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ABSTRACT An experimental and theoretical study of real-time robot balancing on inclined surfaces with
electrical feedback circuitry is presented. Force sensors are experimentally shown to extend the sustainability
of a stable robot posture beyond a critical surface inclination. For this purpose, the inclination feedback from
the force sensors is used to adjust the robot’s ankle-pitch-motor angle above the critical inclination, thus
enabling the maintenance of a stable robot posture. Further, the Inverted Pendulum Model (IPM) (Hemami
and Golliday, 1977, Hemami et al., 1973, and McGhee and Kuhner, 1969) is extended to the case of inclined
surfaces. Through application of this extended IPM it is demonstrated, that simultaneous use of gyro-sensor
data can minimize the necessary initial adjustment of the motor angle for controlled robot-body rotation,
which additionally has the positive effect of reducing possible overshoots of the motor’s rotation angle
during feedback. Consequently, the reported feedback control improves the robot-body stability on inclined
surfaces. Efficient implementation of the developed control scheme into an existing robot’s electrical system

is proposed.

INDEX TERMS Balanced walking control, force sensor, gyro sensor, humanoid robot, servo motor.

I. INTRODUCTION
Robots have been developed and utilized for reducing the
necessity of direct human labor in various sectors of the soci-
ety. Environments like medical supervision for highly infec-
tious diseases, disaster rescue, internal power-plant inves-
tigation or space exploration are suitable for appropriately
specialized robots [1]-[6]. In particular, humanoid robots are
desirable for directly supporting many needs related to the
human existence, and their deployment is now planned in
various fields of the human society, where dynamical walk-
ing with high degrees of freedom similar to human beings
becomes necessary. In recent times, the robotics community
has demonstrated large progress in developing such highly-
intelligent humanoid robots for usage in various adverse envi-
ronments [7]-[10].

Robot-walking control on a specific surface requires accu-
rate detection of the surface-profile information [11]-[18].
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Most of the development in this field extensively utilizes
specific measured terrain information to stabilize the walk-
ing pattern [14]-[15]. Previously developed robots often
rely on surface-profile information, according to which they
make walking-pattern changes by controlling their joint-
motor angles for overcoming or avoiding obstacles. Typically,
the environment information is collected by cameras or simi-
lar vision-based sensors [19]-[20]. Therefore, the case of a
“blind” humanoid robot, without any camera to sense the
environment, can be a worst-case scenario for robot-stability
control [16]-[18]. In such a case, the surface interaction with
force/torque sensors, integrated under the robot feet [16],
becomes an important information source for assuring robust-
ness and stability of the robot.

Published robot-control methods for “blind” robots have
focused on robot-walking analysis [21]-[24]. Model-based
control such as the Zero Moment Point (ZMP) con-
trol was introduced to analyze and improve the dynamic
walking by applying ZMP-position adjustments [25], [26],
and is utilized in many industrial robots and industrial
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humanoids like the Honda Humanoid Robot [27] or the
HRP series of AIST [28], [29]. However, unlike well-
solved control problems as those for robot hands or
manipulators [30], [31], the development of robust and
agile humanoid-robot control has not yet reached prac-
tical implementation. Recently, control systems based on
Machine Learning (ML) algorithms, such as supervised-
learning algorithms [32]-[34] and reinforcement-learning
algorithms [35], [36], are applied in model-based systems for
biped-stability control [21], [23], [26], [37]-[39] to achieve
better walking dynamics of humanoid robots. A major imple-
mentation problem for such software-based control methods
in light-weight robots is the required hardware complexity
and the high necessary processing power. Consequently, it is
difficult to implement such Artificial Intelligence (Al) soft-
ware into a commercial low-cost mass-produced open-source
hardware platform and then integrate such a platform into
a light-weight robot. Even in case of successful integration,
the weight of the robot and its power consumption will
significantly increase, making the overall development quite
inefficient, both from the mechanical and the electrical point
of view. In summary, the balancing of the light humanoid
robots, cannot be efficiently realized using such previously
proposed dynamic walking-pattern control. Further, the bal-
ancing of light-weight robots on an inclined surface is more
difficult than that of a heavy-weight robot [15]-[18]. Under
observation of the scalability rules [40], very few investi-
gations on balancing light-weight humanoid robots on an
inclined surface have been reported [41], [42]. Tamura and
Kawamura [41] proposed a stability control for light-weight
humanoid robots without calculating the robot’s ZMP, thus
avoiding the calculation overhead and also the effect of ZMP-
calculation-induced joint-angle-determination noise during
robot stabilization on inclined surfaces. Implementation of
the proposed scheme showed, that the robot can only step
over an object (unevenness) of 0.5 cm height, which is quite
inadequate with respect to the more realistic uneven surfaces
and obstacles. Moreover, the control scheme of [41] was
not applied to any inclined surface (upslope or downslope).
Yi et al. [42] proposed a ZMP-based on-line-learning sys-
tem, where the robot calculated the surface inclination while
walking and adjusted the joint angles for stable posture of the
body’s Center of Mass (COM). Though implemented for an
uneven surface with 6% finite height change, the inclined-
surface effects on static stability and walking dynamics of
the robot are not discussed. The capability of stable walking
on an inclined surface, while having a limited motor-torque
rating, slow control-update rates and relatively high sensor
noise, is a general challenging problem for the light-weight
robots.

