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ABSTRACT

This paper describes an autonomous biped walking control system based on the reactive force
interaction at the foothold using the precise 3D (three dimensional) dynamic simulation. The
contents of this research are as follows.

1. A hierarchical control system considering environmental force interaction

(a) An inertia fluctuation insensitive robust servo control system in joint space
(b) A robust force/torque control system in Cartesian space

(c) A posture controller considering the physical constraints of the reactive force/torque
on the foot by quadratic programming

(d) A real-time COM (center of mass) tracking controller by the foot placement with a
discrete inverted pendulum model

2. The 3D dynamic simulation scheme with precise contact with the environment.

The proposed approach realizes the robust biped locomotion because the environmental
interaction is directly controlled. The proposed autonomous control system is applied to the
20 axes simulation model, and the stable biped locomotion with a velocity 0.25 m/sec and a
stepping time 0.5 sec/step is realized.

In the experiments of the 14 axes biped robot, the stable attitude control of the body of the
biped robot is realized. The position of COM and the attitude of the body is well controlled
within £0.03 [m] and £0.04 [rad] (= & 2.3 [deg]) errors.
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Chapter 1

Introduction

Since a legged robot has a very efficient mobility, it is expected to apply in various industrial
uses, for example, transportation of passengers and cargos on a rough terrain, disaster relief,
operation in a danger zone, etc. Especially, a humanoid type robot which can walk by its own
two legs has potential for a substitute for a part of human work such as household matters or
aid of elderly people because the biped form is available in any environment where the human
can go. The biped form is the best for the human living environment. The biped machine
locomotion is one of fundamental technology to realize the humanoid. But technique of the
biped robot is still under development. The reasons are because the biped system is

e unstable,
e non-linear,
e and subject to restrictions caused by the environment.

Concerning the third point of these characteristics, it is difficult to stabilize the biped robot
when dynamics of the environment is unknown.

In detail, Fig. 1.1 illustrates a biped robot whose foot interacts to the ground and whose
body receives the reactive force. The movement of the robot depends on the reactive force.
This system is expressed as the block diagram shown in Fig. 1.2. The legged robot can be
separated to two parts, the body and the legs. The controller calculates the actuator torque
from joint angle and another sensor information, then the legs are moved. The legs interact to
the environment, which generates the reactive force. Then the body is driven by the reactive
force.

In this system, dynamics of the legged robot has restrictions because it does not have fixed
point on the ground and there are limitations of the force and the torque on the foothold. This
point is different from a case of ordinary robot manipulators. Despite the information of the
reactive force on the foot is very important, it is hardly used as a main index in the feedback
control loop in the previous works. It is mostly used as a sub-index in the control loop[5]
or a main index in the reference generation[41]. The conventional control systems calculate
trajectories of joint angle or joint torque so as to approximately satisfy the stable contact
condition. The whole dynamic equation of the robot and the contact condition is considered
to generate joints references in [41], but it is off-line type planning due to the complexity of
dynamics of the biped robot. Kajita et’al have proposed an linear inverted pendulum model[13].
The direct control of zero moment point is proposed in [36].
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Figure 1.1: An illustration of a legged system.

Reactive Position
Force

of Foot

Environment

L egged Robot
Position
of body
Joint Position of
Torque Controller Joint Angle

Figure 1.2: A block diagram of the legged system.



These approaches can be said to be model based control. Thus there are the modeling errors
in the control systems, which yields lack of walking robustness. One of the solutions is in use
of an adaptive method [18][42][14][31][4].

The other solution is a robust method. In this paper, a new hierarchical control system
based on the reactive force control on the foothold and the force distribution system is proposed
in order to improve the walking robustness, in which the physical constraints of the contact
force on the foothold are precisely considered. The robust force controller of the support foot
can locally suppresses unknown disturbances on the terrain. With a new algorithm of the foot
placement, an on-line controlled autonomous biped locomotion is realized. Also, the precise
3D dynamic simulator with the environmental interaction is proposed to investigate the control
scheme.






Chapter 2
Modeling of Biped Robot

2.1 Dynamic Equation

A legged robot is modeled as a free-fall manipulator which has no fixed-point but has interaction
to the ground. Dynamics of a free-falling manipulator is formulated by introducing the variables
representing position and attitude of a base-link. Let generalized coordinates @, generalized
velocities v, and generalized forces u be

z" = [ph, AL, 07| € R*xSO(3)x RN (2.1)

v! = [vg,wg,wT] € R*x R*x RN (2.2)

ul = [fg,ng,‘rT] € R*x R*x RN (2.3)
where

P : 3 x 1 vector specifying base-link position
Ap : 3 X 3 matrix specifying base-link attitude

6 : N x 1 vector specifying joint angle

vp : 3 x 1 vector specifying base-link velocity

wp : 3 x 1 vector specifying angular velocity of base-link
w : N x 1 vector specifying joint angular velocity

fs : 3 x 1 force vector generated in base-link

ng : 3 X 1 torque vector generated in base-link

T : N x 1 torque vector generated by actuator

N : number of joints of robot

Ap is the direction matrix of the inertial base-link-fixed axes relative to the ground-fixed axes.
(See Fig. 2.1, Ap = [#B, Yg,28].) The attitude Ag moves in the Lie group SO(3).
The equations of motion of the robot become:

AB = wpg X AB (25)
f = w

and
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H(z)v+ C(z,v)v+g(z)=u+ug (2.7)
where
H(z) : (N +6)x (N +6) inertia matrix
C(xz,v) : (N +6)x (N 4+ 6) matrix specifying centrifugal and Corioli’s effects
g(z) : (N +6)x1 vector specifying gravity effect
ug @ (N +6) x 1 vector specifying generalized forces generated by external forces

The detailed generalized external forces uwp is given in the following sections, on which there
are two type of formulations. One is for the control and the other is for the simulation.
Equation (2.7) represents a general form of the dynamic equation.

3rd link

Figure 2.1: Representation of link-fixed coordinates.



Chapter 3

Hierarchical Control

To control a legged robot (2.4)—-(2.7), we must consider physical constraints on the foothold
directly or indirectly. In this paper, a hierarchical control system with a direct and real-time
method is proposed, which realizes the robust contact of the foothold and the stable biped
locomotion. The overview of the proposed hierarchical control system is shown in Fig. 3.1.

Reactive Force

v Joint Angle and Body Attitude
Free-leg Yaw
Trajectory Moment Joint Angle References of arms
Planner with Compensator
Discrete Inverted P i .
Pendulum /T Yaw Mom. Tip Position
Ref. Reference of free-leg
Body Posture \|
Reference Body Reactive Workspace Biped
Generator Posture - Force Position P
with Inverted Position | Controller Rgactwe Controller . —»| Controller | Joint Robot
i _|Rdeaee 1 0% s B
of Center erence of
of Mass ' support-leg
Reactive Force

L/

Joint Angle and Body Attitude

Figure 3.1: Biped walking control system.

The block of “Workspace Position Controller” represents the 6-degree-of-freedom tip position
controller of each foot with respect to the body link, which consists of a robust joint control with
inertia fluctuation insensitivity in the section 3.1 and an inverse kinematics by Newton-Raphson
method in the section 3.2.

The block of “Reactive Force Controller” represents the 6-degree-of-freedom reactive force
controller of each foot, which is obtained by robust servo design technique in the section 3.3.

The block of “Body Posture Controller” represents the 6-degree-of-freedom position and
attitude controller of the body considering the physical condition (zero moment point condition,

7
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etc.) on the reactive force, which is shown in the section 3.4.

The block of “Yaw Moment Compensator” shows the controller of yaw axis rotation of the
body attitude using arm swing motion, which is introduced in the section 3.5.

The block of “Body Posture Reference Generator” represents the posture reference generator
of the body based on the inverted pendulum model, which is shown in the section 3.6.

Also the block of “Free-leg Trajectory Planner” represents the trajectory generator of free-
leg based on the discrete inverted pendulum model, which stabilize the global biped locomotion
(shown in 3.6.)

3.1 Robust Servo Control in Joint Space

The values of the inertia of the robot vary in real-time depending on the robotic posture.
Moreover, the fluctuation is widely depending on the environmental constraints. For example,
the inertia of the ankle joint of the legged robot is small in case that the leg is in non-support
phase, which becomes big in case of support phase. The inertia fluctuation causes unstability
of the joint servo system.

In this section a new robust control of robotic system is proposed, in which the robust
stability against fluctuation of inertia matrix depending on the posture is guaranteed.

