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Abstract— This article explains a control system, which
stabilizes running biped robot HRP-2LR. The robot uses
prescribed running pattern calculated by resolved momentum
control, and a running controller stabilizes the system against
disturbances. The running controller consists of posture
stabilization, inverted pendulum stabilization, contact torque
control, impact absorbing control, foot vertical force control
and torque distribution control. Applying the proposed con-
troller, HRP-2LR could successfully run with average speed
of 0.16(m/s) repeating flight phase of 0.06 (s) and support
phase of 0.3 (s).

Index Terms— Biped locomotion, Humanoid, Running, Jog-
ging, Stabilization

I. INTRODUCTION

Research on humanoid robots is currently one of the
most exciting topics in the field of robotics and there exist
many projects [1]-[6]. Most of them focus on biped walk-
ing as an important subject and have already demonstrated
reliable dynamic biped walking. Watching those successful
demonstrations, one can ask a natural question, “Can we
build a humanoid that can run?”

We believe this is worthwhile as a technical challenge
for the following reasons. First, studying robot running will
add new functions of mobility to humanoid robots. For
example, jumping over large obstacles or a crevasse in the
ground might be realized by a derivative of running control.
Second, studying extreme situations will give us insights
to improve the hardware itself. Current robots are too
fragile to operate in any environment. Even when the robot
operates at low speed, we must treat them carefully. We
hope to overcome this fragility in the process of developing
a running humanoid.

Running robots have been intensively studied by Raibert
and his colleagues [7]. Their famous hopping robots driven
by pneumatic and hydraulic actuators performed various
actions including somersaults [8]. Using a similar control
strategy, Hodgins simulated a running human in the com-
puter graphics [9]. Ahmadi and Buehler studied running
monopods from a standpoint of energy efficiency [10].

All of those robots have a spring mechanism to retrieve
kinetic energy during running cycles. It is obvious that
these springs help running but they might prevent ordinary
humanoid activities such as walking, carrying objects and
so on. Since our intention is to add a running function to
a versatile humanoid robot, we started with a mechanism
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without springs. A similar approach is taken by Gienger et
al. [1], Nagasaka et al. [11] and Chevallereau et al. [12]. !

In this paper, we explain our running controller for
humanoid biped HRP-2LR. In Section II, the hardware
of HRP-2LR is briefly explained. Section III outlines the
running controller, and its details is explained in Section IV
and Section V. The experimental result is shown in Section
VI. We conclude this paper and address our future plans
in Section VII.

II. HuMANOID BIPED HRP-2LR

Fig. 1. HRP-2LR running

Fig.1 shows running HRP-2LR, which is a 12 DOF biped
robot whose legs have humanoid configuration. Its total
weight is 31.0 (kg) and the height is 1.27 (m). The body
contains a 3-axes acceleration sensor, three gyro sensors,
twelve servo drivers and a CPU board (Pentium III, 933
(MHz)). Each foot is equipped with a 6-axes force sensor
and rubber bushing which protects the sensor and robot
from the touchdown impact. For detailed specifications of
HRP-2LR, see [14].

10n December 15, 2004, Honda announced that they developed the
next-generation ASIMO which can run at 3[km/h] [13]. So far, its
technical details are not yet disclosed and we cannot tell whether ASIMO
is equipped with spring mechanisms or not.

618



Fig. 2. Reference frames for running pattern generation

TABLE I
SPECIFICATIONS OF HRP-2LR

6D.0.F/Leg(Hip:3 Knee:1 Ankle:2)

Upper leg length: 300 [mm]

Size Lower leg length: 300 [mm]
Ankle-sole height: 93 [mm]

Length between hip joints: 120 [mm]

Toe-heel length: 170 [mm)]

Legs:8.6 [kg/leg]x2 [legs] = 17.2 (kg)

Weight | Controller: 7.0 (kg)
Body structure 6.8 (kg)

Total: 31.0 (kg)

Fig.2 and Table I illustrates the basic configuration of
HRP-2LR. The body translation is represented by a 3D
vector p, which indicates a midpoint of the hip joints with
respect to the ground fixed origin O. The body posture is
represented by a 3 x 3 matrix Rp. Also, p;, R;(i = 1,2)
are defined for the position and orientation of the right
(i =1) and left (i = 2) feet.