Our investigation focusses on the development of
humanoid-robot-stability control, which is valid even for
light-weight robots. The novel contributions of the reported
work include:

« Force-sensor attachment to heel and toe of the robot feet,

which enables force-difference measurements between
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toe and heel sensors as a function of surface inclination.
Based on these differences, a critical surface inclina-
tion can be determined, below which no sensor-based
motor control (force or gyro sensors) is required. (see
Section II)

o Inverted Pendulum Model (IPM) [43], [45] extension
to inclined surfaces by including the impact of gravity-
force-direction changes relative to the robot body. (see
Section III-A and B)

« Based on this extended IPM, an ankle-pitch-motor con-
trol system with force-sensor feedback is proposed,
which is easy to implement in an open hardware plat-
form with minimal power overhead. (see Section III-C)

o Compared to the conventional ZMP control [46], the
necessity of ZMP determination can be eliminated due
to the force sensors, reducing calculation overhead and
noise. As the ankle-pitch motor plays an important role
in posture stabilization [43], [44], [47], only ankle-pitch-
motor control, based on toe- and heel-force differences,
is initially applied. This further reduces calculation
complexity in comparison to the conventional inverse-
kinematics-based approach for all joint-angles [25]. (see
Sections III-C and IV)

o For relatively large inclinations, a gyro-sensor-based
hip-motor control is introduced in addition to the force-
sensor-based ankle-motor control. (see Sections III-C
and IV)

o A particular focus is the stability improvement through
real-time feedback of the sensor data within the control
system. With the extended IPM it becomes possible to
predict the critical surface inclinations for robot stability.
Based on the developed control systems, robot stability
can thus be increased at higher surface inclinations. (see
Sections IV and V)

The section structure of this paper is outlined as fol-
lows. Section II explains the experiments carried out with
the humanoid robot on inclined surfaces and the measured
results. In Section III, the developed robot model, incorporat-
ing the sensor data, is presented through an extension of the
IPM. The hardware implementation of the developed control
method is discussed in Section IV. Section V concludes the

paper.

Il. EXPERIMENTS FOR ROBOT-BALANCING ANALYSIS
The used commercial KONDO robot [48] with height of 0.4
m (see Table 1 for the physical parameters of the robot)
allows us to implement our investigation and is therefore
suitable for measuring the desired robot-balancing features.
The robot walks by itself downslope on a smooth surface
under the control of 17 motors, as illustrated in Fig. 1.
Among these 17 motors, 3 motors for each leg are used to
realize the basic walking action of the robot. The locations of
these 3 motors (M = Ankle-pitch motor, Mg = Knee Motor
and My = Hip-pitch motor) on each leg are depicted in the
schematic of Fig. 2.
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FIGURE 1. Experimental setup for the robot-walking experiments on a
surface with inclination ¢.

TABLE 1. KONDO KHR-3HV robot physical parameters.

Parameter Unit Amount
Height m 0.4
Length of foot m 0.12
Mass" kg 1.5
Degrees of Freedom* - 17

‘Robot mass is measured after integrating all sensors and the
controller in the backpack.

*The degrees of freedom for the robot are given by the number of
motors used in the robot. However, for walking analysis and
balancing, we considered just the three motors in each robot leg. The
motors are shown in the Fig.2 as M, for ankle-pitch motor, My for
knee motor and My for the hip-pitch motor.

Gyro
Sensor
COM
My (Hip)
MK (Knee) Heel Toe

Toe and Heel
Force Sensors

M, (Ankle)

FIGURE 2. Schematic representation of the experimental setup for the
robot-walking experiments, showing the sensor locations below the
robot feet and on the robot body.

A. EXPERIMENTAL SETUP

Two force sensors (toe and heel) are attached on the bottom
of each foot, as indicated in Fig. 2. To analyze the balancing
mechanism of the robot, a smooth surface is inclined by
an angle ¢ and the force on each sensor is measured. The
inclination of the surface is gradually increased from 0° to
around 10°. Measurements with the setup shown in Fig. 2 are
performed for three situations:

1. The sensor forces are recorded, when the robot is stand-
ing on the inclined surface without motor control.

VOLUME 8, 2020
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FIGURE 3. Schematic indication of the characteristics of the Single
Support Phase (SSP) and the Double Support Phase (DSP).