3.1.1 Plant Model

According to the generalized coordinates, the biped robot (2.7) can be decomposed into three
parts as follows:

H,, H,, H; Vg b, 0o UE
H, H,, H,; d-f_B + by | =]0 |+ ]| ug (3.1)
Hs; Hj; Has 0 bs T UE3

where [b] b1 bI] represents biasing vector
T
(6] by by | =b=C(z,v)v+g(=). (3.2)

To control joint angle, we pay attention to the 3rd row of the biped robot (3.1) which corresponds
to plant dynamics in joint space:

Hsop + Hyywp + Hasf + by = 7+ ups. (3.3)
(3.3) can be transformed as

6=H(r—d) (3.4)
where

d=H;vg + Hyywg + bs — ugs. (3.5)

Fig. 3.2 shows the system (3.4) where H = H 33 in this section.
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H(®)' L —

\ 4

Figure 3.2: Plant system in joint space.

3.1.2 Robust Control Considering Inertia Fluctuation

In order to realize a decoupled system, we introduce a virtual input 7’ as
T=H,0)r (3.6)

where H ,(0) denotes a nominal inertia matrix which includes the fluctuation depending on the
posture and the inertia products of the non-diagonal components. It is shown in Fig. 3.3. In
this case (3.4) is equivalent to

6 = H(0)'H,(0)r —d(6,6)
= (I+A)r' - d(6,0)] (3.7)

where

d(0,0) = H,(0)"'b(8,0) (3.8)
A = H@O)'H,(0)-1.

Here A means multiplicative perturbations of the virtual plant.
Considering the virtual plant system in Fig. 3.3, equivalently we can obtain a decoupled
system of double integrator as shown in Fig. 3.4.

Design of H,, Robust Control System

In this section, a design method of H,, robust control system for the virtual plant (3.7) is shown.
There are various design methods of linear robust control systems for robot manipulators such as
Disturbance Observer[25][17][24], Two-Degree-of-Freedom Control[37][33], and H,, Control[27].
The H,, Control is most suitable for a consideration of robust stability. The system remain
stable even if there are plant perturbations.

Consider designing a linear controller C(s) of the virtual plant (3.7), which makes the system
insensitive to d’ and stable for the parameter fluctuation A, as shown in Fig. 3.5. Tn this method,
the non-linear terms d’ including friction, centrifugal, and Corioli’s force, which are difficult to
model accurately, are suppressed by the linear controller C(s). This approach is different from
the non-linear compensation called the Computed Torque Method.

Suppose the maximum singular value of the multiplicative plant perturbations A is smaller
than some known value X;
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Virtual Plant
Legged Robot
: . d o
T T i B . 0
—— H (§) — HE) s 1 s
i B oL
Figure 3.3: Virtual plant.
d A
T -
1
2
+ S
Figure 3.4: Equivalent system of virtual plant.
(A) <A (3.10)

Against the perturbations (3.10), the system becomes stable with a controller C(s) which sat-
isfies

5(T(s)) < |Wr(s)™"| (3.11)

where Wr(s) denotes a scalar transfer function such as

A < W) (3.12)
and T denotes the complementary sensitivity function defined as
T = PC(I + PC)™". (3.13)
P also denotes the nominal virtual plant
I
P=-. (3.14)

S
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Virtua Plant

@,
A2
N

)}

Cf

Figure 3.5: Control system.

In the design of the controller, the disturbance attenuation must be also considered. Since
the closed-loop transfer function from the disturbance d' to the output 8 is (I + PC)™' P, the
sensitivity function S defined as

S=(I+PC)"! (3.15)

determine the disturbance attenuation. Thus we introduce a scalar transfer function of a dis-
turbance attenuation factor with a specification such as

5(S(jw)) < AWs(jw)™']. (3.16)

Then the problem is to find the controller which satisfies (3.11) and (3.16) with (> 0) as small
as possible. This is known as the Mized-Sensitivity Approach.

Since sensitivity function S(s) corresponds to the transfer function from the reference » to
the error e, the problem is equivalent to finding the controller such as

G- |loe <1 (3.17)

where G, is the transfer function from 7 to 2z = [ z; 2z, |7 on the following augmented plant
of the augmented system shown in Fig. 3.6.

Z1 %Wsl —%WsI/S2
z |=| o Wrl/s? l

- ] (3.18)
e I | -I/s T
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Augmented Plant IZI r .

\ 4

U - -

Q
-~
NO2

A

Figure 3.6: Augmented system.

Here, we can treat the MIMO (Multi Input Multi Output) system design problem as the
SISO (Single Input Single Output) system design problem, since the augmented plant Fig. 3.6
is a decoupled system. Thus we need to find the controller C'(s) of the SISO subsystem

21 %Ws —%YVVS/S2 -
Z9; = 0 WT/S2 lTj‘| (319)
e; 1 ‘ —1/s* :
: = 1,...,N
subject to the constraints
1Grilloo = [Mlz1iz2i] " Jrilloo < 1. (3.20)
Then the H,, optimal controller of the MIMO system C(s) is obtained by
C(s) = diag{C(s),C(s),...,C(s)}. (3.21)

The following is the design procedure of the H,, controller of the subsystem (3.19).

When the plant has the pole on the imaginary axis, it is not a standard H,, control prob-
lem. The simple loop transformation[23] can deal with the problem as follows. Consider the
factorization of the jw pole of the plant in to a scalar transfer function a(s) such as

P(s) = p(s)a(s). (3.22)

Then the H,, controller of the new plant ]3(3) which does not have jw pole is the modified
controller C'(s), in which a(s) is inserted into the original controller. The original controller is
given by
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C(s) = a(s)_lé(s). (3.23)

Now the plant is the double integrator then let a(s) = (s + 1)*/s®. The cost functions are

selected as
3

_ S
Ws™' = = (3.24)
2
w
Wt = —— 3.25
T A(s + w,)? ( )

where Wy is chosen to have triple origin poles against the double origin poles 1/s* of the plant
and steady disturbance 1/s. w, denotes the cut-off frequency.

Fig. 3.7 shows the frequency characteristics of the cost functions, the sensitivity function,
and the complementary sensitivity function in a case of w, = 1100[rad/s] and A = 0.9. The

design was done with a CAD tools MATLABT™]1]. Finally, 430 [rad/s] cut-off frequency of the
sensitivity function was obtained through the 7-iteration.

1le+01 ———————
1e+00 po——————
c le-01
£ i
(D -
le-02 y;
| S e
- /. / Tqw) —
02 b . / UWs(w)| —=— |
1e-03 | /o / YIws(w)| —= ]
I e J/ |WtGw)| - - -
1e_04 ./' | v Ll L TR Er A | Ly
1e+00 le+01 1le+02 1e+03 le+04

Frequency [rad/s]

Figure 3.7: Frequency characteristics of cost functions, sensitivity function, and complementary
sensitivity function

3.1.3 Calculation of Inertia Matrix

According to the relation of (3.6), the control input of H. controller for the virtual plant
= 7 74 |¥ must be transformed into the actual control input 7. In fact, the
calculation of the matrix H,(q) does not need directory. The transformation is equivalent to
the calculation of the joint torque in a case that the all joints are moving with the acceleration
7'. This calculation is done by inverse dynamics shown in (4.8)—(4.26) of the next chapter with
setting v =0, wg =0, wp =0, §; =7/, ¢ = 0 and ¢; to current state for 1 <7 < N.

In this paper the inertia calculation is called Inertia Torque Computation Filter
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3.1.4 Unified Controller in Joint Space

The configuration of the proposed joint control system is shown in Fig. 3.8.

T=H,0)C(s)(r —0). (3.26)
Controller Robitic System
| lnercwwie meama |1 oq g
E ©) % S herd L L
: C(s > Hn | : —>  — :
| ) T T+ 8| S° |

Figure 3.8: Global control system.

3.2 Inverse Kinematics

To control the tip positions and directions of both feet, those references in the workspace are
transformed into joint angle references by the inverse kinematics calculation as follows.

Fig. 3.9 shows kinematic variables, where pg denotes the position of the body with respect
to the origin of the world coordinates system and &g denotes the position of the right foot with
respect to the origin of the body-fixed coordinates system; ng, sg, and ar are the unit normal,
unit slide, and unit approach vectors of the right foot, respectively. Fig. 3.9 shows only a right
foot case. The left foot has also same kinematic properties with the variables replacing the
subscript “R” with “L”.

