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Abstract
It is expected that the humanoid robots of the near future will 'live' and work in a common environment with humans, which imposes the requirement that their operative efficiency ought to be close to that of men. The main
prerequisite to achieve this is to ensure the robot's ability to compensate for the ever-present disturbances. Disturbances may be very different, both in respect of the type and the effect on the locomotion system. In our previous works we have discussed different strategies for compensating disturbances, which are occurring while
robot is standing still in upright position. The aim of this paper is to prove viability of previously described strategies. This paper presents the simulation results which were used to verify compensational strategies.
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1. INTRODUCTION
To act in the real world, a robot must be able to cope with the
dynamics of the environment. Bipedal walking currently
works well only under controlled conditions with limited external disturbances. No matter how well we attempt to shield
these robots, it is inevitable that they will occasionally bump
into objects and other people, and will be tripped up by debris, rocks, etc…
Like most aspects of bipedal walking, disturbance compensation is difficult because bipedal walking dynamics are
high dimensional and non-linear. Moreover, a humanoid robot is underactuated and makes friction-limited unilateral contacts with the ground. Despite these theoretical difficulties,
animals and humans are very adept at disturbance compensation.
In theory part of this work, three essentially different
compensation strategies were described in detail. The compensation by ankle only is very well known strategy [1, 2]. It is
very simple from the control point of view, but it can compensate only for the smallest of the disturbances. Second strategy proposed is compensation by simultaneous movement of
hip and ankle [3, 4]. This strategy is a bit more complicated
for control, and can compensate for disturbances of larger
intensity. When disturbance can not be compensated using
above mentioned strategies, stepping has to be performed.
Contrary to traditional views, stepping reactions are not just
strategies of last resort, but are often initiated well before the
center of mass is near the stability limits of the base of support [5].
This work is concerned with the verification of compensatory strategies described in theory part. Humanoid model
used for the simulation is described in detail in Section 2.
Section 3 presents the simulation results for 5 different cases
of disturbances. Direction and intensity of the disturbance will

be varied. Conclusion and the future work are presented in
chapter 4.

2. DESCRIPTION OF THE HUMANOID MODEL
The humanoid model is very similar to the models used by
the same authors in the previous works.[6-8]. It is an articulated system consisting of the main link to which are connected several open kinematic chains. The links are interconnected by rotational joints with only one degree of freedom (DOF). Fig. 1 shows the mechanism structure with 46
links. The joints with more DOFs (ankle and hip) are modeled
as a series of one-DOF joints, connected by massless links
of infinitesimal length (fictitious links). For example, the spherical joint at the left hip is modeled by three single joints (the
orts of rotation axes e10, e11 and e12 are mutually orthogonal),
connected by the fictitious links 10 and 11. The pelvis link
was chosen as the base one, and its position and orientation
in the space are presented by X  [ x, y, z ,  ,  , ] three
translatory and three angular coordinates. To the pelvis are
connected the other kinematic chains, of which the first chain
(links 1-9) represents the right leg; the second chain (links 1,
10-17) stands for the left leg; the third chain (links 1, 18-42)
represents the backbone and the right arm, whereas the
fourth kinematic chain represents the 10-link trunk (the links
are interconnected by 2-DOF joints) and the left arm (links 1,
18-38, 43-46). The feet are two-link ones, whereby between
the foot body and toes there exists only one DOF (left foot:
links 8 and 9; right foot: links 16 and 17).
The motion of each joint is described by one joint coordinate (q1, q2....q45). Taking into account 6 coordinates needed
for the positioning of the base link in the space we obtain that
the overall number of DOFs of the described mechanism is
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The two-link foot is rectangular, with a flat contact area, so
that for an exact identification of the contact type it suffices to
observe only six characteristic points shown in Fig. 2. Four
contact points (1-4 in Fig. 2) are the foot body corners,
whereas the points 5 and 6 are at the top of the toes. By
observing only these six points we can describe all the possible configurations of the foot-ground contact. If three or more
points (which are not collinear) are in contact with the support, the contact is planar; if two points are involved, it is a
linear and, finally, there may exist one-point contact. Since
there are two feet, the total number of points that are to be
observed is 12. However, not all the points are always in contact with the ground. The moment when a certain point
makes or breaks contact with the ground was calculated using slack variabli [9]. To model the contact of a particular point
with the ground use was made of the model of rigid body with
a visco-elastic layer. [10,11]
2.2 Overall system model
By uniting the model of the robot's mechanical structure and
of the elastic foot-ground contacts, the overall system can be
described by the following set of differential equations:
i 
T  F
  h  T 
(2)
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Ji 