2. The ankle-pitch motor (M) is rotated in order to
allow the robot to sustain a stable posture, if the robot
becomes unstable due to an increased surface inclina-
tion.

3. The hip-pitch motor (Mp) is rotated according to the
gyro-sensor information, to further extend the surface-
inclination range with robot-posture stability.

Our focus is given on the balancing mechanism of a humanoid
robot on inclined surfaces. For this purpose, we perform
experiments for a robot with relatively slippery feet on a
slippery surface, to enhance the robot’s instability sensitivity
without additional active robot balancing.

B. EXPERIMENTAL RESULTS

The Single Support Phase (SSP) and the Double Sup-
port Phase (DSP) situations during force measurements are
schematically explained in Fig. 3. When the robot is standing
on the inclined surface, supported on both feet, the robot is
said to be in the DSP. Otherwise, when the robot lifts one leg
for walking and is solely supported by the other leg, the robot
is considered to be in the SSP of the walking. The SSP stabil-
ity is the major concern of the present investigation. Fig. 4(a)
gives an example of the measured time-dependent toe and
heel forces at the left leg on a 3.8°-inclined surface, when the
right leg goes through the process of lifting, then being stably
lifted and afterwards touching down again onto the surface.
Fig. 4(b) shows the time-dependent toe- and heel-force data
at the left leg for different inclinations during the SSP with
the right leg lifted. The downslope surface-inclination angles
of 2.7°, 3.8° and 5.3° are identified by the different symbols.
With increased inclination, the detected forces on toe and heel
are further split apart. Fig. 5 shows the summarized toe- and
heel-force measurements under the equilibrium conditions
as a function of surface inclination ¢ (a) for left leg and
(b) for right leg. The values are those at the time shown by
the black arrow in Fig. 4(a), at the SSP end. Since the robot is
not completely symmetrical, the measured forces at left and
right leg are not completely identical. It is further observed,
that the toe force increases while the heel force decreases
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FIGURE 4. (a) Example for the time-dependent measurements of heel
and toe forces at the left leg, during a lifting cycle of the right leg on a
3.8° inclined surface. The black arrow indicates our measurement-time

point for the force. (b) Measurement data of toe and heel forces at the
left leg for different surface inclinations under the SSP condition.

with increasing ¢ for the downslope case. Two measurement
results are depicted together (see Fig. 5), to demonstrate the
small observed variation due to body-posture changes. This
is caused by the dynamic robot balancing, having relatively
large variations in comparison to other reports, because we
use a light-weight robot. It can be seen, that the robot is
balanced only on the toe, i.e., the heel force is becoming
zero, when the surface inclination becomes about ¢ = 6.4°.
Consequently, the robot falls forward for surface inclinations
larger than ¢ = 6.4°.

Starting from a surface inclination of ¢ = 6.4°, measure-
ments according to the 2™ situation are therefore performed,
namely, the ankle-pitch motor (M4 ) is adjusted based on the
difference (A) between toe and heel forces of the supporting
leg, so that the robot’s forward falling is prevented by assuring
that the whole robot foot touches the surface. Fig. 6 shows
the measured force difference A, plotted as a function of
¢ for ¢ < 8.5°, where only the ankle-pitch motor My is
controlled via the robot’s feedback-control system. The M-
angle adjustment is done with an implemented Proportional-
Integral-Differential (PID) control system, which moves the
robot posture backwards to make the robot balanced.

Our measurements verify, that the robot can be balanced
up to 7.6° of surface inclination by adjusting the ankle-pitch
motor M. Beyond that inclination, the robot falls forward
again. Therefore, the angle of the hip-pitch motor My is
additionally adjusted, corresponding to the 3" measurement
situation. Achieved results are also depicted in Fig. 6. Now
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FIGURE 5. Force-sensor measured toe and heel forces of the robot for
(a) left and (b) right leg at the end of the SSP, as indicated with a black
arrow in Fig.4(a). Two measurement data for identical conditions are
depicted together, to show the measurement variation due to differences
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FIGURE 6. Force-difference plots at toe and heel as a function of surface
inclination, measured during the robot-walking experiments for both, the
left and the right leg. Here we use following notations, LDiff: Force
difference between toe and heel at left leg, RDiff: Force difference
between toe and heel at right leg.

the robot can sustain a stable posture up to 9.6° surface
inclination, using a two-motor control based on data from
two sensor types. However, above motor control for robot-
posture stabilization has led to a much smaller increase of the
safely walkable surface inclination, than what we would have
expected, as observed from a still relatively large A even after
the additional control.