Let Ap = [ng sg ag|. Suppose the references @,.; = (Lpref, ARres) is given by the upper
layer of the controller (shown in the next section). Then the position and orientation error
vectors become

€Rrp = LRref — TR (3.27)

€r, = i(nR X M Rref + sp X SRref +ap X aRTef). (328)

The joint angle reference r can be obtained by Newton-Raphson method with update law
r— v+ Jr(r) er(r) (3.29)

where

en = [ ng ] (3.30)
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Body

Sk \&k 0O
SN ST

Ground

Figure 3.9: Kinematics of legged robot.

and Jg(r) denotes the Jacobian matrix

BeR
Jp(r)=——=. 3.31
a(r) = —oon (3.31)
In fact, the Jacobian matrix represents the relation between the joint angular velocity and the
velocity and angular velocity of the foot such as

[ Zi ] = Jpw (3.32)
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where vp and wpg denote the velocity and angular velocity of the right foot; w is the joint
angular velocity.

3.3 Robust Force Control in Environment

The hybrid position/force control is applied to each leg. It becomes the force control mode when
the leg is in the support phase, otherwise the position control mode is activated. The workspace
position control system consists of the H,, robust servo control and the inverse kinematics by
the Newton-Raphson method. Assuming the transfer characteristics of the Cartesian position
control system is almost unity by the robust controller, the hybrid position/force controller is
easily applied to the upper layer of the system. The configuration of the force control system is
shown in Fig. 3.10, where f and f,_; denote the 6 x 1 force/torque vector and its reference on
the support foot, respectively. The plant system P{(s) includes dynamics of the environment
and the Cartesian position control system, whose control input is @,.s, the Cartesian position
and orientation reference of the support foot.

- XRl’

f.,. Ci (s ”-6?_' P (s) TLR

Figure 3.10: Force control system.

When the nominal plant model P, (s) is given, a very simple parameterization of the robust
servo controller can be obtained as follows

C(s) = Ppa(s)™'(I — Qf(s))_le(s) (3.33)

Here, Q;(s) is the free parameter representing a complementary sensitivity function and is
subject to

Q;(s), Pral(s)'Qs(s), Prals)[T — Qp(s))d(s), [I - Qy(s)lr(s) € RH. (3.34)

Here, RH ., expresses a set of proper and stable transfer function matrices. These conditions
are obtained from the internal stability and the output regulation.

In a case of the force control, the free parameter Q;(s) and the nominal plant model P, (s)
can be set as

Q;(s) = diag{Qsu(s),...,Qze(s)} (3.35)
Pyn(s) = diag{Psni(s),..., Prne(s)} (3.36)
(3.37)
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where
3r2s? + 35+ 1
: = : 3.38
Qf (S) (TZ'S + 1)3 ( )
Pri(s) = m;s? + b;s + k; (3.39)

i =1,2,...,6. Thus, the robust force controller is obtained from (3.33) as follows.

Cy(s) = diag{Cp(s)-,Crofs)} (3.40)
3725?24+ 371;5 + 1
Cy; !
si(s) 7283 (ms? + bis + k)

(3.41)

3.4 Posture Control with Optimal Force Distribution

In this section, the method to control the parallel and rotational motion of the body is presented.
In a case of a biped robot, wg in (2.7), the external force on the generalized coordinates, is
expressed as follows.

I3 (0] f Ig (o] f
Ugp = [HSRX] Ig l R ] + [QULX] Ig l L ] (342)
JT JT nRr
R1 R2
where

Frs f1, @ 3 x 1 vector of reactive force at the center of right or left foot

ng, n; : 3 X 1 vector of reactive torque at the center of right or left foot

Jri, Jr; @ 3 X N Jacobian matrix of right or left foot

g, 1, : 3 x 1 position vector of the right or left foot with respect to the origin of pg

Here, [ax] denotes a matrix representing a cross product, and I, denotes an n x n identity
matrix. Fig. 3.11 illustrates the kinematic property.

While there is no actuated control input for the position and the attitude of the body, i. e.,
f5 =mnp =0, those of the body are still controllable by using the reactive force and torque (fg,
f1, nr, nr) as indirect control inputs. To use the reactive force and torque as indirect control
inputs, the hybrid position/force control is applied to each leg. If the leg is in the support phase,
the force control is activated. Otherwise the position control becomes active. The workspace
position control system consists of the inertia fluctuation insensitive servo controland the inverse
kinematics by the Newton method. The force controller is applied as the upper layer of the
position controller(See Fig. 3.1)

Then the posture control system is applied as a supervisory control to the reactive force
controller. The objective is to make the center of mass (COM) of the robot and the attitude
of the body converge to its given reference trajectories. The parallel motion of the COM of the
robot and the rotational motion of the body can be modeled from the first 6 rows of (2.7) and
(3.42) as follows.

Ho+b = ag (3.43)
ap = Kf, (3.44)
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and

Po

where

(el

r nf ]
I3 (o]
[QBLX] I3

CHAPTER 3. HIERARCHICAL CONTROL
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H : 6 X 6 inertia matrix

b : 6 x 1 vector specifying gravity effect and non-linear terms

up : 6 x 1 vector specifying external force at COM and external torque around body
Pe 3 x 1 vector specifying COM of the robot

The ideal external force input w7 at the COM of the robot and around the body is determined
by the state feedback.

Wy = H,[Ky (2,05 — &) + Kg(®,0 — ) + Z,04] + b, (3.50)
where

H, : 6 x 6 diagonal matrix specifying nominal inertia

b, : 6 x 1 constant vector specifying non-linear terms,
gravity effect, and non-diagonal inertial force

and K,, K, represent gain matrices. The posture reference @,.s is generated by linearized
inverted pendulum models

The contact force and torque are, however, physically limited to the repulsive condition,
the friction condition, and zero moment point (ZMP) condition. Thus the ideal force @}, is not
always realized by the reactive force and torque f ,. We need to consider the following physical
conditions.

Let the components of fr, ng, f;, and ny be

fr (/R [Ry [R:] (3.51)
nh = [ng, np, ng:] (3.52)
T [fre fry fr-] (3.53)

[ (3.54)

L =
T
Npz Ny an] .

’I’LL -

The normal component of the reactive force on the ground plane is not attractive but repulsive,
which yields the following non-negative conditions.

R
fre

The friction force, i. e., the tangent component of the reactive force on the ground plane always

0 (3.55)
0 (3.56)

VARV

exists within the friction cone.

VIt fRy < 0fre (3.57)
VIte T 12, < nfre (3.58)
Ing.| < 4'fr. (3.59)
Inr.| < p'fr. (3.60)

where y and p’ denote friction coefficients. It is possible to break out slips at the contact points
when the equality in the (3.58)—(3.60) is realized.
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The tangent component of the reactive torque at the center of the foot on the ground plane
is also limited due to finiteness of the contact area.

nre| < dyfr. (3.61)
Inrel < dyfr. (3.62)
Inryl < dofr- (3.63)
nr,| < dofr. (3.64)
where d,. and d, denote a half of the length and the width of the foot, respectively. (3.62)—(3.64)

are equivalent to the zero moment point conditions.

Due to the physical limitations (3.55)—(3.64), the ideal force input @}, by (3.50) cannot be
always realized by the reactive force and torque f 4. Thus the following performance indices are
introduced, which should be minimized under the limitations.

1

Tmain = 5(up —up) Ci(up — up) (3.65)
1
Jowo = Eugcw,; (3.66)

The index J,4, corresponds to the square error between the ideal force and torque and the
realizable ones. The index J,,;, corresponds to the square error between the force and torque of
the left foot and those of the right one. The reactive force and torque input f, is determined
by the quadratic programming, which minimizes the performance index under the linearized
constraints of (3.55)—(3.64).

n}lin Tonain + €Jsup (3.67)
A
subject to Af,<b (3.68)
where
C, = diag{wy,wy,ws,wy, ws,ws} (3.69)
[ Iy I
C, = I, I, ] (3.70)
[ A" o
A = o A’] (3.71)
1 0 —ux 0 0 0 ]
1 0 —u 0 0 0
0 1 —u 0 0 0
0 —1 —u 0 0 0
0 0 1 0 0 0
, o 0o -1 0 o0 o
A= 10 0 =4, 1 0 o (3.72)
0 0 —d, -1 0 0
0 0 —d, 0 1 0
0 0 —d, 0 —1 0
0 0 — 0 0 1
0 0 - 0 0 —1|
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b” [ 6% b7 ] (3.73)
b, = [0000230000000] (3.74)
T = [00002,0000000] (3.75)
on = { if right leg is in support phase (3.76)
otherwise
. if left leg is in support phase
L= { 0 otherwise (3.77)

and € is a small positive real number.

The main performance index J,,,4;, approaches the solution to the ideal force and torque u
given by the state feedback. The sub performance index Jg,; distributes the inner force and
torque to the both foot in balance. Because € is very small, the sub performance index has
almost no influence on the main performance index. The constrained (3.68) acts as a kind of a
limiter in multi-input systems.

The optimization problem (3.67) and (3.68) are equivalent to the following quadratic pro-
gramming problem.