III. RUNNING CONTROLLER
A. Outline

Fig.3 illustrates the entire running control system in-
cluding the pattern generation. The designed total linear
momentum P%, total angular momentum L% and the foot
motion v¢,w¢ (i = 1,2) are processed by Resolved
Momentum Control (RMC) [16] and we obtain a running

pattern consists of the following parameters.

d Joint angles ¢° = [qlTeglqggz]T
¢%,0%,9% | Body posture
(R% in roll-pitch-yaw)
wé, Body angular velocity
‘Z, T4 Foot force and moment
phase Running phase (support leg)
(Right,Left,Double,Flight)

Although RMC calculates the absolute body position p%,
HRP-2LR cannot sense the corresponding data due to the
lack of absolute position sensors (ex. GPS). Therefore p%
is not sent to the running controller, but to a “trash-can”.

The running patterns are fed to running controller where
the target joint angles g% are modified so that the robot

can continue running under disturbances. For this purpose,
the running controller uses foot force sensor information
and body posture estimated by Kalman filter which handles
gyros and acceleration sensors.

[real-time control]
T
i

d

[off-line planning]

d pd q ) @
P.L Resolved T adyd, d q’
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d
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Fig. 3. Outline of HRP-2LR control system

B. Model-based framework

For each servo cycle, the running controller calculates
the reference feet configuration by forward kinematics.

lp{, R{,p3, R} = FK (p}}. R%, q"), (1)
R = Rypy(¢7,0%,4%)

where FK() is a forward kinematics for both feet, p% is
the nominal body position, R,p,(-) calculates a rotation
matrix corresponding to given roll-pitch-yaw angles.
Since HRP-2LR cannot sense its absolute body position,
we simply set the nominal body position p%% to be the
origin.
Py =0

The same procedure calculates the current (real) feet
configuration.

[plleaanRQ] = FK(piélvRBaq)v (2)
Rp = Rrpy(¢a9a¢),

where ¢, 0, v are the current body posture (roll, pitch, yaw)
of the robot estimated by the Kalman filter.

The stabilizing algorithms uses these feet configurations
and calculate a new configuration for servo control (see
Fig.4).

Finally, it is transformed into joint angles using inverse
kinematics and is sent to the local PD servo controller of
HRP-2LR.

a° = IK(p}, Ry, pi, R}, p5, R}) )

where g° is a servo reference, I K () is an inverse kinemat-
ics of HRP-2LR.

This approach should be called model-based framework,
since it intensively uses a robot model for forward/inverse
kinematics. By this way, we can build a versatile algorithms
which are potentially applicable to different types of biped
robot.
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Fig. 4. Architecture of the running controller. F.K.:Forward Kinematics,
LK.:Inverse Kinematics

C. Objective of stabilizing algorithms
Our goal is to realize
Rz = RY%
(P, Ri) = (p{,R])

These conditions must be realized under the following
restrictions on foot torque and force.

“
&)

_xtoefi,z < Tiy < _xheelfi,z (6)
Yie2fiz < Tig < Yie1 fizs
where fz = [fi,z fi,y fi,z]T and T = [Ti,x Ti,y Ti,Z]T

Ztoe, Thee! denotes foot length and y; c1, ¥i, 2 denotes foot
width. These inequalities are also known as ZMP condi-
tions which guarantee that the foot does not rotate on the
ground.

In addition, there exist another restrictions to guarantee
the feet will not slip.

{ | fials | fiy] < 1ifiz

7
Ti,z < szi,z )

where u, pu, are the friction coefficients.

Under large disturbance like a touchdown impact, we
must modify the reference trajectory to satisfy the restric-
tions of eq.(6) and (7). For this purpose, we designed stabi-
lizing algorithms which modify the desired configurations
of the body and the feet.