Ill. MODEL DEVELOPMENT FOR ROBOT BALANCING

Our modeling-investigation purpose is to achieve an effective
utilization of the measured sensor data to balance the robot
posture. The focus is mostly given on the force-sensor infor-
mation, which provides the surface-inclination information.
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(a)

FIGURE 7. (a) Inverted pendulum model (IPM) with 3-degrees of freedom
and its simplification. (b) Free-body diagram of the robot foot. The
downward arrow denotes the force by the robot body and the upward
arrows indicate the reaction forces, detected by the sensors.

The robot motion for a surface inclination ¢ is modeled dur-
ing our analysis by extending the Inverted Pendulum Model
(IPM) [43]-[45]. The extended IPM model is then used to
determine the required motor adjustment for effective robot
balancing.

A. IPM FOR ROBOT-FOOT-CENTRIC BALANCING
The IPM describes the robot motion with a fixed mass
position, i.e., a COM description, connected by a link to
a fulcrum. The robot model and its model parameters are
illustrated in Fig. 7(a) [43]-[45], where [ is determined exper-
imentally by the see-saw method [48]. The variables and
parameters used in the model are also listed in Table 2. For
simplicity, the entire robot mass m is assumed to be concen-
trated at the point C of the pendulum bob, which represents
the COM of the robot. The links connecting the fulcrum and
the robot COM are considered to be massless. The model
assumes further a massless foot of length 25, measured from
the foot toe, where the toe is denoted by O (see Fig. 7(b)).
The ankle-pitch motor My is the major adjustment target for
reflecting and compensating the surface conditions. Thus, the
two angles 0y and Ok are here set to be constants, so that the
robot’s stabilization is studied only by using the ankle-pitch-
motor angle 6. Therefore, com is equal to 6 in this case.
The ankle-pitch motor is assumed to be connected to the foot
at the point A, the fulcrum in the middle of the foot.

Under above simplifications, the equation of motion for the
inverted pendulum can be written as [43]

Jaba = —mglsinfp +N x (b —d) 1)

where Jao(= ml?) is the moment of inertia of the pendulum
about the point A, and g is the earth’s surface acceleration.

VOLUME 8, 2020

TABLE 2. Variables and parameters used in the inverted pendulum model
(IPM).

Parameter Symbol Unit
Robot COM link length ! m
Mass m kg
Earth’s surface acceleration g m-s?
Ankle-pitch motor My -
Knee motor Mk -
Hip-pitch motor My -
Ankle-pitch-motor angle N degree
Knee-motor angle & degree
Hip-pitch-motor angle Gy degree
Center-of-Mass-position angle Ocom degree
Foot length 2b m

The first term on the right-hand side of (1) describes the
torque due to the gravity, and the second term describes the
torque induced to compensate this gravity torque. From (1)
it can be observed, that the compensating torque for static
stability of the robot is provided by the vertical ground-
reaction force N against the torque due to gravity. The force
N is acting on the robot foot at the point P, called the Zero
Moment Point (ZMP) [46], which is considered to be at a
distance d from the point O, as shown in Fig. 7(b). Since
we have introduced two force sensors at toe and heel of the
robot foot, the vertical ground-reaction force at each sensor
position is detected and is acting vertically upward through
the toe and the heel, as depicted in Fig. 7(b) by upward arrows.
The forces denoted Fy and Ft are these respective vertical
reaction forces, which act on heel and toe of the robot foot and
are induced according to the robot’s body inclination. It can
be seen in Fig. 7(b), that moments are induced around toe-
point O due to force N at a distance d from the toe and due
to force Fy at a distance 2b (length of the robot feet) from
the toe. By considering that the net moment around the point
O should be equal to zero under the equilibrium condition,
we obtain the torque-balance equation given by

Fgux2b=N xd 2)
and thus
Fre=Nx (229, mi=nx(Z 3)
= w ) TRT 2b

where Fr + Fg = N. The force difference A is defined as
the difference between toe and heel reaction forces, which is
written as a function of the distance d

b—d
A:FT—FH=N><<—b ) )

Thus, substituting (4) into (1), the equation of motion of the
inverted pendulum can be rewritten as

Jaba = —mgl sinfs + (A x b) (5)

Consequently, the equation of motion is now written as a
function of measured sensor data A = Fr-Fpy. Equation (5)
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FIGURE 8. Asymmetrical shift of the oscillation of the motor angle 6,
around 65 = 0 for ¢ > 0, due to the rotation of the robot’s reference
frame on the inclined surface.

confirms, that an increase in the force difference A leads to
the requirement of higher motor torque for compensating the
torque mgl sin 4 induced by the gravity.