. 1
min §fﬁQfA —c3fa (3.78)
subject to  Af, <b (3.79)

where Q = chlIN( +eCy and ¢y = I}'Tclu’c‘. The reactive force and torque reference can be
obtained by solving it for each sampling period.

The controller does not need the exact information about the upper bound of the friction
coefficient of the ground but the smaller value than it. Thus it is sufficient for stability if the
value of the friction coefficient in the controller is set smaller than the actual friction coefficient.

3.5 Yaw Moment Compensation by Arm Motion

Since the proposed system has 6 degree-of-freedom force controller for each leg, it can also
control yaw rotation. However, the yaw moment gets large when the walking speed gets fast. It
becomes beyond the moment which the foot can generate and the walking gets unstable. The
same situation will occur in a case of a walking on low p terrain. The off-line type calculation
method is proposed in order to compensate the moment[41].

In the discussion of the previous section, the equality . = u is realized only if the solution
without constraint exists within the convex polytope and it is not activated. In the case of
a human walk, the yaw moment generated on the foot plane is too small to compensate the
disturbance moment by free-leg motion, etc., so the moment of arm motions is used to do it.

The model of the arms is shown in Fig. 3.12. The synchronized motion of the right and left
arms generates only yaw moment:

u?™ = 2abm(§, cos 0, — 0, sin 6.) (3.80)

where 6, denotes angular reference of the shoulder. a and b express the properties of the position
of the COM of the arm (See Fig. 3.12). m denotes the mass of the arm. Linearizing the right
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side of the equation around 6, = 0 and adding high-pass filter to remove dc offset, we have
angular reference of the shoulder such as:
s3 K,

07‘6f — . g¥Yow __ , yaw 3.81
. 3 4 2w.s? + 2w2s + w3 $? (1 ™) ( )

where K, = 1/(2abm), and w, represents cut-off frequency of the high-pass filter.

Figure 3.12: Model of arms.

3.6 Globally Stable Walking Pattern Generation

Owing to the posture controller with the environmental interaction mentioned above, the on-line
type autonomous walking control system can be realized as follows.

The posture controller mentioned above stabilizes the robot in the single and double support
phases but does not realize the global locomotion. In order to achieve a stable walking, the foot
must be periodically landed at adequate point. In this section, the tracking control of the COM
to an arbitral trajectory by planning the land point of the foot is described.

Dynamics of the COM of the robot behaves like an inverted pendulum by the posture
controller, i. e., pr = W*(Per — pyz) in sagittal plane and p., = w?*(pey — pyy) in lateral plane,
where p., an p., denote the COM position in sagittal plane and in lateral plane, respectively.
Pge and pgy, denote the foot position of the support leg with respect to the origin of the world
fixed coordinates in sagittal plane and in lateral plane, respectively. Digitalizing the inverted
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pendulum with one step period T', we have the discrete-time inverted pendulum (3.82). (Here,
only the equations in the sagittal plane are described. The forms of the equations in the lateral
plane are completely the same.)

l?ﬁiﬁii%%[ ) 5] [ﬁjﬁﬁiﬂﬂ{;;]pﬂ(t) (3.82)

ws

where ¢ = coshwT and s = sinhwT.
The movement of the free-leg must just begin at one step period in advance. Thus the
augmented system including one step period delay is considered

Pt + 1) ¢ sfjw 1—c Pex(t) 0
Per(t+T) | = | ws ¢ —ws Pex(t) |+ | O pgif(t) (3.83)
Poe(t+T) 0 0 0 Poa(t) 1

The reference of the landing point pgif (t) which sets the system characteristic polynomial
#(z) to é(z) = 23+ 2% + a1z + oy is obtained by the state feedback as follows.

Pl (t+T) =

folpea(t) = P (0] + filpeo(t) — B ()] + falpge(t) — p (0] + P *(t + T)
(3.84)

where

1 —ap—a;+ay+2(1 —az)e—4c?
= 3.85
Jo 2(c—1) ( )
f = 14 ap—a; —ag —2(1 + az)e — 4c? (3.86)
2ws

f2 = Q3 + 2c (387)

p™¢ denotes the reference trajectory of COM in sagittal plane and p;;”d denotes the offset of
the landing points synchronizing trajectory of COM in sagittal plane.

The trajectory of the free-leg is given by connecting the next and previous landing point
with a smooth function as follows.

1 —cosmm
Pl (b4 m) = pd (1 = T) + ———— [/ (t + T) = p/ (1 = T)] (3.88)
and the height of free-leg is also given by
11— 2
P (t+m) = W C(;S Gk (3.89)

where 0 < m < T.
The global system configuration is shown in Fig. 3.1.






Chapter 4

Dynamic Simulator of Legged Robot

This chapter describes new two type of simulation methods of legged robots. One is a forward
dynamic simulator which numerically calculates trajectories of the joint angles, the body posi-
tion, and the body attitude of the legged robot given the actuator input torques. The other is
an inverse dynamic simulator which numerically calculates trajectories of the joint torques and
the interaction forces from the ground given the position, the velocity, the acceleration of the
joint angles and those of the body of the robot. The forward dynamic simulator is available for
investigation of various control algorithms. On the other hand, the inverse dynamic simulator is
useful in analyzing the joint torque and the reactive forces from the ground when the time series
data of the joint angles are given, which might be measured from human walking or generated
by various trajectory generators.

4.1 Forward Dynamic Simulator

This section describes a new 3-dimensional forward dynamic simulation method of multi-degree-
of-freedom mechanical systems with the time-dependent contact and the Coulomb friction, such
as a legged robot interacting with a ground, a satellite-mounted manipulator catching an object,
etc. The proposed method is the extension of the open link manipulator simulation[38] and the
contact simulation of rigid body mechanics[19]. The proposed simulation model is mathemat-
ically exact, thus this simulator enables essential investigation of various control algorithms of
mechanical systems.

4.1.1 Nwumerical Integration

It is very complicated to obtain an algebraic equation of a legged robot. But it is easy to
simulate a dynamic motion of a legged robot (2.4)—(2.7) numerically by integrating ¥ and v on
each time step after solving (2.7) for the acceleration v given @, v, u, and ug. In a case of the
Euler integration, we have

ps(t+h) = pg(t)+ hvs(t) (4.1)
Ap(t+h) = T(hws(t)As(t) (4.2)
O(t+h) = 6(t)+ hw(t) (4.3)
v(t+h) = w(t)+ho(l) (4.4)

25
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o(t) = H(2(1)™' [w(t) + up(@(l), v(t) — b(=(1),v(1))] (4.5)

where b(«(t),v(t)) represents biasing vector

ba(1),v(1)) = Cz(1),v(1))v(?) + g(2(1)) (4.6)

and h is the time-step. T'(hwg) acts as a rotational transformer around wpg axis with angle
hlwg|. (See Fig. 4.1 and [26].) T'(hwpg) is obtained by

T(hwp) = [(cos )5 + (1 — cosp)re” + (sin b)[rx]] (4.7)

where ¢ = h|lwg|, r = wp/|wg].

H(x) and b(«,v) can be obtained by inverse dynamics calculation using the Newton-Euler
formulation, i. e., solution for w given @, v, and v. In fact, H(2) can be calculated by solving
inverse dynamics with setting @ to the current state and ¥ = e;, and ignoring centrifugal forces,
Corioli’s forces, gravity effects, and external forces[38]. Here, e; means a unit vector with its
jth element equal to 1 and others are 0. The solution about w corresponds to the jth column
of H. (See (2.7).) The biasing vector b(,v) can be also computed by setting (,v) to the
current state and v = 0, and ignoring external forces.

Figure 4.1: Rotation of coordinates.

4.1.2 Exact Model of Legged Robot

To obtain the motion of the legged robot, we need to calculate inverse dynamics which can be
calculated by following recursive equations. The formulation is based on the algorithm in [20],
but several points are different. The advantages of the new method proposed in this section
are: 1) there is no fixed point in the robotic system and the base-link is movable, and 2) the
expression of the link-fixed coordinates is modified to deal with branching links.
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Figure 4.2: Indices of links.

Table 4.1: Examples of a inner link and outer links in Fig. 4.2 case.

link 2 1 2 7T 8 14
inner link 2 — 1 6 1 1
outer links O; 2,8,14,15 3 0 9 0

The index numbers of links are introduced as shown in Fig. 4.2 in a 14-axis biped case.
Here, the link 2 is defined as the inner link of ith link, whose index is the smallest in all links
connected to :th link. Also the set of links O; is defined as the outer links of ¢th link, whose
indices are larger than ¢ in all links connected to ¢th link. The examples are shown in Table
4.1. To compute inverse dynamics efficiently, the link-fixed coordinates shown in Fig. 4.3 are
introduced. The 2th coordinates are defined as

%4, = "4A,'A,.. .14, (4.8)
%A, = Ap (4.9)
where

i4; correspond to ith coordinates referenced to ith coordinates system which transforms any
vector with reference to ith coordinates system to ith coordinates system. (Note: tA7" = iA? =
'A;.) In a case of the parameterization of Fig. 4.3,
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Figure 4.3: Coordinates and parameters of links.

