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Abstract

The control gvsten of the hexapod walking vehicle, designed
at the Institure for Mechanies ai Moscow State University
and at the Institute for Problems of Informaetion Transmis-
sion at the USSR Academy of Sciences, is extended to effect
the conerel of foot-contact forces and locomation in soit soil,
The previously developed positional contro! spstem enables
the computation of commanded motion of the vehicle legs
and posttional feedback 1o track this commanded motion,
Force feedhack iv added to the control systen, in addition 1o
eomputation of commanded fovees and feg positfon corree-
tions for leg sinkoge during soff soil locomotion,

Sk ant elaborate coriral system has made it possible to
sofve the problems of controlling the diseribution of vertical
Sfiror force components in locormotion ever a Hipid surface and
of foot-force vectory In locomation between plawes forming o
difedval angle. A number of algovithney are proposed 1o
comtrol verfical force components floads on legs) and leg sink-
age in locomation in elastic and consolidating solls. In the
lavter case, which corresponds to most natvval soils, the bear-
ing properties of the surface are considered a priovi unknown
" The reputits of the experimental implententation of the
algorithres ave presented,

Introduction

A multi-leg walking vehicle is a mechanical system
statically indeterminate with respect to forces acting
on its legs (foot forees). The control of these forces
makes it possible to reduce the antagonism amonyg the
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Force Control in
Locomotion of Legged
Vehicles over Rigid
and Soft Surfaces

leps, Inads on the vehicle structure, and energy con-
sumption. Force control is needed to raise the adapt-
ability of the vehicle to irregular terrain and different
types of soil. For instance, in locormotion over compiex
terrain, the necessity may arise to controf the horizen-
tal force components so that contact forces are within
friction cones. In locomotion in soft soil, it is neces-
sary to control loads on the legs because of their sink-
age into soil. '

" The possibility of force distribution control in g
walking vehicle has been discussed for a few years.
There are 2 numher of approaches to the distribution
problem based on different criteria, At present it is
clear that the realization of force distribution calen-
lated by any method requires that the vehicle legs
should be equipped with force sensors and that foree
feedback should be introduced into the control circwit.
Such an approach is widely used in manipulator svs-
tems (Whitney 1977). In af least two existing waiking
vehicles, the legs are equipped with force sepsors (Gur-

" finkel et al 1981; Kiein and Briggs 1980), However,

the authors do not know any work on experimental
realization of force distribution control in lepged loco-
motion. This seems to be a result of the complexity of
the legged locometion problem and the necessity to
campute force distribution in real time and to proocess
simultaneously a large amount of sensory informa-
tion. The questions concerning the control of vehicle
motion in soft soil are closely connected with the force
contrel problem, yet these questions have besn inves-
tigated noorly.

The aim of our work was to develop and experi-
mentally cheek the algorithms of force control during
Jocomotion in different situations, including walking
in soft soil.

The development of algorithms and their experi-
mental investipation require a walking vehicle with an
advanced control system. The control syster: must
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allow extension (i.e., the addition of tha contrel of
forces and leg sinkage in soft soi lacomotion). Experi-
ments were carmied put on a hexapod vehicle and con-
trol system desigmed by the Institute for Mechanies at
Moscow State University {IM MSU) and the Institute
for Problems of Information Transmission at the
USSR Academy of Sciences (IPIT, USSR Acad. Sei.)
{Devianin et al, 1983, 1987, Gurfinkel et al. 1981,
1982), This control systemn fully meets the above re-
quirements.

The upper level of the control system prescribes the
giobal motion parameters. The lower level ensures 2
regular walking pattern in accordance with these pa-
rameters. The previously developed positional control
systern provides the computation of the commanded
position of the legs and position feedback to track the
commanded positions, In our work, force feedback
and two computational processes (computation of

commanded forces in the legs and correction of the leg

positions for the amount of sinkage into soft soil) are

added to the control system. The special feature of the
algorithms of force distribution is the 1se of & smooth
redistribution of forces when the set of supporting legs

15 chanped.

1. A Walking Vehicle and Its Control System

The description of the hexapod vehicle vsed in the
research is given in greater detail elsewhere (Devjanin
et al. 1982, 1983, 1987; Gurfinkel et al. 1981, 1982).

1.1. Wehicle Design

The vehicle has six identical legs, with three powered
degrees of freedom each. Three-component force sen-
s0rs vsing strain-gauges are mounted in the shanks
{Devjanin et ai. 1982). Each ankle rotates passively

Fig. 1. Coordinate symem,
leg numbering, and vehicle
dimensions.

with three degrees of freedom, and each foot 12
egquipped with a ground contact sensor, The legs are
powered by electric drives with gear reducers and are
equipped with joint angle potentiometer sensors.

The vehicle body carries a gyroscopic attitiide sensor
to measure the pitch and roll angles of the hody, The
distance from the body to the supporting surfaee (Le.,
the clearance) was measured in our axperiments by
means of an infrared proximity sensor mounted on the
body. During soft soit lecomoton, & narrow flat board
with known albedo was placed on the soil beneath the
sensor path to ensure clearance recording.

Fig. | shows the numbering of the legs and a body-
fixed coordinate system with origin at the body center,
The &X axis is in the direction of progression, the OF
axis is perpendicular to the plane passing through the
leg suspension points, and the OF axis completes a
right-handad sat,

The main geometric and mass parameters of the
vehicle are as follows: the body length 2 = 700 mm; its
width (distance between the leg suspension points)
b= 210 mm: lengths of the leg links 4, =75 mm, {, =
{06 mm, §, = 17 mm; total mass of the vehicle i3
22 kg leg mass is 2.7 ke,
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1.2. Control System

First we consider the operation of the positional con-
trol system used in our experiments.

