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ANNOTATTON

The unsupported phase of motion of a multileg bounding vehilcle is
examlned 1n the work. An algorithm for stabilizatlon of the angular
motion of the vehlcle housing by change of the motlon of the legs
during flight 1s constructed. The results of mathematical modeling of
the stabllizatlon process by 20ompubter are presented.

Key words: multileg vehlcle, bound, motion control system,
mathematical modeling.
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The problem of stabillization of the motlon of a bounding vehilcle
in the fllight phasce is Investigated in the work. An algorithm for
stabllizatlon 1s a basic element of the motion control system of a
bounding vehilcle.

A vehlele Lo congidered, which consists of a housing and four or
six two seetion legs, each of whiceh has three depgrees of freedom. The
total welght of the legs ls a siphificant portion of the welpht of the
houslng.

The motlon of the vehlele conglsts of alternation of two phases:
support, during which all the leps stand on the supporting surface and
there Lo quaslstatlie stablility, and the unsupported or flight phase,

In [1, 2], a mathematical model of the three dimenslonal motion of the
vehlele 1s construceted for the supported and unsupported phases of
motion., In the flight phase, the first integrals of the equations of
motion are obtained (the motion of the center of masg of the vehilcle
along a ballistlic trajectory and the law of conservation of the anpgular
momentum cof the vehicle about the center of mass).

In the support phasce of motion of a bounding vehilele, high speeds
and acceleratlons develop, for which great forces and power are re-
gqulred. Therefore, 1t is advisable to construct the programmed motilon
In the supported phase of a bound, in such a way that it can be per-
formed with the minimum force or power developed in the leg jolnts.
The problems of optimizatlon of the programmed motlon in the supported
phase and its stabilization were investigated in [1].

In this work, the problem of performance of the propgrammed motlon
of the vehicle In the unsupported phase of a bound, constructed in [2],
ls considered in thils work, in the case when varlous kinds of errors /6
and perturbatlons occur.

The center of mass of the vehlele moves along a ballistilc trajectory
in the flight phase, and its motlon is uncontrolled. The angular motion
of the veblele housing around the center of mass can be corrected, by
changlng the motlion of the legs during rlight. TFor example, by bending
(unbending) the legs, their moment of inertia changes and, consequently,
the effect of the transfer of the lepgs on the angular motilon of the

¥ Numbers in the margin indicate paginatlon in the foreign text.
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housing changes by the law of conservation of anpular momentum.

The poosibllity of change of the motlon of animals and man around the
center of maso in unsupported motion, by movements of the limbs, has
quite long been known [3-7].

The purpose of the stabllization of motion of the vehicle in the
Flight phase 15 to reach the position assigned in the motlon program at
the time of landing, with allowance for the shift ceused by deviatlon
of the final positlon of the center of mass of the vehlele from the
programmed position,

The operatlon of che navigation and information systems 1s not
modeled., It 1ls congidered that, in the supported phase, in the motion
control system of a bounding vehlele, all current phase coordlnates of
the vehlcle are known wilithout error and, in the flight phase, the
coordinates and angular velocltles of the housing, as well as the angles
and velocitles of the leg Joints. The control system also knows a model
of the terrain., At the moment of liftoff from the supporting surface,
the terrain model 1in the landing reglon corresponds to the actual sup-
porting surface with some degree of accuracy. During flight, the
terrain model in the landing reglon is refined, and it becomes completely
equal to the actual supporting surface lmmedigtely before the time of
landing.

As to the supporting surfaces, 1t ls assumed that they differ
little from a sectilon of a plane and that their ineclination to the hori-
zon 1s small. The terraln as a whole can have a complex form.

Procegsing of the algorithm for stabillizatlon of the motion of a
bounding vehicle in the flight phase by mathematical modeling in a
computer has permltted a quite efficient stabillzation algorithm to be
obtained.

