Example 2).

All other characteristics are same as in Example 1.

By analyzing Fig.1l1 we can see that the elastic
deformations &, and &,, of the joints of the LE type
increased in an oscillatory manner during the robotic task
realization, especially for ¢&,;, which stands for the motion
about the x -axis of the local coordinate frame.

If we analyze the behavior of the ZMP (Figures 12 and
13) we can see its motion in deviating away from the zero
position. In the critical moment of 7, = 0.745[s], when the
ZMP comes out of the foot area (and this is the instant
when it exceeds +0.15[m] in the x -direction), the

humanoid is falling down.
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Figure 12. Reference ZMP° and real ZMP in the x- and y -directions
[m] (Example 2).

To that moment, the ZMP trajectory is shown as a full
red line and the rest of the simulation from the instant 7} to

the end of motion by a dashed blue line.
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Figure 13. Reference ZMP® and real ZMP in the x-y plane [m]
(Example 2).

A simulation after the critical moment 7, makes no
sense because it was carried out under the assumption that
the foot was >|+0.15[m] in the x-direction, but it is
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interesting from a visual point of view, as it shows a ZMP
departure from zero. In Fig.14 it is seen how much ZMP
really goes out from the foot contour. In this example,
tracking of the desired ZMP trajectory is poor.

The lack of the knowledge of the elasticity properties

and the coupling characteristic (CR control is z,.) at the
reference level represents a significant disturbance to the
system.

0.075

y-direction
o

-0.075
-0.15 0 0.15

x-direction

Figure 14. Reference ZMP and real ZMP in the x - y plane with respect
to the foot [m] (Example 2).

The simulation results show the real problems of the
complex biped-platform system control and the necessity of
synthesizing new control laws.

Conclusion

The software package developed in this study can be
used for the synthesis and analysis of complex elastic
robotic systems of a biped-platform type, and can be expa-
nded from various aspects, according to the user's needs.

The algorithm defined generates a mathematical model
of a complex humanoid robotic system that walks on a
mobile platform. It holds for an arbitrary number of DOFs
of the chosen biped and an arbitrary number of DOFs of the
platform. In this work, it was applied on a 25-DOFs robot
walking on a 3-DOFs platform. The model equations
change their structure depending on the nature of particular
joints, defined as being of AE, LE, AR or LR type. The task
of modeling is solved as a program, so that the user should
only select the type of joints and, normally, all the system
parameters, and the software package will generate a model
which offers the possibility of analyzing its dynamic
behavior.

The dynamic model of robotic mechanism encompasses
all coupling elements, as well as all dynamic effects of the
present forces. Elastic deformations of the elastic elements
are defined as a logical consequence of dynamic load
moments.

Elasticity dynamics is analyzed in dependence of the
dynamics of the overall robotic system. It is shown that
there exist strong coupling between the DOFs during the
motion of the complex robotic system. The humanoid
robotic system which moves on mobile platform is
described by a system of differential equations of damped
oscillations. For such dynamic model of robotic system, a
combined control law, CR plus LO control, is selected.

The simulations were carried out for the case when the
reference trajectory did not encompass the magnitude of
elastic deformation. The software package offers comfort in
the analysis of complex elastic robotic systems. The
characteristic of the configuration complexity of the robotic
system and the choice of the elasticity characteristic in the
system are not any more limiting factors in the analysis of
kinematics and dynamics of humanoid robotic systems.

Thus, an essentially new approach is elaborated for
considering elastic robotic systems, which opens up some new
possibilities in the analysis and modeling of these systems, as
well as in the implementation of new control laws.

The paper emphasizes the existence of dynamic coupling
between the biped and the platform in the course of robotic
task realization. In the moment of robot's stepping on the
platform, these two complex contacting systems form a
more complex mechanical system. The mathematical model
of the overall system must encompass all the elements of
the coupling between the DOFs of the biped and the
platform. Coupling is an elementary property of robotic
systems that has to be taken into consideration when
analyzing the motion of the biped and the platform in
contact. Simulations and analyses encompassed the
dynamics of the biped walk on a mobile platform involving
only rotational DOFs. Inclusion of the elementary property
of coupling between the biped and the platform suggests the
need for synthesizing new control laws to track the ZMP
trajectory. In the case when elastic characteristics are
included, the coupling becomes stronger and the departure
of the real ZMP trajectory from its reference value becomes
larger.

It appeared that the choice of parameters (motors, configu-

ration, geometry, elasticity characteristics, trajectory selec-
tion, etc.) of such a complex biped-platform system may
play an essential role in the process of system stabilization.
This is only one aspect of the analysis of dynamic behav-
ior of robotic systems which opens the door to other re-
search aspects. Our final goal is to achieve a humanoid
walking on the platform, and this will be possible if much
more knowledge is gained about this complex system.

The software package, synthesized specifically for the
purpose of allowing more comfortable analysis of such a
complex system, gave interesting simulation results. By
using it, the user can choose the configuration of the system
to be analyzed as well as the types of particular DOFs.
Besides, there exists the possibility of expanding the
software package from various aspects, to meet the user's
diverse needs.