The upper level of the control sysiem is supervisory.
Tt prescribes such motion parameters as a gait pattern,
track widih, clearance, and the locomotion cycle pa-
rameters. A human operator also controls, with the
aid of the conirol handle, the components z,, t, of the
linear velocity and the component ¢, of the angular
velocity of the vehicle bady.

The operation of the control system is based on the
assumption that the motion is slow enough to be de-
scribed at the lonematic Ievel. For this resson the con-
trol system consists mainly of the units that compute
the commanded motion of the vehicle fegs. The tip of
each leg moves relative fo the body aleng a closed
- trajectary called the lacomotion cycle. For each leg,
the transfer and support phases altermate.

" Within the part of the locomotion cycle called the
adaptation zone, the leg lowering ceases when the
ground contact sensor touches the support, and the Jeg
goes to the support phase. The adaptation zone di-
mension is set (o be about 20% of the shank lengih,

By coordinating the locomation cycle phases in
different legs, it is possible to obtain different gait pat-
terns. The control gystem provides regular gaits (l.e.,
the gaits in which the transfer from one leg set to an-
other is separated by the joint support phase; all the
legs provide suppaort). The existence of the joint sup-
port phase is very important in this work, This phase
enables the redistribution of the foot forces during
locomotion when all the legs are on the supporting
surface,

The mation of each leg during the support phase is
specified to provide a desired body motion. The leg tip
coordinates and the linear » and angnlar & veloeities
of the body uniquely determine the leg tip velocity.

Note that the commanded motion of a leg tip is
calculated in the body-fixed Cartesian coordinates,
The commanded joint angles are calculated by a hard-
ware resolver that converts the Jeg tip coordinates to
the joint angles. In the analog servosysiem, the differ-
ence between the commanded joint angle and the
angle determined by the potentiometer is used to gen-
erate the control voltage,

| 2. Force Control

This section is concerned with improvements made in
the control systemn to make it possible to control foot
forces during Jocomotion,

2.1, Active Compliance

First consider the method of controlling the foot
forces. The method consists of equipping each leg with
a force sensor and feeding the sipnats of thess sensors
to the conirol loop,

In order to understand the behavior of a systam
with force feedback, suppose that the servosystems
track the commanded coordinates of the leg tips to a

~high degree of aceuracy. Write the radius vector

x4,y 20y of the ith leg in the body-fixed coor-
dinate system as ') = r{f -+ Sr{f), where r{ is the
commanded position caleulated by the leg motion
eontrol algorithms. Because of force feedback, the po-
sitional servosystem receives the leg position, which
differs from rff by

it = AN — N§), (1)

- where AM is the symmetric positive definite feedback

gain matrix, N§ is a command foree vector, If the
measurad foree N coincides with the commanded
force N, the leg tip position r is equal to the com-
manded value v, If the foree acting on the leg differs
from the commanded valne, it causss an additional leg
displacement proportonal to the difference. Such a
behavior of the system similar to that of an elastic
spring with a compliance A is called active compli-
ance (Devjanin et al. 1982; Klein and Bripss 1980),
Active compliance can be contralled by varying the el-
ements of the matrix AX.

In the absence of active compliance, force distribu-
fion in a statically indeterminate multileg system de-
pends on unkmown elastic properiies of the leg struc~
tute and is preatly influenced by small errors of
tracking and computing the commanded leg positions,
In the presence of active compliance, this distribution
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is determined by the matrices A and commanded
forces NP, If compliance is sufficiently high, small po-
sitioning errors have no noticeable effect on the force
distribution. In this case the forces N are equal to
the commanded forces N§! if the latter satisfy the static
equilibrivm equations.

For force distribution conirol on the basis of active
compliance, some new units are installed into the
lowear level of the control system. The functions of
these units are similar to those of the positional part of
the control syztern. These are computation of the
commanded forces NE and implementation of force
fezdback to track the commanded forces. The posi-
tional and “force™ parts of the control systern interact
because they control the same object, This interaction
results in the correction of the commanded leg posi-
tion as a result of force feedback (1)

The force feedback loop is closed with the aid of 3
hardware unit implemented primarily with analog
facilities. This unit compensates for the zero drift of
the force sensors, stores their foree readings into the
analog memory at the transfer phase of & given les,
and converts force data from sensor coordinates fo
body coordinates, This unit also includes the circuits
generating the corrections ér? in eq. (1) to the com-
manded trajectories of the legs. Because of the hard-
ware implementation, the delay in the feedback loap
was reduced to | ma,

The algorithms used to compute the commanded
forces are rather complicated and may vary depending
on the sitmation. The algorithins allow for a longer
computational delay. For this reason it i better to
compute the commanded forces using digital facilities
{for example, a separate microprocessor). In our ex-
perimments a Nova 2710 minicompuier was used for the
purpose.

In the case of soft s0il locomotion, it iz necessary to
correct the position of each leg for its sinkage. In our
experiments computation of the sinkage correction for
the commanded leg position s¥ is a separate process
carried out along with the computation of the com-
manded position v{f and commanded force N{. The
computation of the leg sinkage is closely related to the
computation of forces. The interaction of the above
control processes is described by the equation

£ = pl + AD(NG — N©) + 5§ @)

Fig. 2. Itaraction of the
positional and force pars of
the control svatent,

[ ueeER  LEVEL |

i ¥
COHPUFAT 1006 COMPUTAT IOH COMPUTATION
OF GOMMANDED #| OF CONHAMIED » [OF CORHANRED
POSETIONS o FORCES NP SINKAGES &P

FORCE CONTACT
GENBORA | BEWEORH
VEHI1ICLE

IRIVES FJOINT AMELE

SENSGRS
HALKIHNE

which replaces eq. (1) In our experiments the sinkage
s and the commanded forces N§ were calcnlated by
the same computer, :

The three interacting processes described are sche-
matically shown in Figure 2, The forces and leg sink-
ages are controlled at the lower level. Accordingly, the
algorithmns used should be based on the lower-level
information about the current configuration of the ve-
hicle and global parameters of its motion. These algo-
rithms must not use the infarmation sbout the subse-
quent motion prescribed by the upper level. Such a
structure of the control system enables the upper level
fi.e., a human operator} to puide the vehicle without
paying attention to foree distribution and leg sinkage,
which are automatically controlled at the lower level.