B. EXTENSION OF IPM FOR INCLIEND SURFACES
Based on the robot-balancing measurement shown in Fig. 6,
modeling of the robot motion based on the IPM is extended
by considering the surface inclination ¢. Our focus is given
on the SSP condition (see Fig. 3), where the robot lifts one
leg without walking, thus keeping the stable static condition
as considered for the measurements.

The equation of robot motion can be modelled with the
IPM by considering the inclination ¢ of the surface, leading
to an extension of (5) as

Jaba = —mglsin(@p + @)+ A x b (6)

where the first term of the right-hand side is now modulated
by the surface inclination ¢. Fig. 8 shows numerical calcula-
tion results of (6) for different ¢ values, where ¢ is extracted
for a corresponding A value from the measured results of
Fig. 6. It can be seen, that the motor angle 64 oscillates
symmetrically around 84 = 0° for ¢ = 0°. However, when
the surface inclination is increased (clockwise rotation) to
¢ > 0°, the oscillation of the motor angle 65 becomes
asymmetrical, moving further into the clockwise direction.
These results show, that the robot stabilization by adjusting
04 in the opposite direction to the surface inclination makes
the oscillation of the motor angle 64 more symmetrical again.

The robot stays at rotational equilibrium below a critical
inclination angle ¢;. Under such a stable static condition, it
can be assumed that the resultant torque at M4 is maintained
at being equal to zero. Based on the extended IPM, the force
difference A under static stability can thus be analytically
written with (6) as

mgl sin(6a + ¢)

A= @

This relationship gives the force difference A as a function of
the surface inclination ¢ and the M motor’s angle 65. The
maximum theoretical A is equal to the weight of the robot
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(= mg). The initial value 650 can be calculated from (7) by
assuming ¢ = 0° and using the measured value for the force
difference A. For our studied case 69 is equal to 0.05°.

The condition for the necessity of a motor adjustment is
given by the critical inclination ¢¢;, which is measured to be
@cr,exp = 6.4° for our studied case. The angle ¢, determines
the surface inclination up to which the falling forward of
the robot is avoided. Thus, the theoretical critical inclination
@cr.theo can be calculated from
mgl sin(fa0 + @cr,theo)

b ®
Using Amax,theo = mg and a0 = 0°, it can be seen, that
@cr.theo 18 determined by only the robot structure as

Amax ,theo =

b
Pertheo = sin~ ! (7) )

A derivation considering the minimum potential energy of
the inverted pendulum [44] leads t0 Pcr theo = tan_l(b/ D),
which reduces to (9) in our practical case of (b/l) < 1.
For a more general analysis, (9) is extended by considering
the robot’s initial ankle-pitch-motor angle 6 in the formula,
which leads to

Pertheo = sin~ ! ( (10)

b — [sin 9A0
[ cosBap

Equation (10) describes, that the initial motor angle 640 mod-
ifies Per theo» as shown in Fig. 9, to larger or smaller values for
increased or decreased 64, respectively.

Since the initial value of po( = 6a¢) is known from (7),
@cr.theo can be calculated with (10) for the initial condition.
In our studied case, 950 and @cr, eo are determined to be equal
to 0.05° and 5.7°, respectively. The calculation results are
compared with the measured results in Fig. 10. It is obvious
that the real measured A is not a linear function of ¢, but has a
weak saturating feature. Furthermore, the measured ¢y, exp 1S
equal to 6.4°, while the theoretical prediction gives a smaller
@cr.theo = 5.7°, for which A reaches its maximum. The
reason for the difference in comparison to the measured value
of 6.4° is attributed to the friction effect under real practical
conditions, which is induced by the interaction between the
robot feet and the ground surface and can be modelled by the
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differences for both left and right leg of the robot. The cases with
(dashed-blue line) and without (black-continuous line) considering the
surface friction are shown.

equivalent circuit method [49], [S0]. In our theoretical investi-
gation, the surface-condition contribution for robot balancing
has been neglected, and the measurements are performed for
relatively slippery surfaces, i.e. surfaces with less friction.

When the surface inclination is increased beyond ¢, the
robot falls forward. Therefore, to stabilize the robot beyond
that critical inclination, the ankle-pitch-motor angle 659 must
be controlled first.

C. ROBOT-POSTURE CONTROL BY ANKLE-TORQUE
COMPENSATION

The compensating torque of the motor was defined in the
inverted pendulum’s equation of motion as a function of the
force-difference A (see (6)). Here, our focus is given on how
this compensation is done, when the robot detects a change of
the surface condition. Since the inclination angle ¢ cannot be
measured beyond ¢, by using the force sensors, gyro-sensor
measurements are applied for this purpose.