0
δi × F i 
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 represents the vector of generalized accelerations
where Q



Fig. 1. Mechanical structure of the robot

51, whereas the system's position is described by the following expression:
(1)
Q  [ XT , qT ]T  [ x, y, z , ,  , , q1 , , q45 ]T
Each joint has its own actuator that generates the driving
torque  j , whereas the first six DOFs of the vector Q,
i.e. x, y , z ,  ,  and  are unpowered. The vector of torques
at the joints is τ  [1 , 2 , , 45 ]T , and the expanded vector
of generalized forces is T  [0, ,0, 1 , 2 , , 45 ]T . The joints
are powered by DC motors with permanent magnets, so that
the control quantity is the rotor coil voltage. To simplify modeling, the same motor model was used for each of the joints.
In the course of stepping, the system passes from the
single-support to the double-support phase. In the beginning,
the leg that performs stepping is not in contact with the
ground, the contact is being realized when the stepping is
ended. Also, in the course of the contact realization, slipping
may occur between the foot and the ground, and during the
settling phase the rear leg can separate from the support.
Because of that, it is of great importance to model appropriately the foot-ground contact, i.e. describe in the most reliable
way all the effects that may arise between the two bodies in
contact.
2.1 Modeling of the contact

of the mechanical system; H is the system inertia matrix; h 0
is the column vector of which includes moments induced by
Coriolis, centrifugal and gravitational forces. T is the column
vector of driving torques; S is the set of points in contact with
the ground; δ i and F i are the deformation and contact force
at the i-th contact point, respectively; J i is the Jacobi matrix
calculated for the i-th contact point. The contact force and
deformation derivative for each contact point are calculated
by according to the contact model. [10-11]
Each joint is powered by a separate electric motor, modeled in the following way:
u j  Rr  irj  Ce  q j  Lr  irj
(3)
 j  Cm  irj  B  q j  J r  qj
In these equations,  j represents the driving torque at
the j-th joint (actuator); irj is the rotor current of the j-th actuator; q j and qj are the angular velocity and acceleration at
the j-th joint. The rotor coil voltage of the j-th actuator is u j .
The actuator parameters are: torque constant ( Cm ), speed
constant ( Ce ), rotor thermal resistance ( Rr ), rotor inductance
( Lr ), rotor inertia moment ( J r ), and coefficient of viscous
friction ( B ). The motion of the actuator is controlled by
changing the rotor coil voltage u j . Therefore, the overall
model of the system is presented by equation (2), together
with another 45 second-order differential equations (3), describing the behavior of the actuators at each of powered
joints.

3. SIMULATION RESULTS
Fig. 2. Two-link foot with marked contact points

This chapter presents simulation results obtained for the different ways of compensation of disturbances using a very
complex model of humanoid robot.
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Fig. 3. Motion obtained and trajectories of ZMP and
CM by compensation by ankle only, when disturbance
is acting in direction of x – axis.

Fig. 4. Motion obtained and trajectories of ZMP and
CM by compensation by ankle only, when disturbance
is acting in direction opposite of x – axis.