We now consider in greater detsil both the forcs
feedback and force command comyputation. The next
subsection is concarnatt with the transient process
dyoamics in the presence of force feedback. The re-
mainder of the paper is devoted to the software-imple-
mented algorithms for computation of the com-
manded forces and leg sinkage,

2.2. Trangient Process Dynamics

Tha concept of active compliance iz baged on the as-
sumptions that the commanded positions are served to
a high degree of accuracy and transient processes in
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Flig. 3. Simple mechanical
todel for the dynamies of
leggad vehicle with force
feedback,

P e P

VAR ARV OV R AN

the system decay guickly, Stich a quasi-static consider-
ation helps to understand the behavior of a system
with force feedback. However, if may happen that the
steady state is unstable, and undamped vibrations
ocour ip-the system. Such vibrations are observed in
experiments at certain feedback gains, Let us proceed
with an analysis of the {ransient process dynarmics in
the walldng vehicle under force feedback control.

' Mathematical Model

We restrict ourselves to a simplified mathematic model
that reflects the main features of the system dynamirs.
A more advanced model is treated elsewhers (Gﬂrmev-
sky and Shneider 1987).

A schematic of the model is shown in Figure 3, The
system consizts of g vertically moving vehicle body of
mass Af with two legs, each of mass m, that can move
downward. The lumped mass #, is a result of the
dynamics of the rotors in the electric drive or of the
fluid in the hydraulic drive. Each leg is equipped with

a force sensor that is modeled by a massless force-
measuring spring element and a dashpot, The system
is provided with position and force feedback.

Now proceed with the governing eguations, Let us
comgider transient processes in the vicinity of the sys-
tem steady state. Let g be the vertical displacement of
the body from the steady state, x{i = 1,2) be the
drive-controlled displacement of the legs relative to
the body, ¥,(f = 1,2) be the dispiacement of the legs in
the sarth-fixed coordinate system caused by the spring
deformation. These displacements are evidenily refated;

=gy (3)

To construct the Lagrange equations we need tha

tanetic: energy of the system

T——M(?Fl- Mgl X3 + %33 +—m[y2+y§} 4)

The first term in eq. (4) is the kinetic energy of the
vehicle body, the second term represents the energy of
the drive rotors, and the third term is the leg kinetic
EOETEY.

The deviation of the potential energy from s sta-
tionary value is caused by the spring element deforma-
tion

1
=5 ety (5}

Energy dissipation in the stricture is described by
the dissipative function
1 .
R=2 B3+ i) (©)
Variations of the gravity forces are zero. Now let us
consider the control forces—more precisely, devia-
tions of thess forces from their stationary values pro-
portional to the control voltage. The voltage is gener-
ated by the positional servosystem, therefore
p =Gl —ax) — X, (i=

1,2, (7

where (7 is the positional feedback gain, b, % is the
force caused by the back e,m.f, {the term taking ac-
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count of the tachometer feedback is of the same form),
Jx, is the deviation fromm the commanded value of the
leg position. This deviation is caused by force feed-
back, in accordance with eq. (1), Thus,

ox;= AN,  ({{=12), (8)
whers A is the ar;tive compliance value, N, = ¢y, is the
deviation of the force from the stationary value, Sub-
ject to eq. {8}, eq. {7) may be written as

0= —Gx;— byx, — kN, Nimc}’n (3

where & = A(7 js the force feedback dimensionfess gain.
Using egs. (3)~(6) and (9), construct Lagrange’s

equations with respect to the coordinates q and

x,[i = 1,2). Substituting ¥, for x, in these equations we

obtain in accordance with eq. {3)

Mg+ mip + )+ B3+ )+ ey +yp) =0

= (g + bog + Gg) -+ (my + 507, + (b + By (10)
+[e(1+ 5+ Gy =0 (i==1,2)

2.2.2. Fast and Slow Mations

Consider the new variables ¥ =(y, + 1 }/2 and X =
¥, = ¥ Then the equations in eq. {10) separate into
two groups. The first proup of equations describes the
interrelated motions of the vehicle body and Jegs

Mo +2m¥+2bY + 2¥=0

—{moft + by + Ga) +(m + me}¥ {an
+{b+ B} +[e(1 + K} + G]¥ =0

The separated equation describes the motion of the
legs, within the framework of static indeterminsey,
which produces no resultant force acting on the body

mEm X+ P+ X+l + B+ GIX =0 (12)

It can he shown that the characteristic equation of
system { | 1) satisfies the Gurvitz conditions, and ¢on-
sequently, the system is stabie. Eqeation (120 i an
equation of damped vibrations aad is also stable.

Suppose that the elastic element of the force sensor
is “rigid.” This may be considered to hold in practice.

Let

=g, b=lh, e=1j} =], {13
where A is a large parameter, € is a small parameter,
and ¢, and 5, are of the order of magnitude of unity.
Such an introduction of the large perameter corre-
sponds to an approximately constant decrement of vi-
brations in the structure as its stiffness increases.

Subject to eq. (13), the system of equations (11), -
(12} is singulariy perturbed. In this system X, X, F, ¥
are fagst variables and g and 2 are slow variables. To
separate motions with respect to these variables, egs.
{11) and (12) should be expressed in accordance with
Tikhonov {1952) in the state form by intraducing the
variables IV, = eX, V, = &Y, and V, = §. As a resuit,
we obtain the boundary laver system describing “fast™
motions. .