(p%. R%) (p. R3)
(p, R (p;, R})

The stabilizing algorithms determine these modification.
When the disturbances become small, these modification
are smoothly canceled towards the original running patten.
We designed the algorithms in an ad hoc manner with basic
assumption where the robot can be treated as a simple
inverted pendulum.

Another stabilizing algorithm using feedback lineariza-
tion is proposed by Gienger, Loffler and Pfeiffer [1]. The
main difference is they modeled a running robot as a
torque controlled system while we model it as a position
controlled system.

®)
€))

—
—

(i=1,2)

IV. STABILIZING ALGORITHM I : GEOMETRIC PART

In this section, we explain the first part of our stabilizing
algorithm, which takes care of the robot geometry. By
the calculation of (1) and (2), now we have internal
representations for a desired configuration and the actual
configuration (Fig.5).

Fig. 5. Robot representation in the stabilizer. (Left) Reference (Right)
Sensed state

To represent the inclination of the whole robot, let us
define the vector » which directs the body position from
the midpoint of the both feet.

= PE (P +py)/2 (10)
= py - (pl+p9)/2 an

To let » — r% and Rp — R}ig, following controllers
are designed.

r

A. Body posture control

Body posture controller calculates additional body rota-
tion so that its roll and pitch inclination (¢, #) matches the
specified value (¢?, #?) for the running.”> The control law
is as follows.

Ap = kp(¢? — ¢) + dp(wh, — wp.)
A = kp(0? — 0) + dp(wh, — wny)

12)
13)

where kp, dp are feedback gains, wp;,wp, are angular ve-
locities measured by gyros and w$_, w%y are the reference
angular velocities.

By integrating (12) and (13) twice, we obtain additional
body rotation angle A¢, A, which determines reference
body orientation.

Rp
ARp

ARpRS
R,,,(A¢, A6,0).

(14)
15)

To let the body rotate around its center of mass (CoM),

the origin of the base frame is also changed.

P = pj + Rje - Ry, (16)

where ¢ is the CoM of the body presented in the base
frame.

The calculated body configuration (p%, Rp) is trans-

lated into joint angles by inverse kinematics (I.K.) of Fig.4.

2We neglect yaw orientation % in our current implementation.
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As the result, the robot adjusts its body posture by using
all leg joints.
B. Linear inverted pendulum control

To correct the inclination of the whole robot, let us define
the error vector.

Ar = r—r?
= [Az, Ay, AZ] (17)
(18)

We assume the error vector Ar behaves as a 3D linear
inverted pendulum (3D-LIP) [17] while the robot is on the
ground. Because, both of = and r¢ approximately point the
center of mass and the small error vector might be ruled
by linear dynamics.

. g 1

Ai = ZAzx+— 1
T - T+ Mchy (19)
. g 1

Aj = LTAy— —r1, 20
4 2 YT M (20)

where ¢ is gravity acceleration, z. is the nominal height of
the CoM and M is the total mass. 7, 7, are the pitch/roll
torque which act from the floor to the robot.

3D-LIP dynamics allows us to design a simple linear
feedback law.

Ty = —ksAx—d,Ad, 2n
T = kyAy+dyAy (22)

Tz, Ty are sent to the torque control system described in
the next section.

V. STABILIZING ALGORITHM II: FORCE/TORQUE
HANDLING

The second part of the stabilizing algorithm realizes the

forces and torques which were calculated in the last section
and specified by the running pattern.

A. 2DOF torque controller

Since each foot of HRP-2LR is equipped with rubber
bush, it can generate force/torque proportional to its trans-
lation/rotation while the foot is contacting on the ground

[2].

Fig. 6.

Generation of floor reaction torque

Fig.6 illustrates the relationship between floor reaction
torque and foot rotation. The floor reaction torque 7 is
generated as

T = _ke(q - Qe)7 (23)

where k. is the spring constant of the foot mechanism and
rubber bush, ¢ is the amount of the foot rotation and ¢,
is the rotation of ground. We assume ¢, to evaluate the
backdrivability of the system.