The simulation results are related to the situation when
the robot stands still with both feet on the ground, and the
force acts on its back. The compensation is performed first by
activating only the ankle, and then (the force applied is of
greater intensity so that the robot is not able to compensate
successfully for the disturbance using only the ankle) the
compensation is carried out by simultaneous motion at the
ankle and at the hip. The last case presented is related to the
situation when, because of too a large disturbance, the robot
is not capable to preserve dynamic balance, and hence has
to perform the stepping operation.

other joints apart from two ankle joints should remain stiff, so
they are velocity controlled with reference velocity of 0. Velocity control could lead to position deviation, but it is not of great
significance that accurate positions at the joints are maintained. It is much more important that these joints remain stiff,
and that there is no substantial movement in them.
Fig. 3 shows the resulting humanoid motion obtained by
the simulation. The CM position prior to the disturbance coincides with the reference one. Since only the ankle joint is active, the angle at this joint prior to the disturbance is equal to
the angle at the instant when the CM position attains its reference value. From this it comes out that the initial posture is
identical to the final one, as shown in Fig. 3. The figure shows
also the posture when the robot is inclined most, and this
corresponds to the moment when the CM velocity in the xdirection drops to zero, after which the robot gradually returns
to the initial posture. Fig. 3 also shows the motion of the ZMP
and CM in the x-direction. Second case simulated, is very
similar to first one. Only difference is the direction of disturbance force which in this case acts in opposite direction of xaxis. Results of the simulation are shown on Fig. 4.
As can be seen from Figs. 3 and 4, there is at the beginning an abrupt jump of the CM velocity, which is a consequence of the disturbance force influence on the trunk. The
maximum reference ZMP position is selected so that its distance to the foot front edge is 25 mm. This ensures that in the
case of an overshoot or disturbance, the control system can
keep the ZMP within a “safe area”, and the system remains
dynamically balanced. Approximately 1.2 s after the occurrence of the disturbance, the CM velocity drops to zero (Fig.
3 and 4), after which the CM returns gradually to its initial
position, and after about 4 s the robot settles down, and the
CM position coincides with the position that existed prior to
the action of the disturbance. If the disturbance force increases, and the CM moves in the x-direction, further from the

3.1 Compensation by motion at the ankle
In the first case we consider the realization of compensation using only the ankle. In the initial moment, the robot
stands still with both feet on the ground. The torques at the
joints (there exist only gravitational loads) are constant which
in this example corresponds to the gravitational load of the
joints prior to the disturbance. At a certain moment, the disturbance impulse force of an amplitude of 510 N starts to act
in the direction of the x-axis. The force transfers a momentum
of 18 kgm/s, which brings about the CM motion at a speed of
0.21 m/s.
Immediately after the occurrence of the disturbance, the
compensation by the action at the ankle is to start, to stop the
CM motion in the x-direction, but so that dynamic balance is
preserved (the ZMP has to remain within the support area).
Based on the deviation of the CM from its initial position, desired ZMP position is calculated using fuzzy controller*. ZMP
position is regulated by movement at both ankle joints. All

*

We have used Mamdani-type [12,13] fuzzy controler with two inputs
(CM error, first derivative of CM error) and one output (desired ZMP
position). For each input and output we have defined five membership
functctions, and we have defined nineteen fuzzy rules in total.
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maximum allowed ZMP position the ankle is unable to stop
CM motion. As is evident from Figs. 3 and 4, the CM position
is close to the maximal (minimal) ZMP position, which means
that the intensity of the applied disturbance force was close to
the maximum that could be compensated for by applying this
strategy.

3.2 Compensation by simultaneous motion at the
ankle and hip joints
In the initial moment, the robot stands still with both feet
on the ground. Constant voltages are applied at all joints. The
disturbance force acting on the robot produces a momentum
of 43 kgm/s, which will cause the movement of the CM of the
system. The disturbance is immediately followed by the
compensating movement ankle. Since the disturbance force
is significantly larger, compensation by ankle will not be able
to stop the movement of the system. Because of that, when
the CM position reaches edge of the feet compensation
strategy is switched to compensation by both ankle and hip
joints.
With the aid of the ankle it will be possible again to regulate the ZMP position, and in this case we will adopt the reference ZMP position that is also determined by fuzzy controller.
Instead of controlling the motion of the hip (joints 4 and
12), the inclination will be performed by the first trunk joint
(joint 18). The position of the CMP is regulated by the trunk
motion, and its reference position is at the same place as
prior to the occurrence of the disturbance. As in the previous
case, all the joints apart from the two ankle joints (8 and 16)
and the first trunk joint (18), are immobile.
When the position of the CM reaches 10 mm from the
desired position, compensation is once again switched back
to compensation by the action of the ankle joint only. The