[% (m+ mﬂ}+mmﬂ]?+ .ib,(%{+ mﬂ)}"
+ﬂzcl[%{1 + .Fc}+mﬂ]}’*—*ﬂ

{m+m)\X+ 15, X+ (1 +R0X=0 (14
and the reduced system, which describes “slow™ mo-
tions

[%{l+k}+n1ﬂ]t?+buq+(¥q=ﬂ (15}

Equations (14} and (15) describe damped oscilla-
tions, Increasing the force feedback gain k the fre-
quency of fast motions { 14) rises ag X172, and the
damping decrement decreases as &2 The frequency
of slow motions (15) and the damping decrement
decrease as k~12, Accordingly with increasing k, the
oscillations in the systermz damp slower. An analysis of
2 more detailed model of the system given elsewhers
{Gorinevzky and Shneider 1987 shows that with in-
creasing &, both fast and slow motions become nnstable.

Comparison with Experiment

Now let us compare the model with experimental
results obtained on the IM-IPIT hexapod vehicle, Bach

Grorinevsiy and Shneider g



Table 1. Mode! Parameters Corresponding to the
- Experimental Vehicle

"y By c b {7
3100 9.1 et 410

M m
L1 -

15 - 10%

leg in the modef corresponds to half of the vehicle legs
(three legs). The model parameters, which approxi-
mately correspond to the experimentsl vehicle, are
given in Table I. The values are expressed in 51

In cur experiments the force feedback gain & was set
to different values in the range 80- 300,

First consider fast motions. As can be seen from
Table 1, the effective mass m, caused by the rotor dy-
namics 15 much larger than the other masses in the
systern. The product kM is of the same order. There-
fore, in accordance with eq. {14), the damping of vi-
brations along the ¥ coordinate is the Jowest, These
vibrations describe force redistribution among the
supporting legs. The decrement for & = 320 is less than
the initial decrement by a factor of 12 = 18, At k=
320, eq. {14) gives the frequency of these vibrations

v = 1/(2m » Tkeiim =+ pip Y]V = 155 Hz.

At large values of foree gain (k == 300-400), small-
magnitude vibrations with a frequency of about 12 Hz
were observed in experiments, These vibrations may
be supposed to correspond to fast motions in the
madel considersd.

Maw proceed with slow motions {15}, These are
motions of the vehicle with actively compliant Jegs.
An increase in & behaves as if there were & risz in the
vehicle inertia. This rise is not very noticeahls becanse
of a large inertia sz, of the drive (at & = 300, M%/2 =
1500, and g, = 300K}, The frequency of slow motions is

v=1/(22) - [GHMKf2 + my)]¥* = 1.5 Hz;
the damping coefficient is
- § = BIME/2 + mp Y712 = 2,
Thus, slow motions are strongly damped. For the sake

of comparison with theory, the system frequency re-

10

Fig 4. Experimental maghi-
tude-vs.-frequensy plots of
vehicle pitch vibrations.

m“z._ L
—a— k=320 | 8
o 3
] —x— k=180
—— k=80
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FRETMENCY (HZ)

sponse was abtained. For this purpose a disturbing
harmonic voltage was applied to the drives. This volt-
age was distributed among the iegs so that several
medes of vehiclz vibrations might occcur. The magni-
tude of the vibrations of the vehicle body at & certain
point was measurad.

If the harmonic disturbance force acting in the drive
is taken into account in the mathematic model, then
the reduced system describing motions for long time

intervals assnmes the form

[-Jzi(l+k)+mﬂ]q+bq+{3q=ﬂsin(mi}

The amplitude of body vibrations is

' Wiy,

“"{wi=[(w’(-ﬂ§u +.Fc‘j+m{.) '“G)a+b§m1]ﬂﬂ (16)

where W) is the frequency response of the system.
Experimentally obtained magnitude-vs.-freguency
plots are shown in Figure 4, The natural freguency of
the system is about | He, and the damping coefficient
{ = 1.4, this being close to the theoretical estimate. As
can be seen from Figore 4, an increase in & leadsto a
decrease in the magnitude at high frequencies, in
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agreement with eq, {16), A relatively slight change in
the form of the magaitude-vs.-frequency plot with
increasing & can be explained by the fact that the ef-
fective mass m; of the rotors i two orders of magni-
tude larger than the body mass M,

&

3. Force Distribution in Locomotion over a
Rigid Surface

This section is concerned with the algerithms of com-
puting commanded force distribution in locomotion
over a rigid surface. The corrections s to the com-
manded leg position are assnmed t¢ be zero, The dis-
tobution of vertical foree components in locomotion
over a slightly uneven horizontal surface and distribu-
tion of vertical and horizontal foree components in
Iocomotion within & dihedral angle are considered. In
the latter case some simplifying kinematic assump-
tions are made, Experimental results are presentad.

3,1. Force Distribution Algorithms

Since a walking vehicle moves relatively slowly, the
influence of dynaraic factors on force distribution may
be neglected, The commanded forces must be com-
puted proceading from the body orientation relative to
the gravity vector, and from the leg confipuration. We
use the vehicle body-Bxed coordinate system OXYZ.
Suppose the surface is slightly uneven and the vehicle
body is in the horizontal position; then the OF axisis
collinear to the gravity vecior,

Foree distribution can be determined by seversl
methods within the framework of static indeterminacy.
We congider eliminating indeterminacy by using a
certain optimization criterion. Let the vector W spec-
ify the configuration of the lags and the orientation of
the vehicle body determined from sensory data. Let G
denote the state vector specifying the set of the sup-
porting legs. Using W and G and the optimization

criterion, we can find the “optimum” force distribution
{17}

In eq. (17) N = 0 for the legs that are not in sup-
port. The vehicle configuration W varies slowly
enough. But the leg state vector G varies abruptly with
a change of the set of the supporting legs. Therefors,
the forces calenlated from eq. (17) will also vary
abruptly and should not be tracked. So, let us perform.
a smooth force redistribution during the joint support
phase, which separates the transfer phases of different
sets of leps.

