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Abstract—This paper presents three online controllers for
maintaining dynamic stability of a humaneid robot using
force/torque sensor. Those are damping controller, landing
orientation controller and landing position controller. The legs of
a humanoid robot are relatively long and serially connected with
compliant force/torque semsor at the ankle, This architecture has
the inherent characteristics of a lightly damped system. Most
research on balance control overlook the deterministic vibration
caused by structural compliance. In addition, the vibration was
not positively considered to improve the characteristics of the
system. Therefore, a simple inverted pendulum model with
compliant joint is proposed. For this model, the damping
controlier that increases system damping is proposed as a
balance controller. Furthermore, the performance of maintaining
balance against external forces is experimentally shown. A

landing orientation controller at the ankle joints is presented to

manage fast and stable ground comtact. A landing pesition
contreller is implemented in"order to modify the prescribed
trajectory of the swing foot and to reduce the landing impact
during unexpected [anding. The effectiveness of the proposed
controllers is confirmed by walking experiments that has been
applied on the KAIST humanoid robot platform KHR-1.

Keywords; Biped humanoid robot; dynamic walk; balance
control; damping control; inverted pendulum

L INTRODUCTION

Biped robots have good mobility in varfous environments
such as rough terrain and stairs. Mobility is very important in
the sense that future service robot should help and cooperate
with humans in all envirenments. The demand for- developing
control algorithm of biped locomotion is increasing, but it is
not a simple problem. The biped robot has unstable, nonlinear,
and multi-variable dynamics. In addition, the biped robot needs
to interact with complex environments. Biped walking is made
up of the periodic phase changes between single support and
double support. From a viewpoint of system response in one
phase, we can say that there is no steady state and only
transient state exists. Moreover, the initial condition changes in
every transition. Because of the complex nature of dynamic
walking, it is meaningful to actually implement the control
algorithm experimentally on the robot rather than by simulation
alone. So, we developed the humanoid robot platform KHR-1
as a platform for the realization of dynamic walking.
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Recently, research on humanoid robots has been increasing
since the successful results of Honda R&D, Waseda University,
Tokyo University {1-4]. In many cases, the strategies for the
walking motion control can be classified into the walking
patiern generation related to the motion planning [4-8] and
online balance control [1, 9-14]. Walking pattern is generated
to ensure that the Zero Moment Point (ZMP) of the robot is
inside the supporting foot at all times. This is necessary for the
robot to maintain the dynamic stability during bipedal walking
[15]. However, the desired ZMP of the walking pattern is
different from the actual ZMP of the biped robot during actual
walking. In order to compensate for the ZMP error, it is
necessary to implement the balance control using force/torque
(F/T) sensor or mclination sensor. Several methods of cnline
balance control have been proposed. Some research group

' realized successful dynamic walking experimentally with their

own balance control scheme [1, 8, 11, 12, 14]. Kajita et al.
introduced a balancing control using direct feedback control of
the total angular momentum and the position of the center of
gravity [13]. Kagami et al. developed AutoBalancer [14],
which modifies the original input trajectories based on many
criteria of stability, but Sugihara et al. commented that it was
hard to apply for the fast dynamic motions because of the
complexity of the algorithm and the criteria themselves [16].
Huang er al. focused on the generation of smooth walking
pattern and their real-time modification contains somewhat
rough control equation without mathematical model [17]. Other
researchers proposed other balancing method by simulation to
improve the computation time and performance [16, 18]. Most
researches on the balance control concentrate on the
compensation of ZMP error because ZMP is the criteria for the
dynamic stability. In many case, it has been assumed that the
main cause of the error arises from the unexpected ground
condition or model inaccuracy. It is a matter of course that the
balance controller should be robust for the inclination and the
inaccuracy. However, by observing the experimental result of
the position control during single support phase, we noticed
that the compliance near ankle joint mainly introduced the
ZMP error. The compliance results from the relatively long leg
that is serially connected with compliant F/T sensor at the
ankle. In most research, the deterministic vibration has been
overlooked in the balance control and was not positively
considered to improve the characteristics of a lightly damped
structure.
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In this paper, we propose a simple inverted pendulum
model with compliant joint during single support phase, and
design a damping controller as a balance controller that
improves the damping capability of the system. Its
performance of damping out the inherent vibration is
experimentally shown. Besides this, we present the landing
orientation controller that makes a smooth and fast touchdown
of swing leg without resistance. The damping controller and
the landing orientation controller are alternated between every
phase transition. A landing position controller is also
implemented because the unexpected touchdown needs the
modification of the foot position in the vertical and horizontal
directions. The modification are such that the moment between
the two feet and the impact force are altered to maintain
stability of the robot. Consequently stable walking could be
realized by experiment with these three controllers.