motion of the first link of the trunk (joint 18) should be
stopped, and this has to be done gradually, to avoid abrupt
acceleration change and its undesired effects on the ZMP
position. Hence the control of this joint will be velocity-based,
where desired velocity gradually decreases from the instantaneous velocity at the moment of switching to value of zero.
Fig. 5 depicts the movement obtained for characteristic
moments. It shows the posture when the disturbance force is
starting, the moments when the compensation strategy
switches between two described strategies, and the posture
when the system stopped. Fig. 5 also depicts the positions of
the ZMP and CM in the x-direction, On the figure is marked,
the moment when the simultaneous compensation by the
ankle and hip switches to the compensation by the ankle only
and vice–versa.
Case where disturbance force is acting in the opposite
direction of x axis is also simulated. In this case disturbance
transfers momentum of 35 kgm/s to the robot. Compensation
by ankle only is insufficient to stop the motion of the system,
so compensation strategy has to be switched. Since in the
hip joint only forward inclination is possible, for control of CM
position knee joints of both legs are used. Although, joint activated in purpose of controlling CM position has changed,
principles and control law remains the same. Results of the
simulation are depicted on Fig. 6.
Like in the previous cases an abrupt jump of the CM velocity can be seen (Figs. 5 and 6) in the beginning of the disturbance action. By comparing Figs. 5 and 6 with Figs. 3 and
4 one can see that in the case of the compensation by the
simultaneous movement at the ankle and the hip, the CM
velocity drops much faster to zero, although the disturbance
intensity was more than twice higher than in the previous
case. However, Fig. 5 shows large inclination of the trunk (
bending of the knees on Fig. 6) which does not correspond to
the behavior of humans we may often observe. However,

Fig. 6. Motion obtained and trajectories of ZMP and
CM by compensation by ankle and hip, when
disturbance is acting in direction opposite of x – axis.

Fig. 5. Motion obtained and trajectories of ZMP and
CM by compensation by ankle and hip, when
disturbance is acting in direction of x – axis.
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what is the disturbance intensity that can be compensated for
this way, and when it is necessary to switch to the compensation by stepping, it is still an open issue.
3.3 Compensation by stepping
The case considered in this section is similar to the previous ones, but the disturbance is of much higher intensity.
Due to the disturbance the biped experiences a momentum
of 65 kgm/s and, to prevent the fall, it has to perform stepping. During this, the supporting leg should be compliant and
behave as a virtual spring and damper [14]. In order to
achieve this, based on instantaneous joint angle and velocity,
virtual spring and damping coefficients we are able to calculate desired torque. Hence, joints of the supporting leg are
controlled on the basis of the torque.
During the stepping, the joints of the trunk, arms and of
the toes of the swing leg foot should be stiff. Thus, control will
be performed so to make the angular velocities at them to be
zero.
In order to synthesize control for the swing leg it is necessary first to determine how to perform stepping. Thus, let
us suppose the position of the point the foot is going to step
at, is determined as illustrated in Fig. 7. Footprints are presented as rectangles. The center of the support area of the
supporting leg (remaining all the time in contact with the
t

ground), is given by the radius vector rosli , whereas the point
to which the other leg is to step at is given by the vector

ti
.
rzel

During the settling phase, the projection of the system's
CM will continue to move till it reaches a certain position (let
us denote it as CK), which cannot be calculated in an exact
way. This will be estimated by adding a vector representing
the product of the scalar D (have to be selected on the basis
of experience) and CM velocity, to the current CM position. It
was adopted that the stepping will be performed the way
which ensures the final position of the CMP (CK) to be on a
straight line connecting the footprint centers, and that’s CK
position is defined by ACM†. This way, at each time instant
the x and y coordinates of the point on which robot is to step
are determined. The value of the z-coordinate is slightly negative in order to ensure the proper contact between the foot
and the ground.
Based on the that, it is possible to calculate the desired
linear and angular velocities of the foot of the leg that performs stepping. The time for which the stepping is realized
was always adopted to be the same, but a disturbance of
higher intensity would produce a higher CM velocity, thus
step would be longer. In the simulations we used step duration of approximately 0.3 s. At the beginning of the movement, the foot of the leg to perform stepping is on the support.
†