Let (3, and G, be the states of the vehicle legs before
and after the joint support phase, respectively, During
the joint support phase, forees must vary smoothly
from N0 = N{XW(t, ), Go) to N© = NP(W(5,), G,),
where £, and t; are the instants of the beginning and
the end of the phase. The part of the control system
responsible for force disteibution operates indepen-
dently of the upper level (for example, a supervisory
one), which controls the motion of the vehicle body.
Therefore, the vehicle configuration at the end (t,) of
the foint support phase is unknowa beforehand. Nev-
ertheless, 8 desired force redistribution can be.
achieved. Assume that during the joint support phasg

NG =(1 — N JIW(0),Go )
+elHN (WG, ),

N§ =NP(WG)

{18}

where aff} is a linear scalar function varying from,
2, ) = 010 aff;) = 1. The forces caleulated from eq,
{18) coincide with the required values at ¢, and ¢,, and
at any instant satisfy the statics equations, which are
linear in forces. Thus in the beginning of the next
transfer phase, the legs to be transferred will be un-
loaded and the transfer will begin without jerks and
impacts. It may be supposed that a linear combinaiion
of “optimum™ distributions given by eq. {18) is quite
satistactory m the sense of the criterion chosen.

To calculate the foot forces, it i necessary to know,
in addition to the vehicle weight P, the coordinates ¥
and ¥ of the vehicle center-of-mass, In most of the
known walking vehicles, the mass of tha legs amounts
to a considerable proportion of the total mass of the
wehicle. For this reason X and ¥ depend on the vehicle
confipuration.

Gorinevsicy and Shneider 11



Let
0o [*0 X
P Ly

be g vector in the OXY plane that connects the sus-
pension point of the ith leg with the leg tip. Assuming
the leg structure symmetric we may consider the
center-of-mass of the leg to lie in the leg plane, Then
the vector in the GXY plane conmecting the suspension
point with the leg center-of-mass projection #° is cal-
linear to the vector #%, and we may write

mupld = g, (19)

where 1, is the leg rnass and m,is a scalar depending
on the angles in the second and third joints of the ieg.

Relation (19) means that the leg is replaced by two
mass points: ni located at the leg tip, and m; — m,
located at the suspension point and rigidly connected
with the body. In locomotion with a moderate step,
anly the angles in the first joints of the legs vary con-
siderably. Therefore, we assume m,= mt for gl the legs.

Thus, the mods! of masz distribution is: the legs
with mass points w1 located on the leg ends and the
body of mass M_ = M — ém, where M is the total
mass of the vehicle, X and ¥ are the coordinates of the
center-of-mass. In accordance with this model the
right sides in the statics equations are

F={M_+ omig
[
PX=mg 3 x0+ M X.p

fm]

§
PYmmg > yi+ Mg
=1

(20}

Though eq. (20} defines the coordinates of the vehi-
cle center-of-mass in terms of the leg configuration
with some error, the advantage is in computational
simplicity. The experimentally identified parameters
are as follows: m = {7 kg, M, = 18 kg, X, =2 cm,
and ¥.=1{.

12

3.2, Distribution of Vertical Force Camponents

Calcuiation of Commanded Forces

Let the horizontal force componenis be zero, Then the
vertical foree components must satisty the static equi-
librium equations

S Np =P

Fel

Nixth = py
E (z1)

E ijyrﬂ = PY¥,

il

where P is the vehicle weight, x®, y are the coordi-
pates of the ith leg tip, and X, ¥ are the coordinates of

. the vehicle center-of-mass. Sumnmation in eq. {21} is

performed aver the set I of the supporting legs.

Forces in 2 supporting legs should satisfy the three
equations in (21). It is clear that if » > 3, the solution
may be chosen ambiguously. There are different ways
of eliminating the indeterminacy. Let us require that
the vertical force components should satisfy

S (M —— min

ixf

{22)

This condition has the sense of enerpy optimization
(i.e., minimization of energy consumption for sup-
porting the vehicle weight), It has been considered by
Klein and Wahavizan (1984). The exact condition of
energy optimization is more complex, and conss-
quently the computation of forces becomes more
complicated (McGhee, Olsen, and Brigas 1980: Ok-
hotsimsky and Giolubey 1984). It should be noted that
the forces resulting from criterion (22) are of reason-
gbie values from the viewpoint of the criterion
max, ¥ - min, which corresponds to lecomotion
over soil with a imited hearing capacity. Criterion
{22) 15 uzed mainly because of the computational sir-
plicity of the force distribution probiem.

Write put the solution of eq. {21) that satisfies con-
dition (22). Introduce an »-dimensional vector N,
composed of the vertical force components; the vector
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of right sides of system (21)
F
P=]FPX
PY

and 2 3 X » matrix

A= {ayl,
where
HU = 1, dy= x“"}, ily; ﬁ}’m}; {J= ﬁ]'

Then equation {21) may be written in matrix form as
AN_ = P. The solution of this equation under condi-
tion of (22) is ¥, = AP (Gantmacher 1959), where
At = AT(AATY! {5 the psendo-inverse of the matrix A,
If three legs are on the support, then the matnx A is
square and At = A~ This solution can be obtained by
the Lagrange mmltiplier method, and we reprasent it as
N, = A™p, where

h
pP=1 2
E

is the Lagrange multipiier vector. The Jatter squation
jn the coordinate form is

N = p, + ppxf + pyy® {23)

It is convenient to determine the vectar p =
{AATY!P as g solution of the system (AAT)p = P or
in terms of the coordinates

o5 Sk P
S S 8y [Py =[P
Sy e i 1Bl |F

SJ«-’- E Ix“}l Syﬂ E yﬁ]j SM= E {xﬁ]}z,

1= =k 1=

5o = xtp@, 5, =T (puR,

iEl I=X

24)

where I dengies the set of the supporting legs and 1 is
their number. To reduce calculations, the solution of

system (24) was written apafytically, Note that in cal-
culating the forces by eqs. (23) and (24), the change in
the supporiing legs set 1eads only to a change in the
sumrmation set L.

