An Energy Consumption Based Control for Humanoid Walking
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Abstract

This paper presents a framework of the energy con-
sumption based control system for humanoid walk-
ing. Unlike the existing two approaches (one is based
on precise control and powerful actuators (full con-
trol and wide applicability), and the other is passive
dynamic walk (no control, therefore limited applica-
bility)), the method aims at less energy consumption
with more applicability. Knee stretching posture con-
tributed to the former in general and a search algo-
rithm based on the computer simulation enabled to
find a feasible control to the given task.

1 Introduction

Stable biped walking generally requires highly pre-
cise control and powerful actuator systems [1]; there-
fore its applicability seems broad. In these conven-
tional biped walking algorithms, knees are always
bended so that the walking can be stable; there-
fore, motors are highly loaded continuously. How-
ever, such a posture is quite different from normal
human walking one. It should be noted that most of
the existing control methods for humanoid walking
are designed independent of the structural properties
of the robot hardware.

On the other hand, the most energy efficient walk-
ing is passive dynamic walking (PDW) without any
torque control [2]. In such methods, walking motions
are determined by the relationship between a grav-
ity potential effect and the parameters of the robot
mechanical structure; therefore its realization is very
sensitive to their parameters. Asano et al. realized
the virtual PDW on a horizontal floor with a torque
which generates a virtual gravity effect[3]. In these
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method, no control of walking behaviors such as dy-
namic change in step size or speed is possible as its
name stands for.

Between above these two approaches, we aim at es-
tablishing the design principle for humanoid walking
with less energy consumption than the full control
system and more applicability than PDW.

If a robot walks without any task except for walk-
ing, 1t should walk with minimum energy consump-
tion, else, that is, a robot walks with some tasks,
it should change its walking motion faster and/or
wider step size with consuming some extra energy.
Ono et al. regarded biped locomotion as the com-
bined motion of an inverted pendulum (supporting
leg) and a 2 DOF pendulum (swing leg). As a re-
sult, they achieved human-like planar biped walking
using simple self-excitation control[4]. Though this
control method is similar to our approach, it has not
focused on the energy consumption.

In this paper, we introduce a framework of the con-
trol system from a view point of less energy consump-
tion, and verify its validity in the computer simula-
tion.

2 Control Scheme

2.1 Kinematic Model

A cycle of bi-ped walking can be sub-divided into
two phases; (1) one-leg supporting phase with con-
trolling torque, and (2) landing phase without con-
trolling torque (see Figure 1).

The basic idea behind the low-energy walking
method is to consider one-leg supporting phase, as
a combination of an inverted pendulum model (the
supporting leg) and a 2 DOF normal pendulum one
(the swing one). The inverted pendulum model is
regarded as the most energy-efficient model as the
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Figure 1: The motion phases of one cycle

Figure 2: Planar five-link model of the robot

supporting leg in general.

Figure 2 shows a model we used in the experiment
which consists of the five-link model with torso,
and Table 1 shows parameters of all links. 0;
(i =1,...,5) denote the absolute joint angle of link i.
We assume that every joint has a viscosity coefficient
of 0.01 [N-m-s/rad], and that the knee joint also has
a knee stopper. Each link has uniformly distributed
mass m; (i = 1,...,5), respectively.

2.2 Leg Control Scheme

In the full control, the walking control scheme gen-
erates the explicit walking pattern. The swing leg,
for example, moves forward by the control torque.

Table 1: Link parameters of a model

mi [ kg] ] 0400 |1 [m] ] 0.200
ms [ kg | 0400 || Iz [m] | 0.200
ms | kg | 0.400 || Is [m] | 0.200
ms [ kg | 0.400 || Iy [m] | 0.200
ms [ kg | 0.900 || s [m] | 0.400

Therefore, we adopt the control method as follows:

—kiegL (0< L
Tleg = {0 EL < 0;, @

where L, kieq, and 7.4 denote the horizontal distance
between the hip joint and foot tip position, feedback
gain, and feedback torque at the hip joint, respec-
tively.

In the first phase shown in Figure 1, when L is pos-
itive (0 < L), the feedback torque 7.4 is added at
the hip joint. This feedback torque makes the swing
leg bend at the knee joint and swing forward without
any other torque.

When L is negative (L < 0) (second phase), the feed-
back torque is not added to the hip joint. The swing
leg moves forward freely until the swing leg locked at
the knee joint, then it collides with the ground. The
supporting and swing legs exchange immediately af-
ter the foot collision with the ground.

Adding torque at the hip joint can be regarded as
adding torque at the tip of toe of the supporting leg
because working point of the torque can be shifted an
arbitrary point [5]. This control torque is, therefore,
a driving force of its body explicitly.

The kieq is defined as

kleg(t+1) == kleg(t) + kctrl(Ed - E(t)) + kvctrlE(t)a (2)

where Fy, Ey, ketrr, and kveg; are desired energy
consumption, energy consumption on 7" = ¢, and
feedback gains, respectively.

An energy consumption is calculated as,
B =Y [ nbi,
i

where 7; and HZ denote the torque and angular veloc-
ity of the é-th (i = 1,...,5) joint, respectively.

(3)

If we define the desired energy consumption E; and it
is larger than current energy consumption E(;) which
is calculated by Eq. 3, kjg4 at the next step increases
by the Eq. 2.

Else (Fq < E(1)), kieg at the next step decreases by
the Eq. 2.

Finally, if the E ;) converges to F4, a robot generates
the continuous walking motion with desired energy
consumption.