CpCh — SpCuSg  —CypSp — SpCaCy SpSa
lAZ' = SpCo + CpCaSy  —SpSg + CpCaCh  —CpSy (411)
SaSe SaC Co

where 54 = sin ¢;_y, ¢y = cos ¢;_1, 5, = sin@;_1, ¢, = COs @;_1, Sg = sinf;_q, and ¢y = cos,_;.

When 95, wg, wa, G, ¢ and ¢;, 1 <1< N, are given, the angular velocity w;, the angular
acceleration w;, and the acceleration of the origin p; of ith link referenced to its own link
coordinates can be recurrently obtained as follows for ¢« = 1

b, = 'Ay(vp+9) (4.12)
v = Uyws (4.13)
W, = '"Ayws, (4.14)

and for 2 <:< N

Wi = "Afw; + zoGi (4.15)
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W, = AW+ zoGion + (Aw;) X 2oGia (4.16)

700

Thus the acceleration of the center of mass #;, the total force F';, and the total moment N; of
the 2th link can be calculated as follows for 1 <17 < N,

o= W X 'si 4w x (wi x 's;) + Py (4.18)
‘N; = Jiw; +'w; x (Tjw;). (4.20)

Here, p; denotes p; — p; which is calculated as

‘Zpr = [aj—1 cos ¢;_1, a;_1 sin ¢;_q, d¢-1]T- (4.21)

z; denotes the direction of the joint 2 — 1, and s; denotes the center of mass with respect to the
origin of link ¢ coordinates. (See Fig. 4.3.) The gravity effect can be considered by adding a
gravity acceleration on the one of the base link vp.

Then, f, and n;, the force and moment exerted on link ¢ by inner link z can be calculated
as follows for 1 <: < N

o= Fi+ Y A+ A0 Y g, (4.22)

J€O; JEM;

i’l’li = ZNZ —+ Z {lAjjnj —|—ij X (lAJ]f])] + 2-82' X ZFZ — Z [jCj X (ZAOOfEJ)]
J€O0; JEM;

(4.23)
where
Fm; + 3 x1 vector specifying jth external force
M; . aset of index numbers of external forces which are imposed on link 2
c; 3 x 1 position vector of jth contact point with respect to the origin of its

own link-fixed coordinates as shown in Fig. 4.4

As a result, the solution of inverse dynamics u” (= [fg,ng,TT]) given @, v, and v is
obtained as follows for 1 <z < N — 1

T, = Z--{_171,21;_120 — quz, (424)
and forz =1

fs = "Alf, (4.25)
ng = °A'n, (4.26)

where fg and npg are the force and the moment exerted on the origin of the base link, respec-
tively. 7; denotes the torque on ¢th joint. D; denotes the viscous damping coefficient of joint
.
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TR

fy Ground

Figure 4.4: Contact points.

4.1.3 Exact Model of Environmental Force Interaction

In order to support the legged robot on the ground, the appropriate reactive forces from the
ground should be determined at each time step in the simulation. In general, springs and
dampers model at the contact points are introduced as a collision interaction. That simula-
tion model, however, requires more shorter time step than the mechanical system itself does.
Therefore we introduce a collision model based on a mathematical programming, which is the
extension of the plastic collision model[19] and can deal with the three dimensional contact and
arbitrary repulsion between plasticity and elasticity. In addition, a motion with the continuous
collision behaves as an exact ideal constrained motion.

Since the generalized external force up is linear in terms of the jth external force fg;, we
can write

JEMA

where

N
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Kg; (N 4 6) x 3 matrix specifying transformer from jth external force
to generalized forces
My . aset of index numbers of all active contact point
fr + (3M) x 1 vector which consists of all components of all active
contact forces
K : N x(3M) matrix specifying transformer from f to generalized
forces
M : number of active contact points which is time-variant

In convenience, we introduce three subsets of the external force (fg,, fg,, fg.) which are de-
composed in the Cartesian space.

T T T T
K = |K. K, K. | (4.30)
where
T ee Ty : M x 1 vectors which consist of tangent components of all active
external forces; fp, and fp, are orthogonal each other in the world
coordinates.
fe. . M x 1 vector which consists of normal components of all active

contact forces
K, K, K. : N x M matrices specifying transformers from fp_, fg,, and fg,
to generalized forces, respectively

The dimensions of K and fj are depend on the number of the contact points which is time-
variant. In advance, K can be obtained by solving inverse dynamics mentioned above with
setting & to the current state, fr = e;, ¥ = 0, and ignoring gravity, centrifugal, and Corioli’s
effects.

When the external impulsive force

Af =hfg (4.31)
are imposed in the system (2.7), the following equation is realized.
H(v; —v_) = Af, + KAf (4.32)

where v, and v_ denote the velocity after the collision and before the collision, respectively.
Af, denotes the uncontrollable impulse force, i. e., Af, = hlu — b(x,v_)].
Thus, the kinetic energy after the collision can be calculated as follows,

1 1 1
517{H’u+ = 5fov_+§AfTKTH‘1KAf

+(v_ + HAf)TK Af + %Abe H™'Af, (4.33)

The plastic collision is defined as the energy minimization with given conditions which yield a
quadratic programming (QP) problem[19]. In this paper, the model is expanded to the following
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problem to deal with three dimensional contact and arbitrary repulsion between plasticity and

elasticity.
1
mini}nize EAfTQlAf + qT Af (4.34)
A
A 21 2 0
subject to 5 f2 (4.35)
VAG+ Afy < pAf

where

Q, = K'H'K (4.36)

9, = KT(”— + H_lAfb> +

o
o v_ (4.37)
AKT

And X represents a repulsion coefficient which is arbitrary set within 0 < X <1.

The problem is equivalent to

mhzi;r:ize F(Af,) (4.38)
where
B Y A A B i
F(af,) = AfwAfz(Q[Afz] @, 3 |+a [Aﬁ]) (4.39)
subject to { Afal < AL (4.40)
where
KT
Q, = lK%]H‘l[KT K. | (4.41)
T
0 = | x| man | 2o (1.42)
Afy = \JAfS + Afy; (4.43)
Afg; = arctan Af,;/ Af,; (4.44)
K, = K,cosAf, + K,sin Af, (4.45)

The constraints of the sub-problem become linear. Then the problem can be solved by non-
constraint optimization algorithm (for example quasi Newton method) with the sub-problem of
the quadratic programming. In the optimization (4.38), the initial search point of Af, is set to
the opposite directions to the velocities of the contact points projected onto the ground, which
is an approximate solution of Af,.
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Characteristics of Solution

The solution of the problem satisfy the Kuhn-Tucker’s necessary and sufficient conditions as

follows:

wAf = |Af (4.46)
A5 kD vy <0 (4.47)
(1 Af: = Af) BD vy = 0 (4.48)
AfZ, >0 (4.49)
ELov, > kT v (4.50)

Afz (kL vy + Akl v_) = 0 if |Afx] < p Af
21 zzT zzT T . ) 21 (451)

kave + Ak v 2 pfky vy if |[Af5]=p Af%

where k,; and k.; denote ith row of the matrices K, and K ,, respectively.

The conditions (4.46) to (4.48) are related to the tangent motion of the contact points.
Note that kz;'er expresses the tangent velocity of the contact point after the collision due
to the principle of the virtual work. Especially, (4.48) means that the friction condition is
activated (|Af%| = p Af};) if the contact point slips. If the friction condition is not activated
(|Af5] < i AfY), the tangent velocity at the contact point becomes zero.

The conditions (4.49) to (4.51) are related to the normal motion of the contact points. The
condition (4.50) means that in the proposed method the solution of the contact force realizes
arbitrary repulsion between plasticity and elasticity, since kzz v, represents the normal velocity
of the contact point after the collision and k%, w_ corresponds to that before the collision,
respectively. The motion with the proposed collision behaves an exact ideal constrained motion.

4.1.4 Procedure of Forward Dynamic Simulation

To summarize the forward dynamic simulation method in this section, a list of the procedure is
shown as follows.

1. set the initial state as the current state.