A similar scheme for caleelating the vertical force
components was suggested by Waldron (1986),

Experirmenial Resulis

The algorithm of commanded force caleuilation was
implemented on a Nova 2/10 minicomputer con-
nected with the analog computer of the remaining part
of the control system via anafog to digital convarters
and digital io analog converters.

Computation of the vertical force component distri-
bution was programmed in FORTRAN-4 with the use
of assembier subroutines of vector-matrix arithmetics.'
It requires about 17 K words of memory and has a
¢ycle time of about 70 ms (this time depends an the
gait pattern). The commanded horzontat force com-
ponents are zero, During the transfer phase, the verti-
cal force compenents are computed according to eqgs.
{20}, (23), and (24), while during the joint support
phase, computations follow eq. (18). The force radis-
tribution described by eq. (18} begins when all the
ground contact sensors touch the support,

In the development of force control algorithms, it is
necessary to take into account the locomotion cycle
properties. Because of various errors and leg structine
compliance, contact with the support surface accurs in
a later {or earlier) section of the adaptation zone each
eycle, This takes place until the vehicle tises (lowers)
g0 that the contact sensors do not operate in the adap-
tation zone and the locomotion cycle becomes fixed.
Such an effect 1s multiply intensified in the case of

- actively compifant legs, In this case the vehicle body

rises or lowers after several steps. To ensure normal lo-
comotion, it is necessary to correct the linear and
angular position of the body with respect to the bearing
surface, To this end, control of the vertical velocity
{v.), roil velocity (e, }, and pitch velocity (e, ) was ex-

- ercised without dispiacing the locomotion cycles rala-

tive to the body. Correction was made afier each step
at the beginning of the joint support phase. Linear and

.. |, These subroutines were written by E. V. Gurfinkel.
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Fig 5. Expevimental results
i the control of vertical force
ghiseribution in lecomotion
over rigid suridee,

—— pitoh

TIKE ()

TIHE i=)

angular errors between the bearing surface and the
plane through the middles of the adaptation zones of
the legs were calculated by the leasi squares technique
using the positions of the leg tips, Vertical and angular
velocities of the body were corrected proportionatly to
these errors, _

Measured and commanded forces, as well as clear-
ance, pitch, and roll variations were stored, These
experimental resulis obtained in the locomaotion over
an even rigid surface with a diagonal gait (1, 6-2, 3-3,
4} are plotted in Figure 5, The vehicle moved forward
with a step length of about 10 cm. The position of the
plots corresponds to the disposition of the Jeps on the
top view (the numbers of the Jegs are indicated near
the ordinate axes). The plots of the forces, angular
displacements of the body, and the clearance in the
case of actively compliant lege shows that the alpo-

14

clearsnce

TIHE (a)

—— measured force

25
T 25
1 ' ™ ' 20 '

TINE (s}

rithms ensure commanded force tracking with a high
quality of locomotion,

From Figure 5 it can be seen that during the joint
support phase one set of legs is loaded, another js un-
loaded. Redistribution of loads is smooth, without
jumps, as distinct from the sitnation when forces are
not controlled.

3.3, Control of Transversal Forcas

Now consider a situation when it is necassary to con-
tral horizontal foree components for the foot forees to
be within friction cones. Suppose that the vehicle
moves inside a dihedral angle formed by two rigid
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Fig. 7. Experimental resuity
for the tranpversal force
canirol,

+ =)

Hy [N}

components of the force acting on the first leg. The
relationship between the vertical and transverse force
components for this leg is also presented, It can be
seen that as the leg is loaded, the horizontal compo-
nent increases proportionally to ensure an approxi-
mately constant direction of the force vectar. The
forces in the other legs vary in the same manner,

4. Locomotion over Soft Soil

This section is concerned with the control of the vehi-
cle walking in soft soil. In this case, in addition to the
commanded position r. and commanded force N,
real-time computations also include the commanded
leg sinkage S. from eq, {2}, The computation of the
commanded leg sinkage is closely connected with the
computation of the commanded force, Note that one
of the algorithms congidersd here corrects leg sinkape
in the absence of force feedback.

4.1. Mechanical Properties of Soils

In locormotion over slightly uneven terrain, the hori-
zontal force components are negligible. For this reason
we are interested only in the load-sinkage curves. Such
corves for a pumber of soils and synihetic materials
were obtained experimentally with the aid of the vehi-
cle lep. All Jeps but one stayed on a tigid support; the
remaining leg was placed on soil or 2 synthetic mate-

16

Fig. 8. Load-sinkage curves
oitained by the vehicle leg.

—, loosened sandy foam,
b, granuiared polvethyl-
eHe.

Fig. 9. Load-sinkage eurves
ofitained by the vehicle feg:
—, rigid suppor; ==,
porolon layer.

SINKAGE (am)

LORD (M)

nial to be investigated. The load on this leg was repeat-
edly changed from zero to & maximum value (about
100 N} and vice versa. The ieg sinkage was determined
by means of joint angle sensors, and the load was
measured by means of a force sensor. Some of the
experimental load-sinkage curves are shown in Figures
% and 9. A maximum lozd on the leg was 120 N, with
the foot area 30 cm?, resulting in a pressure of 40 kPa,
Mote that the data presented are inaccurate. Figure 9
presents the load-sinkage curve obtained for an abso-
lutely rigid support. The slope of the curve corresponds
to the compliance of the vehicle and leg structure.