To design a torque controller, we take an input as the
speed w = ¢. The torque generation process in frequency
domain is written as

ke
T = —?(w—we)
= P (w—we),

where w, = ¢, is the speed of the ground, and the process
model is determined as P = —k./s.

We designed a two degrees of freedom (2DOF) con-
troller which has direct feedback of output filtered by C4
as well as conventional feedback of error filtered by Cp
(see Fig.7).

w=—-Cy1+Cp(r*—1) (24)

C4 and Cpg are calculated as follows [18].

_ 1.9
= P1g )
G, 1 1
@ = 1°G,P1-qQ (26)

where G, is a desired transfer function from the target
value 7¢ to the output 7, and Q) is a free parameter. With
this choice the transfer function from the target to the
output G,a_,, becomes

Gray =G

In addition, the transfer function from the disturbance to
the output G, . becomes

Gu}eHT = (1 - Q)(l - G’I“)P

Therefore, the free parameter () determines the system
behavior against the disturbance, i.e. backdrivability.

Fig. 7. 2DOF torque controller

The complete form of our torque controller is repre-
sented as

/ —Cp 74 Cp(r? = 1)dt
= TwoDof(r,7%). 27)

The controller adjust a foot rotation ¢ such that measured
floor reaction togrue 7 becomes specified value 7.
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In our experiments, the feedback filters C4,Cp are
calculated by (25),(26) with following parameters.

1
G = Q= m, (for foot torque control)
1
G, = Q= m (for vertical force distribution)

B. Foot torque control

To control the torque acting on each foot from the
ground, we uses the 2DOF controller to get proper foot
rotation angle A¢;, Af;.

A¢p; = TwoDof (Tiz, T5) (28)
Af; = TwoDof (Tiy, ;) 29)
where 7;,, 7, are roll and pitch torque components mea-
sured by the foot torque sensors and 77, 7; are the
corresponding references.

The calculated angles determines the reference feet ori-
entations.

R =
AR,L' =

AR;RY (30)
Rrpy (A¢’i7 AH’U O) (31)

C. Foot vertical force control

To control vertical force from the ground, we uses two
different types of controller. The first one is to absorb the
huge impact force at the landing. When excessive vertical
force was detected, it shorten the legs.

Az, = o(f)va+ (1 —o0(f.))(—waAzq) (32)
f: = fiz+ foz,

where Az, is the modification of foot height. When the
total vertical force f, exceeds the threshold of 410(N), the
first term of (32) becomes active and the feet is lifted with
a speed of v, (shorten the legs). When the total vertical
force becomes smaller than the threshold of 400(N), the
second term returns Az, to be zero with a time constant
determined by w,. The control mode is switched by the
function o(f,)(Fig.8), which smoothly changes between
0 and 1 to avoid chattering. We determined a proper
switching function which effectevely absorb impacts by
simulations and experiments.

o(f.)

1

400 410 £INV]

Fig. 8. Switching function for impact absorber

The second controller works when the robot is in double
support phase and it adjusts the vertical force distribution

between the right and the left feet. It modifies the difference
of foot elevation Az, by using 2DOF controller.

Azb = TwoDof(fgz — flz; Af;), (33)

where fo, — f1, is the difference of vertical forces and Af?
is its reference value.

Finally, the foot elevation of each foot is determined as
follows.

PS5, = pl 4+ Azy + Az /2 (34)
Ps. = 5. + Aza — Azy/2, (35)
D. Realization of LIPM stabilizing torque

The stabilizing torques for the 3D-LIPM in section IV-
B is distributed depending on the phase specified by the
running pattern.

1) Single support phase: When the running pattern
specifies a single support phase, the 3D-LIPM stabilizing
torque is simply fed to the torque controller of the support-
ing foot. Therefore, if the right foot is in support,

Tiy = Tay Tiy = Ty (36)
Top = Toy =0 (37)
Similarly, if the left foot is in support,
Tiy = Tiy =0 (38)
Tow = Ta, Toy = Ty (39

In addition, the vertical force reference is specified for
an unexpected contact of swing foot.