II. HumaNOID ROBOT PLATFORM DESCRIPTION

A, Mechanical Structure

The KHR-1 is shown in Fig.1. The total weight, including
batteries, computer, controllers and amplifiers, is 48 kg and its
height is about 120 cm. The KHR-1 has 21 DOF. Each leg has
6 DOF and it can imitate human walking motion in the sagittal
and the frontal plane. The dimension and the D.O.F of KHR-1
are shown in Table 1. The KHR-1 was designed to have a
kinematically simple structure. Complicate mechanical design
such as differential mechanism was avoided. Harmonic drive
gears were used as main reduction gears. Pulley-belt and bevel
gear were also used for transmission. The actuators and
reduction gears of the lower limbs were selected by introducing
a simple model and simulating specific motion patterns in the
sagittal and frontal plane [19, 20]. Based on the simulation
results, appropriate motor specifications and reduction ratios
were selected.

Figure 1.

Photograph and jeint structure of KHR-1

TABLE L. SPECIFICATION OF HUMANDID ROBOT
Weight Total 48 kg
Height (without head) 1193 mm
Width 484 mm
Dimension Depth 230 mm
Length of upper arm 255 mm
Length of upper leg 340 mm
Length of lower leg 305 mm
Arms Shoulder 3 D.O.F x 2
Elbow 1D.OFx2
Waist 1 D.O-F(Yaw)
Weight Legs Hip 3D.OFx2
Knee 1D0OFx2
Ankle 2D.OF x2
Total 21 D.O.F

B.  Hardware architecture

Fig. 2 shows the overall block diagram of the robot
controller. A Pentium III-500 embedded computer with PC104
interface is used as a master controller. It interfaces with two
peripheral interface boards (PIB) that can control 12 DC
motors. We developed a F/T sensor that can measure tweo
moments up to 34Nm along roll and pitch axes and one normal
force up to 95kgf in the vertical direction. It was mounted to
the sole of a foot to measure the actual ZMP. The electronic
circuit of F/T sensor has a built-in - microcontroller
(TMS320F241), which transmits the measured signal to the
master controller via RS8-232 communication at 100Hz, A
master controller generates joint commands at 100Hz based on
this sensory signal. A linear interpolation of digital PD
controllers for DC servo motor is running in the background at
1KHz. An 8-channel A/D converter is used to read analog
signals from additional senmsors such as rate gyro and
accelerometer, etc. In this study, we will focus on sensory
feedback using only a F/T sensor. After maxmzmg the
performance with minimum sensor, we will improve the
performance with additional sensors in the future research.

Pentium H1-500 embedded computer

Moator Contreller
(PWM generators
Counters)

) N + TNMS320F24)
6 Amplifiers ¢ 10bit, 3CH

12 motors

. Hardware Architecture
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. DAMPING CONTROLLER AT ANKLE JOINT

A.  Simple Inverted Pendulum Model with Compliant Joint

As a model of bipedal walking during single support phase,
inverted pendulum model, flywheel model and acrobat medel
can be assumed [21]. The link is generally assumed to be rigid
in many cases, but in a real situation, it is flexible because the
foot is connected with a compliant F/T sensor and the leg
length is relatively long compared to its cross section. Due to
this compliance, the humanoid robot exhibits the characteristics
of a lightly damped structure. For example, during the single
support phase when the ankle is under position control, the
extemal force will easily excite a sustained oscillation. The
oscillation exists even when the position error is nearly zero.
When this inherent oscillation occurs, position control of biped
walking cannot succeed even #f the exact trajectory that
satisfies the desired reference ZMP is known. This
phenomenon is even prevalent in the fast gait. Therefore, it is
desirable to perform the position control considering the
stiffness of links using torque feedback. In: this paper, a single
mass inverted pendulum with compliant joint is considered as
the suitable model as shown in Fig. 3 where v denotes the
ankle joint angle and & denotes the actual inclined angle
produced by the compliance. The output y is the torque T from
the F/T sensor. From the model shown in Fig.3, the equation of
motion is derived as

y=T=mg0—mlzé ¢)]
y=K(0-u) @

The transfer function from the ankle joint angle to the
torque is derived from the above two equations. [22)

=K—SZ+(ﬁ—CI) (3)
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where az———-—v >0 ﬁ—— K is the stiffness of the
m

i
leg, g is gravity, ! is the length of pendulum, and m is the mass,
respectively.