As seen from Figure 8 and known from the literature
{Bekker 1967), in natural soils the sinkapge is irrevers-
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ible. Synthetic soil of polyethylene granules has similar
mechanical properties. For another synthetic material,
porolon (porometric polyurethane) {Fig. 2}, the load-
sinkage relation is almost unambignous and linear.
Thus, we consider only two simplfied soil models.

For soilz of the first type, all deformations are re-
versible, and the sinkage depends on load unambigu-
ously. Though such a situation is not widespread in
pature, the problem of locomaotion over efastic soil is
of interest in itself. In the development of algarithms it
was assumed that the dependence of the force on the
sinkage was the same and known at any peint on the
terrain.

The second type of s0il has compietely irreversible
deformations. Most natural soils are close to this
model. Such a soii behaves as an abzolotely rigid sup-
port if the load on the foot becomes less than a mani-
mutn value already achieved. Note that the properties
of natural consolidating soils may differ considerably,
even af close points of terrain {Bekker 1967,

4.2. Basic Approachesto Locomation Contrel

The simplest way to walk in soft soil is to fix the Ioco-
maotion cycles. In this case the inhomogeneity of the
soil mechanical properties and unevenness of the sur-
face may lead to a considerable disturbance of the
vehicle motion.

A more complicated approach is the use of the loco-
motion cycle with an adaptation rone. In order that a
leg shonld strike the supporting surface in the adapta-
tion zone, it is necassary to stabilize the body position
relative to the support (roll, pitch, and clearance) by
compensating for leg sinkages. In a simple variant it
may be done by keeping the supporting polygon rigid
{Okhotsimsky et ai. 1985). To obtain comfortable
mation, we individually corrected the motion of each
leg in gccordance with its sinkage,

To correct the hody motion and to control leg sink-
age, it is necessary to know the body position relative
to the bearing surface. For this purpose we used the
information on the lag positions relative to the bhody
and on the leg contact with the surface.

4.3, Locomotion over Elastic Soit

First, consider corraction algorithms for leg motion
that allow for leg sinkage in the case where the me-
chanical properties of soil are known a prior. Two al-
gorithms of the body motion stabilization wera tested
in locomotion over an elastic surface (a porolon
gheet). Lat us assume that the forge NI depends on
the sinkage 52 of the ith leg unambiguously

Nt = s, (30
where soil stiffness C, is (known a priori} equal for all
the legs.

The first algorithm is based on the force distribution
gontrol by means of force feedback. Since the load-
sinkage dependence is known a priori, the commanded
sinkage 5§} can be computed from the commanded
load on the leg.

The algorithm was implemented on the basis of the
verticat force control algorithm described in section
3.2, The motion of each supporting leg was corrected
for its sinkage computed from the commanded force,

sgl=NYlfc,.

A porolon sheet about 6 ¢m thick was used as a model
of linearly elastic soil. Its load-sinkage curve is shown
in Figure 9, Experimental results for the algorithm are
presented in Figure 10, The record is also shown of
the commanded and measured vertical force compo-
nents for one of the legs. The quaiity of tracking the
commanded forces in the remaining legs is similar,
The leg sinkcage amounted to 5 ¢m, and variations in
the body position are an order of magnitude less, It
should be noted that information about the body posi-
tion obtained by means of a gyro attitude and a prox-
imity sensar was vsed only for recording but not for
control.

The second control afgorithm also presupposes that
the sgil properties are known a priori. The algorithm
cortects the motion of each leg with an allowance for
its sinkage, and does not use force feedback, The Jeg
sinkage will have commanded values if the cormre-
sponding forces satisfy the statics equations. The com-
manded subsidence of each leg shouid be determined
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Fig 1. Experimentaf resufis
Sor walking in porolon with
Joree fesdback and leg sink-
age control,

Fig. 11 Experimental resiufis
Jor walling in poralon with
feg sinfape comtrof anfy,

- —— messured foroca
= —— oommanded force

ST T R ST R R R 7
Time (=)

on the basis of the previously computed force distribu-
Hot.

Such an algorithm was implementad on the basis of
the algorithm wvsed to compute commanded force
distribution described in section 3.2. In lgcomaotion
over elastic soil (30), it was supposed that 583 =
Nitie,, where N§}is the commanded vertical force
component. .

The experimental results for locomotion aver the
same porolon sheet are presented in Figure 11, As can -
be seen, the quality of stabilization of the body motion
is high, but the commanded forces are tracked worse
than in the previous algorithm (Fig. 1,

4.4, Locomotion in Consclidating Soil

Suppose now that the mechanical praperties of scil are
unknown beforehand. Then the motion of each leg
should be corrected for its sinkage, which cannot be
computed beforehand but can be only measured,

The foliowing slporithms are based on the assump-

18

&
‘e —e— mepsured fOrce
3( — commanded foroe
z‘:L...
bl Ty ]
L]
=
| - E

0 T T T = I I -

Timae (8]

tion that soil deformation is completely irreversible. In
this case, if the ioad on the leg is less than the value
onece achieved, the leg may be ¢onsidered to be on a
rigid support. The absolute displacement of the body
may be determined from these leg positions.

Ler Sinkage Control

Let  and # be small deviations of the roll and pitch
of the body from its initigl horizontal position and A
be a change in clearance resulting from leg sinkage.
Write 54 for a small vertical displacement of the ith leg
after contact with soil relative to the body. The dis-
placement of this leg in the earth-fixed coordinate

system {sinkage) is
ot = AH — x4 gl + 510 (31)
Let us assume that # (1 = 3} legs are on absolutely
rigid soil. For these legs, o =), and eq, (31) may be
used to determine the angular (y, &) and linear (AH}
dizplacements of the body. The equations for deter-

mining the body displacement have the matrix form
A's = g, where s = (s0A), 505 | || sU0)T s the dis.
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placement vector of the legs that are on the rigid sup-
port, and the vector g = (—AH, w, —9) specifies the
body displacement. The matrix A of size 1= 3 is of
the form A = (a,), where g, = |, ;= xth), g, ==
P =1, g, x4, 104 gre the coordinates of the
tips of the legs oo the rigid support.