In our experiments, the dynamic adjustment of the angle
O is started beyond ¢ = ¢crexp. The equation of robot
motion (6) on an inclined surface is rewritten with inclusion
of the feedback control in the form (see also [43])

Jala = —mglsin(@a + ¢) + Kp(0) — Oa)
d
Ky / (0% — 0)d + Kp (03 = 0p) (1D
= —mgl sin(0a + ¢) + u(t) (12)

Since the control hardware operates in the electrical domain,
the physical values of motor angles and sensor-output data
are transformed into equivalent voltage values. The con-
trol parameters Kp, Ky and Kp in (11) are experimentally
extracted from the measured motor-armature voltage as a
function of the difference between feedback-potentiometer
voltage (corresponding to the measured 64) and reference-
voltage value (corresponding to the reference angle 65 ). The
difference between the equivalent voltages of 6} and 6p
represents an error voltage e, which controls the armature
voltage Vym of the motor to generate the necessary torque
for motor movement, as shown in Fig.11(a). The armature
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FIGURE 11. (a) lllustration of the PID control system implemented in the
servomotor of the robot. (b) Measured results of armature voltage Varm
as a function of error voltage e for different reference angles ¢; in
comparison to the simulation result with the fitted PID control function.
The used PDI control parameters Kp = 69, K; = 40 and K = 2 are also
listed.

voltage Vo is plotted as a function of the error voltage e for
three different reference angles 63 (namely, —84.3°, 0° and
= +84.3°). This relation between e and V,, determines the
PID control function u(t). The fitting procedure of the control
parameters Kp, K1 and Kp to the experimental data resulted
in their corresponding values of 69, 40 and 2, respectively,
which are also listed in Fig. 11(b).

The motor angle 64 is rotated to 0; in order to keep the
robot stable, namely, to suppress measured A below Apgax.
Fig. 12(a) shows numerical solutions of (11) under different
¢ conditions. It can be seen, that the solution converges to
9/’;, when the feedback is completed. However, overshoots
in o occur during this converging process to 6x. With
increased ¢, these 04 overshoots become larger, which makes
the robot posture increasingly unstable during the adjust-
ment. Fig. 12(b) shows calculated torso-angular velocities
o (= dbcom/dt, see also Fig. 7(a)) of the robot during the
feedback process together with the gyro-sensor measure-
ments. For ¢ = 7.6° only 6, is adjusted, while an additional
Oy rotation is done for ¢ = 9.5°. It is confirmed, that
the simplified extended-IPM-based equation of motion can
predict the robot-body-adjustment process quite accurately,
especially for the single-motor control (¢ = 7.6° case). The
observed deviations for ¢ = 9.5° are mostly caused by the
additional 6y control, since the single equation of motion (11)
does not describe the two independent control features. Nev-
ertheless, agreement is basically satisfactory. The prediction,
that a larger ¢ induces a larger overshoot in the angular
robot-torso velocity w, is confirmed by the measurements as
well.
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FIGURE 12. (a) lllustration of the simulated adjustment of the
ankle-pitch-motor angle 6, according to (11), when the surface
inclination ¢ is increased. (b) Simulation result for the torso-angular
velocity o of the robot in comparison to the gyro-sensor measurements.

Equation (11) is derived by simplifying the robot motion,
considering only the surface inclination ¢ and an adjustment
of the ankle-pitch-motor angle 4. On the other hand, mea-
sured w for ¢ = 9.5°, shown in Fig. 12(b), includes an
additional 6y control. It can be seen that the measurements
show a more rapid convergence of w to zero than the simu-
lated prediction. 6o and 8y are rotated in opposite directions,
which is the reason for the more rapid convergence of w to
its final value. Fig. 13 compares the calculated and measured
results for the maximum w-overshoot values as a function of
¢. A drastic increase of w is observed for ¢ > 7.6°, resulting
from the necessity for a more rapid robot reaction to achieve
posture stabilization under higher inclination conditions.