2. calculate the inertia matrix H (@) numerically by solving inverse dynamics (4.8)—(4.26)
with setting @ to the current state and v = e; for 1 < j < N +6, and ignoring centrifugal
forces, Corioli’s forces, gravity effects, and external forces.

3. calculate the biasing vector b(#,v) numerically by solving inverse dynamics (4.8)—(4.26)
with setting (2, v) to the current state and ¥ = 0, and ignoring external forces.

4. calculate the transformer matrix K numerically by solving inverse dynamics (4.8)—(4.26)
with setting @ to the current state, frp = e; for 1 < j3 < M, and v = 0, and ignoring
gravity, centrifugal, and Corioli’s effects.

5. calculate the external force fy by solving mathematical programming problem (4.38)-
(4.45) and eq. (4.31)

6. calculate the generalized acceleration © by (4.27) and (4.5)

7. update the generalized states (@, v) by (4.1)-(4.4) and (4.7)

8. return to 2.

Using this procedure, we can completely simulate a 3-dimensional dynamic motion of a
legged robot. This method is mathematically exact, thus this simulator will useful for essential
investigation of various control algorithms of legged systems.
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4.2 Inverse Dynamic Simulator

This section shows a method to analyze joint torques of a legged robot and interaction forces
from the ground when the trajectories of the position, the velocity, and the acceleration of the
joint angles, those of the body, and those of the body attitude are given.

4.2.1 Interaction Force Calculation

In detail, the problem is solution for the joint torque 7 and the external force wp given the
generalized coordinates @, the generalized velocity v, and the generalized acceleration v in
(2.1)=(2.7). When @, v, and ¥ are given, we can completely calculate the left side of the eq.
(2.7) using the Newton-Euler method mentioned in the section 4.1.2 by setting external forces
fr =0. Let the results of the calculation of the left side be u, as follows.

u,(2z,v,9) = H(x)v + C(z,v)v + g(2) (4.52)

which corresponds to the generalized forces generated by inertial forces, centrifugal forces, Cori-
oli’s forces, and gravity effects. Then the following equation exists from (2.7) and (4.27).

u,=u+Kfg (4.53)

Here, K can be calculated in the same way mentioned in the section 4.1.3 because the active
contact points are determined from the state of the robot @ and the kinematic property of the
robot.

This equation is equivalent to

fa fB Kf
n, |=|ng |+ | K, |fg (4.54)
Ta T K.
where
ul = | f1 nl 77| (4.55)
K" = | K] K! K] (4.56)

Since there is no actuated force fg and torque mgp on the body of the robot, those must be
zZero:

fg=mnp=0. (4.57)

Thus the eq. (4.54) becomes

4] 2]

n,

T, = 7T+ K.fg. (4.59)

In a case that the matrix

K, = [ gi ] (4.60)
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has full row rank, the solution for the external force fy exists in (4.58). The minimal norm
solution of f is obtained by

n,

fe=K . (K#nK},)™" l te ] . (4.61)

When the matrix Ky, has full column rank and does not have full row rank, there might
be no solution in (4.58). In this case, the approximate solution which has minimal norm error
is given by

fr=(K,Kpu) 'K}, l Lo ] : (4.62)

n,
Then the joint torque generated by the actuator can be obtained as follows from (4.59).

S (1.6

4.2.2 Procedure of Inverse Dynamic Simulation

To summarize the inverse dynamic simulation method in this section, a list of the procedure is
shown as follows.

1. calculate the generalized force u, numerically by solving inverse dynamics (4.52) and
(4.8)-(4.26) with setting (@, v,v) to current state and ignoring external forces

2. calculate the transformer matrix K numerically by solving inverse dynamics (4.8)—(4.26)
with setting @ to the current state, fz = e; for 1 < j < M, and v = 0, and ignoring
gravity, centrifugal, and Corioli’s effects.

3. calculate the external force fy by solving (4.61) or (4.62) depending on the rank of K,

4. calculate the joint torque T by solving (4.63)

5. return to 1.

Using this procedure, we can completely analyze joint torques of a legged robot and in-
teraction forces from the ground when the trajectories of the position, the velocity, and the
acceleration of the joint angles, those of the body, and those of the body attitude are given.
This inverse dynamic simulation method is useful in investigating legged systems when time se-
ries data of joint angles are given, which might be measured from human walking or generated
by various trajectory generators.






Chapter 5

Simulation Results

5.1 21-link Biped Walking

The proposed control is applied to 20 axes human-type biped robot and is investigated by the
proposed precise 3D dynamic simulator. The parameters of the robot is shown in Table 5.1.
The friction coefficient p and restitution coefficient A\ on the environment is set to g = 1.0 and
A = 0.0, respectively. The control parameter is set as follows. The walking velocity: 0.25 [m/s],
the walking period: 0.5 [sec/step], the double support period: 0.05 [sec], and the characteristic
polynomial: (z — 0.3)>. The QP is solved by the algorithm in [2]. In the force distribution
controller, the upper bound of the friction coefficient is set to 0.5. The control period is 1 [ms].

The snapshots of the simulation is shown in Fig. 5.1. The initial movement of COM is
finished between [0, 1]. After that, the walking motion starts. Fig. 5.2 shows the trajectory of
the zero moment point (ZMP). Fig. 5.3 shows the response of COM with the reference trajectory,
in which the tracking error converges to zero. From the magnified figures (c) and (d), the COM
follows the inverted pendulum model even among the stepping period.

Table 5.1: Parameters of biped robot.

parts size [m] weight [kg]
all 0.99 28.744
head 0.14 X 0.14 x 0.14 (d X w x h) _ 2.744
arm 0.3 3.5
body 0.4 8
thigh 0.2 2
shin 0.2 2
foot 0.2 x 0.1 (d x w) 1.5
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TIME 0.00 [sec] TIME 0.20 [sec] TIME 0.40 [sec] TIME 0.60 [sec]

TIME 0.80 [sec] TIME 1.00 [secl TIME 1.20 [secl TIME 1.40 [secl

TIME 1.60 [secl TIME 1.80 [secl TIME 2.00 [sec] TIME 2.20 [sec]

TIME 2.40 [sec] TIME 2.60 [sec] TIME 2.80 [sec] TIME 3.00 [sec]

P28 e | g | e
F5° e | e | e

TIME 3.20 [secl TIME 3.40 [secl TIME 3.60 TIME 3.80]

r%t
1

Figure 5.1: Snapshots of biped walking simulation. (More details are found in the web,
http://www.kawalab.dnj.ynu.ac.jp/)
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Figure 5.1: Snapshots of biped walking simulation. (continued.)
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(c) ZMP of left foot in lateral plane.
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(b) ZMP of right foot in sagittal plane.
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(d) ZMP of right foot in lateral plane.

Figure 5.2: Trajectory of zero moment point.
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Trajectories of center of mass in sagittal plane
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05

Time [sec]
(a) In sagittal plane.

Trajectories of center of mass in lateral plane
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p
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(b) In lateral plane.

Figure 5.3: Trajectory of center of mass of the robot.
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21-LINK BIPED WALKING
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(d) In lateral plane (magnified.)

Figure 5.3: Trajectory of center of mass of the robot (magnified.)
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5.2 Walking on Unknown Slope

This section shows the biped walking simulation with slope environment whose information is
not used in the controller. The controller used in the simulation is exactly as same as that of
in the section 5.1. Thus the proposed control algorithm is robust against the environmental
uncertainty.

The slope is set to 5 [deg] up, which is not used in the controller. Fig. 5.4 shows the trajectory
of the ZMP. Due to the slope, the trajectory of the ZMP shifts to the heel in Fig. 5.4 (a) and
(b), compared with the flat terrain case in Fig. 5.2 (a) and (b). Fig. 5.5 shows the response of
COM with the reference trajectory.

ZMP of Left Leg ZMP of Right Leg
T T T T T

Pzmp_x [m]
Pzmp_x [m]

L L L L L L L L L L L
4 42 4.4 46 48 5 52 5.4 5.6 58 6 5.6 58 6

(a) ZMP of left foot in sagittal plane. (b) ZMP of right foot in sagittal plane.
ot ‘ ZMP of ‘Leﬂ Leg ‘ ot ‘ZMP of l‘?ighl Leg‘
0.1 0.1
g 0F iy [ . é 0 wm— i
0.1 0.1
018 4 4‘2 4.‘4 4‘.6 4‘8 5‘ 5‘2 5.‘4 5‘.6 5‘8 6 018 4 4‘2 4.‘4 4‘.6 4‘8 5‘ 5‘2 5.‘4 5‘.6 5‘8 6
time [sec] time [sec]
(c) ZMP of left foot in lateral plane. (d) ZMP of right foot in lateral plane.

Figure 5.4: Trajectory of zero moment point.
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(b) In lateral plane.