Formulation of the problem of stabillizatlion of the motion of the
vehicle 1n the unsupported phase of a bound and a qualitative analysis
of varlious metholis of construction of the stabilization algorithm are
presented in Section 1. The advisability of the use of the principle
of local determination of supplementary control motion of the legs in
a forward step in time 1s shown here. The loglic of operation of the
stabilization algorithm 1ls described in Section 2. The nomlnal posi-
tion of the vehicle at the time of landing and the basic characteristies
of the forthcoming flight phase are determined (its duration, the an-
gular momentum vector of the vehilcle relative to the center of mass,
etc.). The problem of reorganization of the motion of the vehicle in
the concluding stage of the flight phase 1s considered, with account
taken of more accurate information on the supporting surface obtained
during flight. At the beginning and end of the flight phase, the
angles in the leg Joints change along the nominal trajectories of
transfer of the legs during flight, which ensures a shock free liftoff
and soft placement of the legs on the supporting surface. The angular
motion of the housing is not stabilized, in this case. During all the
remaining time, the legs participate at once in two motions: the
nominal leg transfer motion during flight and the supplementary control
motions, which provide the change in angular coordinates of the housing
along the line of transfer, smoothly connecting the corresponding end
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values of the angular coordinates and houslng veloclity. In Secetion 3,
the problem of determilnation of the supplementary control motion ol the
leg 1s reduced to a problem of a speclal type of quadratlc programmlng,
the algorithm for gsolutlon of which i1s constructed in Section 4.
Mathematlcal modeling of the process of stabllization of the angular
motion of a bounding vehiecle in the flight phase (Seetilon 5) and the
calculation results (Section 6) demonstrate the efflelency of the
stabllizatlon algorithm for varlous conditions of motlon of the vehlecle
wlth perturbations.

The author thanks D.Ye. Okhotsimskly for formulatlon of the
problem and attention to the work.

L. PFormulatlon of the Problem

We wlll characterize the position of the vehicle housing relative
to the absolute coordinate system O7&nt (the 01z, plane is horizontal),
by the coordlnates of the center of mass of the housing k,n,y and the
angles (Fig. 1): ¢ yaw; © pltch; y bank. The axes of the Oxyz
coordinate gsystem connected with the vehicle housing are directed along
the main axes of lnertia of the housing.

The vehilele has four or six two
sectlon weighable legs (the number of
}g legs 1s designated by N). The position
of the legs relative to the Oxyz axes
z is determined by the coordinates of the
\\\ polnts of suspensilon of the thighs to
ol the housing and by the angles (Fig. 2)
6 o4 1s the angle between the 0x axils and
tﬁe plane of the legs; g4 1s the angle
- T Sy between the negative direction of the
' =N 0z axis and the thigh; qi is the angle
7 between the thigh and the shank. The
/ plane of the legs, formed by the thigh
/ and the shank, 1s perpendiculap to the
/ Oxy plane.

The vehlcle moves the Oy axls fopr-
x ward.

i 1 In (2], an algorithm for the syn-
g o thesis of the programmed motion of a
bounding vehicle in the flight phase is considered. IFrom the assigned

values of the housing coordinates and the absolute coordinates of the
feet at the times of 1liftoff from the supporting surface and landing,
the initial velocity of the center of mass of the housing, the initial
angular veloclty of the housing and the parameters of the leg transfer
trajectories required to perform the forthcoming flight phase are
determined. The legs are transferred in the Oxyz relative coordinate
system, in such a manner that a shock free liftoff and soft placement
of the legs on the supporting surface are ensured. The initial angular,
velocity of the housing cnmpensates the effect of the transfer movement
of the legs on the movement of the housing around the center of mass



during the flight. The programmed motlon in
42 the flight phase is complled from the firvst
integrals of the equations of motion (motion /11
of the center of mace of the vehilele and the
— ~4 law of congervation of angular momentum of the
o ~ - vehiecle relative to the center of mass).

' Actually, 1in the unsupported phase of a
q , bound, the vehicle deviates from the programmed
motlon, as a result of various kinds of per-
I turbation. A varlance of the actual dynamice
l and kinematle characteristics of the vehicle
(dimensiong, welght, moments of inertia) from
thelr vaines 1n the motion control system l1s
a perturbatiun. Such a sltuation arigses, for
Flg., 2. example, 1f a load 1s placed on the vehicle,
and thls 1s not reported to the motlon control
system. Another type of perturbation involves inflight errors in
processing of the leg motions. There are perturbatlons caused by data
errors. Up to the time of liftoff from the supporting surface, the
terrain model in the landing region is known with a certailn degree of
accuracy. Durlng the flight, immediately before the time of landing,
the model of the supporting surface in the landing region i1s refined.
The accurate model of the terrain in the landilng regilon ls used to
reorganize the motlon of the vehlcle in the final stage of the flight
phase.