To realize a feedback control for faster robot-posture sta-
bilization, reduction of the observed overshoots is a pre-
requisite. Fig. 14 shows the calculation results when the
initial 65(= 6ap) is set closer to 6%, namely, the solution
of equation (11). It can be seen, that such a 8¢ adjustment
diminishes the overshoot drastically, and thus supports the
robot balancing on an inclined surface, as observed also in
a ¢y increase (see Fig. 9). When the robot-posture correction
is completed, the second term on the right side of (11) reduces
to zero. This means 0z becomes equal to 6} as well as to ¢.
Above relationship can be utilized by using the ¢ extracted
from the measured A value for rotating 6a¢ close to 6%, before
starting the conventional feedback control. In this way the
surface inclination, calculated immediately from the mea-
sured force-sensor data, can help to improve the robot-posture
stability. As mentioned before, equation (11) is simplified
by considering just the surface inclination ¢. However, 6%
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16 ey —
i =9.5° —T

'g‘ 14'_ _9/-\0:50

qs; 12'— 0,=8

=S Y

ié.f, 6

g 4

g 2f

o]

E O 1 | | | |

Time [s]

FIGURE 14. Confirmation of a drastically diminishing 64 overshoot when
the initial angle 65 is set closer to the desired value ¢;.

cannot be expected to become exactly equal to ¢, because
other contributions exist in a real system. To obtain better
knowledge of the accurate 03 value is a major target for
further improvements.

IV. ANALYSIS OF MEASURED CONTROL FEATURES

In Fig. 6, we have plotted the measured A as a function
of the inclination angle ¢. The robot-motor control is done
by implementing two additional equations of motion into
the robot system, which are activated at surface inclinations
¢ > ¢erexp and use measured data for A and w. The
implementation is done according to the schematic diagram
of Fig. 15. Two online streams of measured data are treated
independently with independent equations of motion, and the
Kondo robot merges them into its unified system, containing
also many other motors. The equation of motion is often much
more complicated than the one we have adopted in (11).

In the electrical feedback controlling of the robot, most
effort is given on obtaining an appropriate solution 65 (and
also 6}}). The measured data (A and w) are integrated into the
robot system for determining 6 in the form

0% = 6a0 + Kal (13)
9;} = QH,() ~+ KH(®ref — ®meas) (14)

where wmeas and wyrer are measurements and reference value
of the angular robot-torso velocity, respectively. The refer-
ence value wr.r for the angular robot-torso velocity is set equal
to 0 deg/s. Ka and Ky are adjustable parameters including the
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FIGURE 15. Schematic diagram of the implemented control system for the ankle-pitch-motor angle 6, and the hip-pitch-motor angle 6.

dimension transformation, which quantify the stiffness [51]
between the motor and its load. For higher compensating
torque, needed to stabilize the robot-posture, higher K5 and
Kg values are required. The lower limit of Ko and Ky is
adjusted so that the force difference between toe and heel
of the robot becomes minimum, while ankle- and hip-motor
torque remain sufficient to make the robot posture stable.
Therefore, we set the K5 value to 12, so that the most stable
condition and minimum A for ¢ = 6.4° are realized. Based
on the 65 control, the measured A reduction is substantial
(i.e., toe and heel are more balanced), and thus the robot is
able to keep a stable posture up to 7.6° surface inclination.
Due to the 64 rotation (i.e., the setting of a new 6pp), the
critical surface inclination ¢ should in principle increase
according to the theoretical data shown in Fig. 9. However,
it is found experimentally, that the robot falls down at much
smaller surface inclinations ¢ than the expected ¢¢r theo- The
reason could be the relatively slippery condition of robot feet
and applied surface. Figure 16 adds a measurement exten-
sion with increased K to the plot shown in Fig. 6. With
the increase in the surface inclination, a higher Ka value
is required to increase the torque at the ankle-pitch motor
for robot stabilization. But Ko cannot be increased beyond
a limit, as this would cause instabilities in the robot due to
vibrations. Consequently, based on the trade-off between a
sufficient torque to control the robot motors and the degree
of robot vibrations, the value of Ku is optimized and imple-
mented in the control system. As observed in our experi-
ment, the robot can thus maintain a stable condition up to
¢ = 8.88°, as plotted in Fig. 16 for Kp 14. Therefore,
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Ka—adjustment according to the ¢ increase is a viable solu-
tion for achieving stable robot posture under situations with
changing surface inclinations. To further increase the robot
stability, an increase of Ky is also investigated. Following the
same process as discussed before, it is found to enable robot-
body stability up to 10.2° of surface inclination.

As can be seen in Fig. 16, an additional 6y control is
undertaken beyond ¢ = 7.6°. As an unexpected result, the A
value increases to a higher level than during the single-motor
control of 64, as depicted in Fig. 16 by an upward arrow. The
reason for this A increase, rather than the expected reduction,
can be attributed to the fact, that the rotations for 65 and 0y
are done in opposite directions, which induces also a length
reduction of the inverted pendulum and is known to increase
the postural robot stability even on flat surfaces [45].

The hip-motor angle 8y is calculated from the inverse kine-
matics [25] of the robot, considering an IPM with 2 degrees
of freedom. The hip-motor position is approximated to be
in the middle of the inverted-pendulum length / for the IPM
with 1 degree of freedom.