2.3 Body Control Scheme

In order to keep a upper body balance, the control
represented in Eq. 4 is added between the upper body
and the supporting leg,

(4)
where kyoqy and kvpoqy are the control gains, and g5
denotes the desired angle of 6;.

Thody = Kbody(fas — 05) — kVbodyti,



Table 2: Control parameters of the simulation

kctrl 1.5
kvcm 0.2
Kbody 5.0
kvbody 0.1
kieg 6.5  (Initial)
kvleg 0.1

3 Dynamic Simulator

Dynamic simulations are realized by the fourth
Runge - Kutta method, and the time interval is 0.2
[ms]. The dynamic equation of this model can be
represented as follows:

e {i} +con{é} + k@1 =17, )

where [M(0)], [C(#)], and [K(#)] denote the mechan-
ical structure in terms of joint angles, and [7] denotes
feedback torque vector. In the computer simulations,
the floor reaction force is calculated based on the
spring - dumper contact model.

4 Condition

(a) Control Gain

The simulation is performed with the parameters
shown in Table 2. The initial gain parameter kieq
is set as 6.5, and this gain 1s updated by Eq. 2 dur-
ing the simulation. Another gain parameters k.,
ktetri, Kvody, kUbody, and kv, are fixed (constant).

(b) Desired Energy Consumption

Every trial starts from the initial parameter set, in
which the desired energy consumption Eg4 is 0.4 [J].
A robot changes its control gain k.4 by Eq. 2 during
walking. If a robot can walk for 50 steps without
falling over, the desired energy consumption is sub-
tracted 0.02 [J] from current one until a robot falls
over.

(¢) Body Swaying

Following six kinds of desired tilting forward angles
of a body 845 are performed: 1.5, 2.0, 3.0, 4.0, 5.0,
and 6.0 [deg]. If a trial is finished by the falling over

of a robot, another #;5 1s examined.

Under the above conditions (a) - (c), we acquired
pairs of the step size and step period in terms of each
desired energy consumption E4 and tilting forward
angle of a robot 845 as shown in Table. 3.

Table 3: Combination of desired energy consump-
tion and tilting forward angle of a body

Eq [J] 045 [deg]
0.40 | 15201 3.0]|4.0]50]6.0
038 | 1.5]201]30|4.0|5.0]6.0
0.36 | 1520|3040 |5.0]6.0
034 | 1.5]1201]3.0]|4.0]50]6.0
032 | 151201 3.0]|4.0]50]6.0
0.30 | 1.5]201]30]|4.0]50]| -
0.28 1520|3040 | - -
0.26 1.5] 20|30 - - -

024 | 15|20 - - - -
022 | 15|20 - - - -
0.20 - |20 - - - -
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Figure 3: Responce of energy consumption (at 03 =

2.0 [deg])

5 Experimental Results

5.1 Response of Energy Consumption

At first, the response of the energy consumption F)
against the desired energy consumption £y is shown
in Figure 3, when the energy consumption converges
within 20 steps via transient period. After that, this
system achieves a stable walking. We can see these
tendencies in the all cases. Therefore, it is verified
that this control system is valid for controlling energy
consumption.

5.2 Effect of the step size and step period on
energy consumption

The relationships between step size and energy con-
sumption and between step period and energy con-
sumption are shown in Figures 4 and 5.

From these two figures, we can see a robot can change
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Figure 4: Relationship between step size and energy
consumption
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Figure b: Relationship between step period and en-
erqy consumption

Figure 6: (E4, 645) = Figure 7: (Eq, 645) =
(0.20, 2.0) (0.40, 2.0)

Figure 8: (Fq, 045) = TFigure 9: (B4, fg5) =
(0.26, 4.0) (0.40, 4.0)

the step size from 0.15 [m] to 0.17[m]. Also it can
change the step period from 0.46 [sec] to 0.51 [sec].

5.3 Foot and Body Trajectories

Also, trajectories of one step walking in

(B4, 045) = (0.20, 2.0),
(0.40, 2.0),
(0.26, 4.0),
(0.40, 4.0)

are shown in Figures 6,7,8 and 9.

6 Discussion

Effect of Body Swaying on Walking Speed

Relationship between an energy consumption and a
walking speed of each tilting forward angle of a robot
is shown in Figure 10, from which we can see that
the tilting forward of a robot enables a robot to walk
faster. Therefore if one likes to make the robot walk
faster, the robot should bend its upper body forward.

Effect of Energy Consumption on Walking
Speed

In this model, a robot realize a walking speed from
0.23 [m/s] to 0.36 [m/s]. In order to realize such
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Figure 10: Effect of body swaying on walking speed

a walking speed, an energy consumption is required

from 0.2 [J] to 0.32 [J].

If we make a robot walk with minimum energy con-
sumption, we can set the desired energy consumption
E; and tilting forward angle of a robot 845 along a
bold arrow shown in Figure 10.

7 Conclusion and Future Work

In this paper, we introduce the framework of the en-
ergy consumption based control system for humanoid
walking. We change the leg control gain k., from the
relationship between the desired energy consumption
E4 and current energy consumption E;). As a re-
sult, it is verified that this control system enables a
robot to walk with arbitrary energy consumption.

A current system, however, can not find a minimum
energy consumption. In the future work, we have
to find the minimum energy consumption in advance
which can realize the walking motion without falling
over 1n a variety of conditions, and implement this
control method to a real robot.
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