The best mean-square evaluation of the body dis-
placement q from these equations is provided by the
formula

i~ {ATAY ATy,

It is convenient to seek g as the soiution of the equiva-
lent equation

(ATAIy = ATs,

which, if written in components, s of the form

oS 8| |- D
Se S Sl | ¥ [= P
8 Sy Syl -0 15, (32)

D = E 3!:'.”! -D.z- 2 ﬁﬂxml -Dyn E ‘gg:}lm!

=R J=H jen
where H 15 the set of the indices of the legs on the
rigid surface. The expressions for S, 8, 8., 8,,, 8,
are the same as in eq, (24) if the set of summation I is
substituted by H.

During the redistribution of loads on the legs the
sinkage of the legs standing on soft soil will increase.
The sinkage of each of these legs can be found by eq.
{31), vsing information on the position sensors. For -
this purpose it is necessary to determine the body
displacement by solving system {32). To stabilize the
botdy and maintain the prescribed foot forces in spite
of leg sinkage, we set the change in the commanded
position of the fth leg in each control cycle equal to the
actual sinkage

sht= ol (33}

With such an algorithm, the sinkage will increase
until the foot force becomes close to the commanded
value, The described algorithm {31)-{33) was imple-
mented on a computer and checked experimentally,

Fig. 12, Expertmental resulis
Jor foat force conirgf for
cansofidating soff.

All legs of the vehicle except the first leg stood on a
rigid support. The first leg was in soft soil {a layer of
polyethylene granules about B cm thick, with the gran-
ule diameter being 4 mm),

Force distribution was specified in such a2 maoner
that, for the commanded forces satisfying eq. (21), the
load on the first leg varfed from zero to a maximum
value {about 120 N), The experimentaf$ime depen-
dences of the commanded and measured forces and of
the sinkage are shown in Figure 12. The quality of
tracking the commanded forces was high enough in
spite of a considerable leg sinkage.

Locomotion by Triped Gait

In locomotion by topod gait, the loads on the three
supporting legs during the transfer phase are defined
unambigucously. Let us organize a uniform force redis-
tribution during the joint support phase as desctibed
in section 3, Then during the joint support phass, the
loads on the legs of the one tripod gradually fll off to
zero, This tripod may be considered standizg on a
rigid support, and we may use these legs to determine
the body displacement. At the same time, the legs of
the other tripod are being loaded and sunk in accord-
ance with the algorithms described in the previous
section.

To ensure normal locomotion, a leg should meet
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Fig 15, Experimental results
Jor diagonal gait walking in
egrsolidating soif,

3
TINE lal

joint support phase, an intermediate loading of each
leg is performed to make contact with soil up to a
maximum achisvable load. In this case leg sinkage
may exceed the permissible value only at the joint
support phase when the body position is controlled by
the remaining legs standing on the conselidated soil.

It can be shown that the load on a given leg is maxi-
mum when the vehicla stands on three legs, including
the given one. The supperting triples cormesponding to
& maximum loading of each newiy placed leg are de-
termined at the beginning of the joint support phase.
The latter is divided into & 4 1 equal time intervals,
where K is the aumber of newly placed leps, During
the first X intervals, the forces are smoothly redistrib-
uted according to eq. (18) to load sach newly placed
leg. Within the last interval, the legs to be transferred
are unloaded,

clasranca

messurad force

]
TINE (s}

In ather respects this algorithm is similar to that
described in the previous section. During the joint
support phase, the tips of the legs sianding on the pre-
consalidated soil are considered to be motionless, and
the position of the [eps being loaded is corrected, Dur-
ing tie transfer phase, the body pesition is corrected,
The difference between the FORTRAN program im-
plementing this algorithm and that described in the
previous section is in the additon of a few new units.
Figure 15 presents the records obtained under the
same experimental conditions as in the preceding sec-
tion. The vehicle moved using a disgonal gait
{1, 6-2, 5-3, 4) with a step length of about 10 cr.

When several of the legs are transferred, force distri-
buticn is similar to that shown in Figure 5. Since two
Tegs are put on soil at a ime, the joint support phase is
divided into three parts: consolidation of soil under
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each of the two legs and transition to the final state
(i.e., unloading the legs to be transferred). A decrease
in load on each leg in the middle of the support phase
corresponds to foree redistribution during soil consoli-
dation under the leps that are being placed at that time.
As can be seen the guality of commanded foree
tracking and of stabilization of body motion is good.

Conclusion

The part of the control system of a six-legged walking
vehijcle that ensures force control in Jocomotion over
rigid and soft bearing surfaces has been developed and
experimentally tested. Force control is based on force
feadback.

A mathematical modet of the vehicle dynamics in
the presence of fores feedback has been developed and
iz in agreement with experiment. A number of aigo-
rithms of commanded force computation have been
designed.

A high quality of tracking commanded forces has
been achieved in experiments because of a small (less
than 1 ms) delay in the force feedback loop closed
with the aid of a special analog unit. The time required
for computing cormmanded forces, 143 ms, is far less
than the locomotion cycie time,

During locomotion in soft soil, foree control is
closely related to the correction for leg sinkage. In a
simpler case where the soil properties are known a
prion, the correction of leg position is computed on
the basis of the commanded force, with the quality of
locomotion in experiment being high. The quality of
motion is somewhat worse if the soil properties are
unkaown beforehand. In this case the algorithms in-
clude the computation of leg sinkage under the as-
sumption of soil consolidation,

In all cases variations of the body motion were 3-10
times less than leg sinkage. The reliability of determin-
ing the moment of the leg’s contact with the surface
considerably influences the quality of the operation of
the algorithms developed,
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