O = 20com — 204 (15)

Here, the ankle-pitch-motor angle 64 is the calculated value
by extrapolating the ankle-motor-control strategy, as indi-
cated in Fig. 16 by the lower dashed line, while the A value is
calculated using (7). Assuming that the 6 rotation is the same
for both control methods, the calculated values with (15) are
used for Oy determination. Ocopm is calculated from (7) by
extrapolating the force- and gyro-sensor control strategy. The
determined values for 6y, 65 and Ocom are shown in Fig. 17
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FIGURE 17. Adjustment of the robot’s center of mass (COM) angle 6com
as a function of surface inclination ¢, due to feedback control of
ankle-pitch-motor angle 6, and hip-pitch-motor angle 6.

as a function of the surface inclination ¢. It can be seen, that
above a surface inclination of 7.6°, the hip-motor angle 6y
rotation is about twice as large as for the ankle-pitch-motor
angle 64, while Ocom stays nearly constant. This means, that
the hip-motor control is mainly responsible for the robot-
posture stabilization in the area of larger surface inclinations.

Figure 12(b) has compared in particular the measured w
as a function of time for two different surface inclinations,
namely, one with a single-motor-control scheme and the other
with a two-motor-control scheme. Interestingly, maximum o
increases with increased ¢, indicating higher motor veloc-
ity for such steeper surface inclinations. This means, that
quicker reactions of the robot are required on further inclined
surfaces, to avoid the robot’s down falling. Consequently,
it can be concluded that not only the motor angle but also
the adjustment speed must be controlled at the same time.
We found that this can be done exploiting the w measurement
of a gyro-sensor, allowing the adjustment-speed optimization
as a function of the surface inclination ¢.

V. CONCLUSION AND FUTURE WORK

Our focus has been given on the robot-stability maintenance
on inclined surfaces, by investigating the robot motion on
such inclined surfaces experimentally as well as theoretically.
The surface-inclination angle ¢ is shown to be determinable
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from the difference A of the measured responses from two
force sensors, attached to toe and heel of each robot foot.
Our measurements reveal that the robot requires no feedback
control up to a critical surface inclination ¢;. This measured
result is modeled simply as a function of the robot size, which
is extended to include the robot’s posture feature.

For surface inclinations beyond ¢, an electrical feedback
control of the ankle-pitch motor is introduced to sustain the
surface connection of the robot feet, meaning that the force
difference A between toe and heel of the robot feet is reduced
to a smaller value than its maximum, which allows the
robot to keep a stable posture. When the surface inclination
is increased further, however, the ankle-pitch-motor control
alone is no longer able to maintain the stable robot posture.
Therefore, a gyro-sensor-based hip-motor adjustment is addi-
tionally introduced into the control system.

Further, the Inverted Pendulum Model (IPM) is extended
to include the surface-inclination effect on the robot motion,
under which the robot has to keep its stable posture. It is
shown, that this extended IPM can accurately reproduce gyro-
sensor-measured angular velocities during feedback control
on inclined surfaces. However, the feedback control itself
can also cause robot instability. To improve this situation,
we demonstrated that sensor-detected environmental changes
are better utilized immediately to stabilize the robot posture
by an initial motor rotation, thus bypassing the normal feed-
back control. It is verified with the extended IPM, that the
derived relation between measured force difference A and
surface inclination ¢ can also be used for executing such an
initial rotation of the ankle-pitch-motor angle 64 .

Usually, the Zero Moment Point (ZMP) is used to charac-
terize robot instabilities on inclined surfaces. However, our
developed method for using the measured force differences
A at toe and heel of the robot feet as the core measure for
robot-instability characterization provides a simpler and yet
accurate approach.

In this work a relatively slippery surface has been con-
sidered. A remaining task, which we plan to investigate in
more detail in our future work, is the general effect of friction
between the robot feet and the surface, which is expected
to be quite crucial for the walking of a humanoid robot on
an inclined surface. Lower surface friction will most likely
limit the critical surface inclination ¢, as a function of the
surface inclination ¢, as indicated in Fig. 10. Therefore,
it will be important to incorporate the surface-friction effects
into a further extended IPM, to enable in particular a more
accurate prediction of the critical surface inclination as well
as improved predictions of the reference values for the motor-
angle-adjustment control (e.g. a more accurate 63 value for
the ankle-motor-angle control).

Another envisaged future work is an extension of the
present control system to dynamic robot walking on surfaces
with increased roughness, where we expect that the real-
time information from force and gyro sensors will also be
very helpful for improving the dynamic stability of humanoid
robots.
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