Parameters ACM and D are selected empirically. If the parameter
ACM equals 0.5, the stepping is performed so that the projection of
the CM after the system's settling down is exactly ad the mid-point
between the centers of the footprints. If the parameter ACM is equal
1, the stepping is performed to that the finite position of the CMP
coincides with the middle of the front footprint. In the simulations use
was made of ACM=0.61. It is assumed that during the system's
settling phase the direction of the velocity of the CM does not
change, only its intensity decreases gradually. This means that in
the settling phase the CM will pass a certain distance in the direction
of the CM velocity. Because of that, this distance is approximated by
the product of the parameter D and CM velocity. The parameter D
was selected to be 0.05.

Fig. 7. The way of determining the place to which
stepping is to be realized

Hence, it has to be first raised from the ground to enable
stepping. Based on the desired linear and angular velocities
of the foot it is possible to calculate the desired angular velocity at the joints of the leg that performs stepping. Control of
these joints is velocity based, where desired velocities at all
joints continuously change.
The leg in swing phase that performs stepping realizes
the contact with the ground. After this, all the trunk joints (except for the first two), the arms and the link of the toes of the
leg that performs stepping have to remain stiff. Thus, velocity
based control is performed again with zero angular velocity
reference
When the foot makes contact with the ground, the legs
have to absorb the impact arising as a consequence of the
contact, and after that they have to become stiff. This means
that immediately after the contact the joints should behave as
if they consist of a spring and a damper. After absorbing the
energy, the joints have to stiffen, that is they have to be controlled so that the angular velocity at all the joints is brought to
zero. It is clear from this that immediately after the footground contact is established, torque control has to be performed, whereas at the end of the movement velocity control
is applied again. Smooth transition between these two control
laws is done in time span of 0.45 s.
As already stated, the trunk motion will be stopped by
adding the torques at the trunk joints. In view of the fact that
the width of the support area in the direction perpendicular to
the stepping direction is much smaller. Hence, in order to
prevent the CMP from going outside the support area, no
large inclination may be allowed in that direction. After a certain time it is necessary to stop the motion of the trunk, so
that the control at the joints 18 and 19 has to switch to velocity control. Thus, control based on driving torques will be succeeded by velocity control after 1.2 s.
Fig. 8 shows the biped motion obtained by the simulation using the previously described control. It depicts three
characteristic moments of the movement: initial posture, the
instant when the front leg realizes contact with the ground,
and the instant when the system motion stopped. Fig. 8 also
illustrates the motion of the CMP and ZMP position during the
whole movement, as well as the footprints and support area
at the beginning and at the end of the movement.
As can be seen in Fig. 8, at the beginning, the ZMP is
under the right foot, and it jumps to below the left foot when
the contact of the front foot with the ground is established. As
the system is settling, the ZMP approaches the position of
the CMP, which at the end of the simulated movement located somewhat behind the front foot. Also, it can be noticed
that there are certain oscillations of the ZMP position in the
direction perpendicular to the stepping direction. This is in
agreement with the way humans perform compensation by
stepping, using the front leg to absorb the energy and stop at
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the intensity and direction of the disturbance. Also it would be
important to test simulated strategies when the disturbance
acts while the robot is in motion.
And finally, let us mention several general issues concerning the compensation of disturbances that have not been
tackled here, but which we also consider to be important. Let
us first mention selection of the compensation strategy when
several options exist. For example, in the case of the disturbance of a smaller intensity it is possible to perform the compensation by the ankle or by the ankle and the hip, or simply
make a stepping (as suggested in [5]) and thus avoid undesired consequences. Compensation strategy is not clearly
defined even for the humans and further and detailed research is needed. Accordingly, we are not able to suggest
which strategy should be used in certain situations. Besides,
the issues of delineation between small, medium, and large
disturbances, as well as the role of the arms in compensating
for the disturbances of different intensity, are still open.
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