Figure 5.5: Trajectory of center of mass of the robot.

43



44

CHAPTER 5. SIMULATION RESULTS

Trajectories of center of mass in sagittal plane
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(d) In lateral plane (magnified.)

Figure 5.5: Trajectory of center of mass of the robot (magnified.)
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5.3 Walking on Low u Terrain

In this section, the effectiveness of proposed compensation of yaw axis moment by arm swing
motion is shown. The yaw moment gets large when the walking speed gets fast. It becomes
beyond the moment which the foot can generate and the walking gets unstable. The same
situation will occur in a case of a walking on low p terrain.

The friction coefficient p and restitution coefficient A on the environment is set to g = 0.2
and A = 0.0, respectively. In the force distribution controller, the upper bound of the friction
coefficient is set to 0.15.

Fig. 5.6 shows the required yaw moment to maintain the posture by (3.50) and the con-
strained yaw moment by (3.68). The stabilization of the contact yields a large error between
them. Fig. 5.7(a) shows that the yaw rotation gets unstable during walk when there is no com-
pensation of yaw moment. It is stabilized by arm motion shown in Fig. 5.7(b). Fig. 5.8 shows
the snapshots of the simulation. The stable walking with a velocity 0.25 m/sec and a stepping
time 0.5 sec/step is realized.

40 T T T T T T T
n_yaw_ref* —
30 | n_yaw_ref ---— ,

20 |

10

Torque [N.m]
o

|
=
o
T

-20

-30 |

Time [sec]

Figure 5.6: Required yaw moment and realized one. (in a case of no compensation)
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(a) with compensation by arms.
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(b) without compensation.

Figure 5.7: Rotation around yaw axis.
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TIME 0.00 [sec] TIME 0.20 [sec] TIME 0.40 [sec] TIME 0.60 [sec]

TIME 0.80 [sec] TIME 1.00 [secl TIME 1.20 [secl TIME 1.40 [secl

TIME 1.60 [secl TIME 1.80 [secl TIME 2.00 [sec] TIME 2.20 [sec]

TIME 2.40 [sec] TIME 2.60 [sec] TIME 2.80 [sec] TIME 3.00 [sec]
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Figure 5.8: Snapshots of biped walking simulation with arm swing motion. (More details
found in the web, http://www.kawalab.dnj.ynu.ac.jp/)
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Figure 5.8: Snapshots of biped walking simulation with arm swing motion. (continued.)



Chapter 6

Experiments

6.1 Hardware Design

6.1.1 Specifications

The 14-axis biped robot has been developed as shown in Fig. 6.1. The number of axes is reduced
from 20 to 14 due to the weight capacity of the robot.
The specification of the robot is as follows.

o 6-degree-of-freedom for each leg.

o 1-degree-of-freedom for each arm.

e Dc servo motor with 50:1 harmonic gear.
e Rotary encoder sensor for each joints.

e 6DOF force/torque sensor on each ankle.

e 3DOF gyro scope.
e Controller: DSP (TMS320C32-50MHz) x 2

The robot has 6 joints for each leg so that the position and orientation of the foot can be chosen
any posture in the 3-dimensional space. The freedom of arms is 1 for each arm. Dc servo motors
with 50:1 harmonic gear is used as the actuators, which have rotary encoders of resolution 1000
[pulse/rev] on the motor shafts. The encoder counter enables the resolution four times as precise
as original one. The 6DOF force/torque sensors are attached to both ankles. Also 3DOF gyro
scope is attached to the body which senses the attitude of the body. All calculation of the
control is done by DSP board with TMS320C32-50MHz. The programs can be written in the
C language.

The dimension of the robot is shown in Fig. 6.2. The robot is about 1.2 [m] height and 20
[kg] weight.

Fig. 6.3 shows the global system configuration. The host computer is used in cross compiling
of DSP programs.
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Figure 6.1: A photo of 14-axis biped robot.
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Figure 6.2: Dimension of 14-axis biped robot.
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Host Computer Biped Walking Robot
PC-AT 12hit Motor Driver .
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Figure 6.3: System configuration.
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6.1.2 Actuators

The rated power and torque were estimated from simulations as shown in Table 6.1. Here the
rated value means the average value. Then dc motors with harmonic gears (50:1) were selected
as shown in Table 6.2.

These actuators are little rack of the power and torque. But this is alternative selection
since the high power actuators become heavy.

Table 6.1: Estimated rated power and torque of joints from simulations.

Joint No. Rated Power [W] Rated Torque [N-m]

#1,#7 80 42
# 2, #8 17 41
#3,#9 12 24
# 4, #10 37 45
# 5, #11 28 22
# 6, #12 4 11
#13, #14 1 7

Table 6.2: Selected motors and gears.

Joint No. Power [W] Rated Torque [N-m] Peak Torque [N-m]
71, #7 60 9.3 62.2
42, 44, #8 #10 40 6.6 39.2
43, 45, #13, 49, #11, #14 23 3.7 21.1

#6, #12 11 1.76 7.4
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6.2 Implementation Aspects

Although computing ability of recent micro processor progresses rapidly, it is not enough to
implement all of the proposed control algorithm in real-time. Thus some simplified algorithms
are shown in this section. As the result, the control period becomes 2 [ms].

6.2.1 Robust Servo Control in Joint Space

Since the calculation of the proposed joint control shown in 3.1 costs too much for 14-axis robot,
the nominal inertia matrix is fixed to constant.

The parameters of H,, control were chosen as w. = 500[rad/s] and A = 0.9. Fig. 6.4
shows the bode diagram of the cost functions, the sensitivity functions, and the complementary
sensitivity functions in this case. Finally the cutoff frequency of the sensitivity function becomes

197 [rad/s].

le+01
le+00 s
c le-01
£ i
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le-02 y;
| A - [
- /. / Tgw)| — .
02 b . / UWs(w)| —=— |
1e-03 /. / YIws(w)| —- ]
I e J/ |WtGw)| - - -
1e-04 L ./..'....I L T AR | L TR Er A | Ly
1e+00 le+01 le+02 1e+03 le+04

Frequency [rad/s]

Figure 6.4: Frequency characteristics of cost functions, sensitivity function, and complementary
sensitivity function in experiments

The controller becomes as

3.1494 x 10'9s% 4 3.9385 x 10?5 + 7.8906 x 10'?

C(s) = .
() s34+ 1.1441 x 10°s%2 + 1.1679 x 108s — 6.3471 x 10~

(6.1)

Then, after digitalizing the controller by the bilinear transformation, we have a canon form as

A

bT

C

0.3548 0.9542

1
0

[100]

0
1

—0.3090
0
0

(6.2)

(6.3)
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¢l = [-1.006 x 10° —8.315 x 10% 1.098 x 10°] :
d, = 1.915x10° (6.5)

The frequency responses of the servo system have been measured as shown in Fig. 6.5. The
tracking performance is very accurate.
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Figure 6.5: H, joint servo control.
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6.2.2 Force Control in Environment

The simple force control in Cartesian Space is implemented in each foot. In the experiments,
the free parameter and the nominal plant model in (3.35) and (3.36) were set as

1

Qrils) = (6.6)

Prai(s) = bis+ ks (6.7)
i =1,2,...,6. Then the robust force controller is obtained from (3.33) as follows.

Ci(s) = diag{Cn(s),...,Crels)} (6.8)

Cpls) = ———— (6.9)

TZ'S(Z)Z'S + kz)

Table 6.3 shows the values of the parameters.

Table 6.3: Parameters of force controller.

index k b T
1 10000 200 0.0133
10000 200 0.0133
10000 200 0.025
16 0.32 0.313
100 2 0.0667
100 2 0.02

S U W N

Fig. 6.6 shows the reactive force response between foot and ground. The reference values
are set to 0 [N] in  and y axes and —50 [N] in z axis. The tracking errors rapidly converged
on zero.
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Figure 6.6: Force control on foothold.
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6.2.3 Posture Control with Optimal Force Distribution

The calculation of quadratic programming costs very much. Then it is not suitable for realtime
control for the present.