If the damping coefficient C of the joint is considered, the

torque in (2) can be expressed as 7 = K(u-6)+C(i~6). .

However, for simplicity, the damping coefficient is neglected

in this paper, since its value is relatively small compared to the .

stiffness. The ankle joint angle u is generated by the reference
command u,., in the PD position feedback configuration. The
transfer function T/u,., has similar dominant poles and zeros
with T/u of (3), and also has negligible fast poles over 600 rad/s
which correspond to the motor dynamics. Thus, it is valid to
regard #,, as u. So, the transfer function can be approximated
by the following equation.
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It is also valid to design a feedback controller for equation
(4), if the closed loop pole is assigned near to the dominant
system poles. As shown in equation, the pole is near the
imaginary axijs of s-domain, and the system is a non-minimum
phase plant. The unknown parameters of (4), can be found by
experimental identification, By measuring the oscillation
period under position regulation control during single support
phase, we can calculate a. By measuring the torque increment
for ankle angle increment at steady state, we can also get K¢~
a)/a. From the two equations, / and X can be identified. In
addition, measuring a sinuscidal response for various input
frequency is another method for verification. When the model
is very complicated, it is actually hard to identify all the
parameters. However, proposed model has an advantage in
simple and easy parameter identification by experiment.

é ' m

stiffness

Figure 3. Simple inverted pcnz{ulum model with compliant joint
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Figurs 4. Block diagram of damping controller

B. Design of Damping Contreller

Even though the system is a lightly damped system, we can
increase its damping ratio using the followmg feedback law as
shown in Fig.4.

U, = r—kdﬂ L (3
where r is the command input of ankle joint.

With this damping controller, we can reduce the oscillatory
motion induced by the external force when the PD position
control is applied at the ankle joint.

From (1),(2),(4).(5), the following transfer function is
derived:

K

o(s) _ K _ mit

= 6)
r(s) mPs*+k,Ks+(K~mgl) §*+2f05+0,
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We can assign the damping ratio freely and the oscillatory
motion can be suppressed effectively by changing k, gain in the
following equation.

k=2 :Jmlz(K —mgl) £

M
K
The steady state value of the transfer function in (6) is
K
m Q(S) _ (8)

=0 r(s) K-mgl

and it is independent of &, gain.

In (5), é should be calculated from the following observer
equation.

w=-Lw-(L+a)y+Ku)+Kpu, )]

é:;l(-w+%(y+Ku) (10)

where L is the observer pole.

For a practical implementation of the damping controller,
the compensator transfer function in Fig.5 is derived from (4),

(3), (9), (10).

K (s)=p, 0 an

5+ R
with p —LetB-ks @ Kb,
" Itk L L T KQ+kL)

Therefore, increasing damping ratio in the light damped

system can be regarded as making the simple first order -

polynomial compensator that stabilizes the torque oscillation.
"The damping controller can be applied to the pitch and roll
axes of the ankle with different stiffness.

st | gos G- | =T
— s+a
K.(s) |=

Figure 5.. Block diagram of practical damping controllet

C.  Experimental Verification of Damping Controller

Fig.6 shows the experimental result of the proposed
damping controller during single support phase. When only PD
control is applied to the ankle, it does not decay the oscillation
caused from external torque. However, with the damping
controller, the oscillation decays out within 0.8 second. In the
compensator, assigned observer pole L, is 6 rad/s and damping
ratio £ is 0.707. This compensator works as a basic controller
during single support phase of biped walking. The
effectiveness of the proposed controller is described in section
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V. The experimental results for the proposed damping
controller can achieve stable walking.
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Figure 6. Time response of measured torque (Experimental resutt)

IV. LANDING CONTROL

A.  Landing Orientation Controller of Ankle Joint

When a biped robot is walking by a prescribed walking
pattern, the landing angle of the swing foot may be different
from the prescribed landing angle. Moreover, the sole may not
have perfect contact with the ground after landing, This can
destabilize the robot. In the previous section, it is assumed that
the sole is in perfect contact with the ground while the damping
controller is applied. In order to enable the perfect contact, a
landing orientation controller is implemented before damping
controller is applied. It is known that a landing orientation
controller can suppress instability and reduce impact {23}
From the viewpoint of the arkle position control, the essence
of this landing orientation controller is somewhat different
from damping controller that is described in section INL.B. The
damping controller tries to maintain its position against the
external force. However, the compliance of the required
landing orientation controller should be soft enough that
position is shifted by external force easily. In the landing
orientation controller of KHR-1, the ankle -acts as the soft
compliance that manages fast and stable ground contact
without bouncing the foot off the ground. The reference angle
of the ankle is controlled by the following equation in order to
have the damping coefficient C, and stiffness K, for a

measured torque T .