The further development in this area should proceed in
the direction of implementing new control laws. All
research in this area has a tendency to create a humanoid
robot that would be helpful to people in everyday work.
War industry especially in highly developed countries
invests enormous funds in the development of ,robot-
solder” that would completely replace people in war
circumstances.
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Dinamika kretanja bipeda na pokretnoj platformi u prisustvu
elastiCnih elemenata

U ovom radu je modeliran i analiziran sloZeni humanoidni robotski sistem koji hoda po pomi¢noj platformi. U tu
svrhu sintetizovan je programski paket, koji pruza moguénost izbora konfiguracije humanoida kao i konfiguracije
platforme. Svaki zglob bipeda ili platforme korisnik moZe da definiSe stanjem motora (aktivan ili zaklju¢an ) i tipom
prenosnika (krut ili elasti¢an). U momentu kada biped stupi na platformu, ona svojim karakteristikama deluje na
dinamiku kretanja bipeda, a takodje i biped svojim karakteristikama deluje na dinamiku kretanja platforme. Ova
dva sloZena sistema u kontaktu postaju jedan jo§ sloZeniji sistem, ¢iji matematicki model mora obuhvatiti sve
elemente sprezanja izmedju zglobova platforme i zglobova humanoida. Pokazano je da je fenomen sprezanja jo§
izraZeniji kada se u konfiguraciju ukljude i elementi elasti¢nosti. Referentna trajektorija svakog zgloba mozZe biti
definisana tako da obuhvata elastiénu deformaciju ili da je ne obuhvata a takode da poznaje ili ne poznaje
karakteristiku kuplovanja izmedu humanoida i platforme. Upravljacka struktura bipeda koji se krec¢e po platformi
treba da bude definisana tako da u svakom trenutku odabiranja bude zadovoljen zahtev da ZMP (Zero-Moment
Point) bude u zadatim granicama, ¢ime je stabilnost lokomocionog mehanizama u realnom reZimu zagarantovana.
Analiza rezultata simulacija kretanja humanoidnog robota po pokretnoj platformi ukazuje na sloZenost ovog sistema
i pokazuje koliko parametri sistema (izbor trajektorije, konfiguracije, geometrije, karakteristika elasti¢nosti, motora
...) uti¢u na stabilizaciju njegovog humanoidnog kretanja. Sva istraZivanja u humanoidnoj robotici imaju za cilj da
stvore robota Sto sli¢nijeg Coveku, koji bi mu bio sluga, radnik, vojnik i koji bi ga zamenio u svim opasnim

situacijama.

Kljucne reci: robotika, humanoidni robot, dinamika kretanja, pokretna platforma, modeliranje, kuplovanje,
elasti¢nost zgloba, programirana trajektorija, programski paket.

JIluHAMHKA ABHKeHHs OMIela HA MOJABHKHOI miiaTdopme npu
HAJIMYMM YIPYTUX 3JIEMEHTOB