The simplified method is introduced as follows. Consider the simplified model of the motion
of the COM (center of mass) of the robot and the rotational motion of the body (3.43) and
(3.44) as

mpee = foo (6.10)
mpey = foy (6.11)
mpe, +mg = fc. (6.12)
Jo@Be = nBe (6.13)
T, = npy (6.14)
Jop. = ng. (6.15)
where
fee = fre+ fLa (6.16)
ny = fRy‘I'fLy (6'17)
fo. = Jr:+ [L- (6.18)
NBy = — TR fRy + TRy fR: + MR — 2. [y + 2oy fr.+ npe  (6.19)
npy = TR fRe — TRefR: + NRy + Tr2fre — Trof1. + nry  (6.20)
nB: = — TRyfRz+ TReSRy + nRr. — 2oy f1e + TLa f1y + nr.. (6.21)

fo = [fows foy, fo]T is the force at the COM of the robot and mpg = [ng,,ngy,np.|T is the
torque around the body.
On the other hand we obtain the force and torque at the origin as

Jor = feu (6.22)
ny = fcy (6.23)
fo- = Jfeu (6.24)
Moz = — pB=foy + pByfC: + NBs (6.25)
Moy = pB:fow — pBofc: + nBy (6.26)
no: = — Pyfce+ PBofoy + np,.  (6.27)

Then the Zero Moment Point (ZMP) with respect to the origin are defined by

ZA[PI, = —noy/foz (628)
Z]‘/[Py = noz/foz (629)

where ZMP, and ZMP, are in sagittal and frontal planes, respectively. From the equations
(6.22)—(6.29) we have the equivalent system to (6.10)—(6.15) as follows.

Pc:z
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mpe, = ;:Cz (poy — ZMP,) + Afe, (6.31)
Cz
mpe. +mg = fe: (6.32)
Jz‘dJBz = pCzAny + Ndyx (633)
']y(-bBy = _pCzAngg + N gy (634)
']z(-sz = NRB: (635)
where Afy, and Af., are new variables defined by
Afcx _ _nBy _I_ (pCz - sz)fCa: - (pr - sz)sz (636)
pc: yUep’
Af, = MBe (Poz—pB:)foy = (poy — pay) e (6.37)
Cy
pc= pc-
and ngg, ng, are the disturbances defined by
Ndr = _(pCz - sz)ny + (pr - pBy)fCZ (638)
Ndy = (pCz - sz)fCa: - (pr - pBa:)sz- (639)

Then we can regard ZMP,, ZMP,, fc., Afc,, Alc,, and np. as the control inputs of the
system (6.30)-(6.35). Thus the feedback control law is designed as follows.

z7n e TE be .
IMP, = p; [Ki(pew — p6) + Kizpos] — pos (6.40)
Cz
ZTn/ b re b .
ZMP, = P; (Ko (pey — pe ) + Kazpey] — pey (6.41)
Cz
for = —m[Kn(pes — pid) + Kagpes] + myg (6.42)
Jx e TE b
Aley = =~ (K1 (05 — 05) + Ksowpa] (6.43)
J TEe e
Afe, = py [Ks1(0p, — 0%;) + Kswa,] (6.44)
Cz
np. = —J.[Ke(0p: —05)) + Keyws.] (6.45)
subject to the limitations
ZMP, < ZMP, < ZMP" (6.46)
ZMP, < 7ZMP, < ZMP.. (6.47)

Then the equivalent control input on the system (6.10)—(6.15), that is the force input @}, at
the COM of the robot and around the body instead of (3.50), can be obtained by

,&*E = [fC’xafC’yafC’zaananByanBz]T (648)
where
sz
Pc:
foy = ]J;CZ (poy — ZMP,) (6.50)
Cz
np: = po:Afe, (6.51)
npy = —pc:Afo, (6.52)
(6.53)
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The force reference of both feet f , is generated by the proposed simplified posture controller
as follows.

fi= WK (KWK )\, (6.54)

Here, K represents a transformation matrix from the force/torque of the both feet to the one
of the body defined in (3.48). This solution is the optimal in a sense that f, has minimum

square norm ||[W™'f,||2. W is a weighting matrix defined by

W = diag{w;,wq, ..., wiz}. (6.55)

The stable posture control of the robot is shown as Fig. 6.7. The position of COM and the
attitude of the body is well controlled within 0.03 [m] and 40.04 [rad] (= % 2.3 [deg]) errors.
Also ZMPs are directly controlled as shown in Fig. 6.8 through the force controller where the
ZMPs control the COM of the robot. Here, the length of foot is 0.18 [m]. The upper bound of
the foot is +0.09 [m] and the lower bound is —0.09 [m] in sagittal plane Fig. 6.8 (a). In lateral
plane Fig. 6.8 (b), the upper bound of the support domain is +0.155 [m] and the lower bound
is —0.155 [m]. (Note that this case is in the double support.) Both in sagittal plane and in
lateral plane the ZMPs are located within the support domain, i. e. this method guarantees
the stability in a sense of the ZMP criterion.

The parameters of the posture controller in (6.40)—(6.47) and (6.55) are shown in Table 6.4.

Table 6.4: Parameters of posture controller.

variables values variables  values
m 21.446 [kg|
J. 1.0 [kg-m?]
J, 1.5 [kg-m?]
J, 1.5 [kg-m?]
Ky 1.0 Ky, 2.0
Ky 4.0 Ky, 4.0
K3 100.0 Ks, 20.0
Ky 100.0 Ko 20.0
Koy 10.0 Key 20.0
Keg1 25.0 Ke 10.0
ZMP. -0.071 [m]  ZMP*  0.071 [m]
ZMP, -0.148 [m]  ZMPY  0.148 [m]
wy, We, W3, Wy, Wg, Wy 1.0
Wy, Wy, Wig, Wiy 0.25

We, W12 0.01
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Position Error of COM [m]
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Figure 6.7: Error of COM position and body rotation.
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Figure 6.8: Measured ZMP trajectories.
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Fig. 6.9 and Fig. 6.10 show snapshots of the experiment of posture control in frontal plane
and sagittal plane, respectively. The robot slightly changes its posture when the disturbances
are imposed.

(a) Without disturbance. (b) With disturbance.

Figure 6.9: Snapshots of posture control in frontal plane.



6.2. IMPLEMENTATION ASPECTS 65

(a) With disturbance (b) Without disturbance. (c) With disturbance
on the front. on the back.

Figure 6.10: Snapshots of posture control in sagittal plane.
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Fig. 6.11 and Fig. 6.12 show the trajectories of the center of mass of the robot and the zero
moment point in sagittal plane, where the ZMPs are used to control the COMs. The disturbance
was imposed on the front of the robot at ¢t = 5.0[sec] in Fig. 6.11 and on the back at ¢ = 4.0[sec]]
in Fig. 6.12. The COMs recovered by the proposed control.

0.08 - ZMP ——

0.06 - B

0.04 |- disturbance ]

ZMP, COM [m]
o

-0.02

-0.04

-0.06

-0.08 - B

Time [sec]

Figure 6.11: Trajectories of ZMP and COM in sagittal plane under disturbance on the front.
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0.06 |- g
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-0.04 - g
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-0.08 | B
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Time [sec]

Figure 6.12: Trajectories of ZMP and COM in sagittal plane under disturbance on the back.



Chapter 7

Discussion

7.1 Feedback or Feedforward?

The proposed control is basically based on feedback controls. Animals including human beings,
however, seems to do feedforward control such as adapting, learning, etc. My opinion is as
follows. The animals also have hierarchical control system and the lower layers will be feedback
controls and the upper layers will be feedforward. The motion controls including walking,
running, manipulating, etc. must be feedback because there are fast interactions to and from
environments. The feedforward approach will do not work well in such cases.

However, to make the system more autonomous and intelligent, the adaptive approach is
needed upon the control system proposed in this paper. That is a future work.

Feedforward

Environment

Figure 7.1: Role of feedback and feedforward.

7.2 On the Honda’s Humanoid Robot

On Dec. 20, 1996 Honda Co. Ltd. announced officially their humanoid robot. The movement is
very smooth and the control seems to be efficient. However, the technical details has not been
opened to the public, then we cannot discuss the differences between the control algorithms
proposed in this paper and the Honda’s algorithms.
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The originality of this paper is the direct and robust interaction control on the environment.
There is no information that the Honda’s robot does such a control or not.



Chapter 8

Conclusion

The summary of the proposals in this paper is as follows.
1. proposal of new exact simulator of legged robots with environmental interaction
2. proposal of new hierarchical control based on robust interaction control on environment

The proposed control system is applied to the 20 axes simulation model, and the stable biped
locomotion with a velocity 0.25 m/sec and a stepping time 0.5 sec/step is realized, even if there
is unknown slopes (5 [deg]).

In the experiments of the 14 axes biped robot, the attitude control of the body of the biped
robot is realized. The position of COM and the attitude of the body is well controlled within
+0.03 [m] and £0.04 [rad] (= £ 2.3 [deg]) errors.

Since the computing ability of recent micro processor is not enough to implement all of the
proposed control algorithm in real-time, the experiments has not been done completely. For the
future work, the proposed control will be fully investigated using much fast computers. The
introduction of the adaptive methods to motion planners is also the future work.
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