T()

U, ()=r+——
o (5) Cs+K,

(i2)

where C; and K, are tuned to provide the enough back
drivability around the ankle pivot during single support phase.

B. Landing Position Controller

Prescribed walking patterns for the foot and the hip are
shown in Fig.7 and Fig.8. The coordinate X, Y, Z are the
sagittal, frontal, and vertical direction respectively. During
single support phase, the position of swing foot moves along
X-axis and Z-axis, and the position of supporting foot is fixed



on the ground. Landing of a swing foot makes the transition to
the double support phase. During double support phase, the
position of both feet are fixed, but the hip position is free to
move. Next transition to single support phase occurs when the
heel leaves the ground. The prescribed walking patterns are
made up of these phases and transitions. However, the actual
landing time of the foot may be different from the prescribed
landing time when the robot walks on an uneven terrain. When
the actual landing occurs before the prescribed time, the use of
the prescribed walking pattern without modification may cause
undesirable effects. For example, if the position reference of
the landing foot moves forward along X-axis, the relative
movement between the two feet will induce a vibration of the
ankle during the next heel-off phase. In addition, the stretching
of landing foot along Z-axis also causes a landing impact at
that time. In order to solve these problems, a landing position
controller is implemented to prevent the movement of the
swing foot along the X-axis and the Z-axis during unexpected
landing [1,17). Moreover, the landing position controller
lengthens the stride on the next swing phase by the amount of
loss, and slowly stretches the foot after the landing is fully
completed. By this modification of the feet position and the
recovery of stride, the robot can walk stably at a given speed.
The overall block diagram for dynamic walking control is
shown in Fig. 9. Landing orientation controller is applied on
the swing foot during landing and damping controller is
applied on the supporting foot after landing. In the diagram,
landing position controller modifies the prescribed position of
the swing foot when the foot touches the ground earlier than its
prescribed time.

1800 - T /
|- SO N VI
D Right foot(X) | / / H
M- T ' . >
12| H l :
E 1000 }-- ;
&
E 6o
& ]
&l /SN VUSRS SE SRS S H
bt g / i =1
) / Lefi foolT  Right foot(Z) :
= T :
N —. H ]
0 1 2 F] ] 5 3 7 B

Time {sac)

Figure 7. Prescribed trajectories of foot position

T T
L[ — Hut& |
1800 | 77 e

T

Postion {mm)

Time {sec)

Figure 8. Prescribed trajectortes of hip pasition
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Figure 9. Block diagram of dynamic walking control

V. WALKING EXPERIMENT

In order to verify the performance of the proposed
controiler, walking experiment was performed at steady state.
In our walking experiment, the exact solution for walking
pattern was not solved because the focus is implementation of
online controllers. Instead of designing the reference ZMP
patterns, hip trajectories are simplified into function for easy
tuning in real experiment. The prescribed trajectories of foot
and hip positions are shown in Fig. 7 and Fig. 8 respectively. In
the figures, the step length is 200 mm and the step period is 0.9
sec. The hip height is kept at a constant height and the
orientation of the sole is kept parallel to the floor, With the
proposed controllers and the trajectories in Fig. 7 and Fig. 8,
stable walks could be achieved successfully. Fig. 10 represents
the experimental results. In figure, the measured ZMP is inside
the stable region, Measured normal forces are shifted
periodically from one leg to the other. Fig. 11 shows
photographs of KHR-1 walking on a treadmill.
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Figure 10. Measured ZMP and force



VI. CONCLUSION

In this paper, we have described the methed to realize the
dynamic walking for KHR-1 based on three controllers. The
contributions of our paper are as fellow:

1) We noticed that the ZMP error occurred due to lack of
damping when we performed a position control during single
support phase. So the simple inverted pendulurn model with
compliant joint was proposed for the basis of a controller
design to correct for the ZMP error. Proposed model has an
advantage in easy parameter identification by experiment.

2) From this model, damping controller was designed and
its performance was evaluated by experiment. After the
damping ferm was applied by damping controller, the inherent
oscillation was damped.

3) Landing orientation controller and landing position
controller were presented. These controllers were implemented
to insure smooth and stable foot to ground interaction during
landing.

4) The effectiveness of the whole control method was
confirmed by the walking experiment.

As of the writing of this paper, stable walking of 1 kim/h
could be realized with the step length of 250 mm and step
period of 0.2 sec. In order to increase the walking speed, the
optimized trajectory planning and the robust stabilization
scheme using orientation sensor will be required.
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