2) Double support phase: When the running pattern
specifies a double support phase, we must carefully dis-
tribute the 3D-LIPM stabilizing torque to both feet.

First of all, the stabilizing torque 7, is effectively gener-
ated by the vertical force distribution (Fig. 9). At the same
time, Af; must be limited by the total vertical force to let
both of the feet keep in contact with the ground.

AfE = trim(27,/w + AfE, — £2, 9 (41)
Aff = f5, - 1.
FE= L+ S
where w is the distance between right and left feet, trim/()
is the function to trim the first argument between the second
and the third arguments

To properly distribute stabilizing torque to both feet, we
used a parameter y defined as

v=(f - Af)/2f,

where v € [0, 1] is 1 at right support and O at left support.
The foot torque references are determined as

e = Y7 —w(AfS — AfD)/2) (42)
T, = Yy (43)
. = (L=7)(F —w(Afs — Af)/2) (44
5, = 1-7)7. 45)
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Fig. 9. Lateral forces and torques at double support (a) running pattern
(b) modified by stabilizing algorithm

VI. RUNNING EXPERIMENT

For running experiment, we designed a pattern with
support duration of 0.3(s), flight duration of 0.06(s), and
speed of 0.25(m/s) (0.9(km/h)). The robot lost balance
and turned over in the open loop running experiment
without use of the proposed controller. By applying the
running controller, HRP-2LR could successfully run. How-
ever the actual running speed of the robot was 0.16(m/s)
(0.58(km/s)) due to slips between the robot’s sole and the
ground. Fig.10 shows a running experiment of HRP-2LR.
We can recognize the flight phase at time T+0.36(s).

The upper graph of Fig.11 shows the errors in the body
posture control described in section IV-A. The maximum
absolute errors are 5(deg) in pitch (thin line) and 3(deg) in
roll (bold line).

The middle graph of Fig.11 shows the errors in the
linear inverted pendulum control described in section I'V-B.
We can observe the errors are 3(cm) at maximum in both
directions. The controller specifies the recovery torques to
fix it.

The bottom graph of Fig.11 shows the torques measured
by the foot torque sensors.

The upper graph of Fig.12 shows the vertical reaction
force in the running experiment. We can confirm the
existence of flight phase where both of the vertical force
becomes zero. Immediately after each flight phase, the
robot suffers huge impacts of approximately 1000(N),
which is more than three times of the robot’s weight. The
vertical dotted lines indicates the phase transitions specified
by the running pattern. Comparing with the force data, we
can see the actual running motion has a delay of 20 to 30
(ms) from the running pattern.

The lower graph of Fig.12 shows the modifiers of foot
elevation for vertical force control described in section V-
C. The thin line shows Az, for impact absorbing which
works every landing. The bold line shows Az, for vertical
force distribution which works at double support phases
occurs in the beginning and the finishing of the run.

For comparison, let us see the data of stepping at a place
stabilized by using our running controller (Fig.13). The
upper graph shows that the vertical force is acting on each
or both feet at all time. Since the robot did not jump, the
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Fig. 11. Error in posture and horizontal displacement
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Fig. 12.  Vertical force, foot updown control at running

maximum force is about 500 (N) that is half of the running.
From the lower graph, we can observe the impact absorbing
control (Az,) works fewer times but the force distribution
control (Az;) works at every double support phase.

VII. CONCLUSION

In this article, we explained a control system, which
stabilizes running of a humanoid biped HRP-2LR. The run-
ning was realized by using prescribed pattern and stabilized
by running controller. The running controller consists of
body posture control, inverted pendulum stabilization, con-
tact torque control, impact absorbing control, foot vertical
force control and torque distribution control. Applying the
proposed controller, HRP-2LLR could successfully run with
average speed of 0.16(m/s) repeating 0.06 (s) flights and
0.3 (s) supports.

The realization of faster running and on-line running
pattern generation will be our future work.
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Fig. 10. Running experiment of HRP-2LR. The robot is running from left to right.
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Fig. 13. Vertical force, foot up-down control at stepping
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