B Hacrosimeii padoTe MoJeTHPOBAHA M AHAJIM3UPOBAHA CJI0KHAS MHTENIEKTYyaJbHasi Po0OTOTeXHUYECKasl CHCTeMa,
araiomasi no NOoABH:KHOH mjaTdopme. B Ty Heab CHHTe3HpPOBaHA YNAKOBKAa INPOrpaMMHOI0 odecnevyeHHus,
NMO3BOJISIIONIAsT CAETATh BHIGOP KOH(PUrypamuu HHTENIEKTYaJljbHOro podoTa, a B TOM poje H KOH(QUrypamuu
miaargopmbl. Kaxapiii 3r71006 (muapuup) ounena wiu niargopmbl NoJb30BaTe/lb MOMKET ONpPedeIMTh COCTOSTHHEM
ABHMraTeiisia (AKTHBHBIH WJIM 3anepThiii) M TUIOM NepelaTYHKa (AKeCTKHH MM ynpyruii). B MomeHTe Korja oumnen
IIarHeT Ha MJIAaT(GOpPMY, OHA CBOMMH XAPAKTEPHCTHKAMH JeiiCTByeT HA JHHAMHKY ABH:KeHHs OHIeNa, a TaKiKe H
OuneJ CBOMMHU XapaKTePUCTHKAMH JeiicTBYeT Ha JMHAMHKY ABUKEHHUs IUIaT(GopMbl. ITH ABe CJI0KHbIe CHCTEMbI B
KOHTAKTE COeJUHSIIOTCSI B OJHY ellle CJI0JKHee CHCTeMY, Ybsl MaTeMeTHYECKAasi MoJeJb 00513aTeJIbHO OXBATHIBAeT BCe
3JIeMeHTbI COeJMHeHHs] MeXIy HIAPHHPAMHU INIAT(GOPMBI H 31J100aMH HHTEIEKTYyaJlbHOro podora. /loka3aHo, 4To
(eHomMen coeauHeHusi 0oJiee  BHPA3HTEJbHBLIM KOIJa B KOH(HIYpanWi0 BKJIIOYEHH H 3JeMEHThl YNPYrocTH.
HayanpHasi TpaeKTOpUsi Ka:KA0ro 3rio6a (IIapHupa) MoKeT ObITh oOmnpeJeeHa TaK, YTO OXBATHIBAET YNPYIylo
AedopManuio HJIM He OXBAaTHBAeT ee, a TaKKe YTO Y3HAeT WM He Y3HAeT XapaKTePHCTHKY COeJHHEHHS MEXKIy
HHTEJJIEKTYaJIbHbIM Po00TOM M IUIATGOPMOii. YNpapisiloliasi CTPYKTypa Oumena, mararwouero mno miartdopme,
JI0JZKHA ObITH OMpeejeHa TaK, YTOObl B Ka’KIOM MOMEHTe BbIOMpPaHHUsI ObLIH BBINOJIHeHbI TpeboBanus , yro ZPM
(Zero-Moment Point) Oyger B 3aJaHHBIX Hpejfeax, 4YeM M YCTOHYMBOCTH JIOKOABHMIaTeIbHOT0 MEXaHM3Ma B
HOMHHAJIBHOM pe:kuMe OyleT rapaHTHPOBAHA. AHAJIU3 Pe3yJbTATOB HMHUTAIMH ABH:KEHHS HHTEJJIEKTYaJIbHOr0
po0oTa Mo MOABHM:KHOH MNJaaTdopMe YKasblBaeT Ha CJIO0KHOCTH ITOj CHCTeMbl M NOKa3biBaeT, B KaKoii Mepe
NapaMeTpbl CHCTeMbI (BBIOOP TPAEKTOPHH, KOH(UTYpalM, TeOMeTPHH, XaPAKTEPUCTHK YNPYIOCTH, ABHIaTeNsl...)
BJIHSIOT HA YCTOHYHBOCTH €r0 MHTENIEKTYAJbHOI0 ABHKEHHA. Y BCeX ITHX HCCIeA0BAHHN B HHTENIEKTYAJIbHOM
po0OTOTEXHHKeE 0/IHA eJHHCTBEHHAasl ie/Ib — CO3AaTh M (JOPMHPOBATH HHTEIEKTYAJILHOI0 PO00Ta GoJiee 0X0Kero Ha
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YyesioBeKa B 00Jiblliell Mepe, KOTOPBIi ObI B OyaylieM 4el0BeKY OblI CJIYyroii, padoyum, coJ1IaTOM H KOTOPbIi Obl
00OMEHSII ero BO BCeX ONACHBIX CJYYasiX H CHTYaIHsIX.

Kntouesvie crosa: po6OTOTEXHHMKA, MHTEJUIEKTYAJIbHBI pPOGOT, AMHAMHKA JBHMJKEHHsl, MOJABH:KHAsi Iiatgopma,
MOJEJHpPOBaHUe, COEeIHHEHHE, YIPYrocTh 3171002, NJAHHPOBAHHASI TPAEKTOPHS, YHNAKOBKAa IPOrpaMMHOIO
odecneyeHHs.

Dynamique du mouvement du bipéde sur la plate-forme mobile en

présence des éléments élastiques

Dans ce travail on a modelé et analysé un systéme robotique humanoide et complexe qui marche sur la plate-forme
mobile. Un progiciel qui permet le choix de la configuration de I’humanoide ainsi que la configuration de la plate-
forme a été synthétisé dans ce but. L utilisateur peut définir chaque articulation du bipéde ou de la plate-forme par
I’état du moteur (actif ou fermé a clé) et par le type du translateur (rigide ou élastique). Au moment ou le bipede
marche sur la plate-forme, elle agit par ses caractéristiques sur la dynamique du mouvement du bipéde ; le bipede
agit aussi, par ses caractéristiques, sur la dynamique du mouvement de la plate-forme. En contact, ces deux systémes
complexes forment un systéme encore plus complexe, dont le modéle mathématique doit comprendre tous les éléments
d’attelage entre les articulations de la plate-forme et celles de I’humanoide. On a démontré que le phénoméne
d’attelage est encore plus manifeste lorsque les éléments d’élasticité sont incorporés a la configuration. La trajectoire
référentielle de chaque articulation peut étre définie de facon a comprendre ou non la déformation élastique et aussi
de connaitre ou non la caractéristique d’attelage entre I’humanoide et la plate-forme. La structure des commandes du
bipéde doit étre définie pour satisfaire ’exigence de 2MP (Zero-Moment Point) 2 chaque moment de choix, ce qui
garantit la stabilité du mécanisme locomoteur dans le régime réel. L’analyse des résultats des simulations du
mouvement du robot humanoide sur la plate-forme mobile démontre toute la complexité de ce systéme et ’influence
des parametres du systéme (choix de la trajectoire, configuration, géométrie, caractéristiques de I’élasticité, moteur) a
la stabilisation de son mouvement humanoide. Toutes les recherches dans la robotique humanoide ont pour but de
créer un robot similaire & ’homme, qui serait son servant, travailleur, soldat et qui le remplacerait dans chaque
situation dangereuse.

Mots clés: robotique, robot humanoide, dynamique du mouvement plate-forme mobile, modélisation, attelage,
élasticité de I’articulation, trajectoire programmée, progiciel.