Perturbations in the supported phase by the prior flight phase data
and time inaccuracy in processing the time of liftoff from the support-
ing surface result in errors in processing the programmed coordinates
and velocitles of the vehicle at the time of liftoff from the support-
ing surface. These errors lead to change 1in the distance of the bound
and inflight rolling of the vehicle, and they make it necessary to
recalculate the characteristics of the forthcoming phase of the flight:
its duration, angular momentum vector of the vehicle relative to the
center of mass and the parameters of the leg transfer trajectory, which
satisfy fthe condltions of shock free liftoff and the requilred soft
placement of the legs on the supporting surface. We will call the in- /12
flight leg motions, synthesized at the time of liftoff from the sup-
porting surface, the nominal leg motion.

The center of mass of the vehicle in the flight phase moves along
a ballistic trajectory [2]. Therefore, the motion of the center of
mass is uncontrolled. The motion of the vehicle around the center of
mass occurs according to the law of ¢Ohgervation of angular momentum of
the vehicle relative to the center of mass. In this case, the angular
motion of the housing can be controlled, by changing the transfer
motion of the legs during the flight. For example, by bending (unbend-
ing) the legs, thelr moment of inertia changes and, consequently, the
effect of the leg transfer motion on the angular motion of the housing
changes. We note that, in thls case, the angular momentum vector of the
vehicle remains constant. Only redistribution of the angular momentum
between the housing and the legs occurs.



The purpege of stabllluatlion of the motion of the bounding vehiele
in the rlight phase 1o Lo reach the position assigned in the proprammed
metlon, wlth allowance £or a shift whieh causes a deviation of the
final position of the center of the mass of the vehiele from that pro-
pra~sed,  The questlon of determination of the nominal position of the
vehicele at the time of landing will be dlocussed in detall in Seetion 2.

Angular motlon of the vehlele in the flight phase whieh satisfies
these boundary condltions 1o provided by inflight variation of the leg
mot.ion.

We will colve the problem of stablllization of the nangular motion
of' o bounding vehilele in the flight phase, by considering the anpular
coordinates and veloeltles of the housing, as well as the angles and
veloedtles In the lep Jolnts to be known without error at the ecurrent
moment of tlime.,

The motion of the vehlele in the flight phase occurs according to
the law of congervatlon of anpular momentum of the vehicle relative to
the center of mass [2]
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ix:“siﬁ>¢t’;c’d , (1,1)

where g 1s the anpular veloelty of the housing projeeted on the axes of
the Oxysz relative coordinate system, P=(aj,B831,q7. . .qy) are the angles
of the leg joints, -* 1s the matrix for transfer from the 01Ent ab-
solute coordingte system to the Oxyz coordinate system connected with
the housing, G 4, 1s the angular momentum veetcr of the vehicle relative
to the center of mass in the 07&ng absolute coordinate system, T and

Ir, are matrilces, the elements of which depend only on the angles orf

the leg Joints p.

We deslgnate the nominal transtfer motilor of the legs, synthesized
at the time of liftoff from the supporting surface, ﬁh(t). We designate
the angular coordinate vector of the vehicle housing T=(y,0,y). Let
toy and t,1 ke the moments of the start and end of the controlled stage
of" the flight phase, in whieh togtoo<tyigty, where t, 1s the moment of

liftoff from the supporting surface and ty 1s the time of landing.

That motlon of the vehicle housing around the center of mass must
be provided, which satisfies the boundary conditions

ZCIEN A 7 N (1.2)
Vi)W, , Yl = (1.3)

The angles of the leg joints must satisfy the boundary conditions:
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Limitations (1.6)~(1.8) involve a given vehicle design.

(1.6)

(1,7)

(1.8)

We require

that condltion (1.6) algo ensure noninterference of the legs of the

vehlele with each other.

We note'that boundary condition (1.3) on the angular velocity of

the housing ﬁ(t‘i)“wbl 15 satisfled automatically, by virtue of (1.1),
ditiens (1.2), (1.4), and (1,5) and the first of boundary

1T boundary con
conditions (1.3) are catlsfied.

We will call the difference between the actual and nominal motilon
of the legs the supplementary control motlons of the legs

ArE) = PE)-F (L)

(1.9)

We require that the actual leg motion in stabllizatlion of the
angular motlon of the housing differ to the minimum extent from the

nominal motion of the legs, l.e.,

‘P/t'?/ - [}77{7

where W 1s 2 certaln norm of the vector.

%
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where e4”0,f4>0 are welghting factors,

For example,

(1.10)

The problem of stabllilization of the engular motion of a bounding
vehicle in the flight phase (1.1)~(1.10) can be solved as an extreme

problem with limitations of a §eneral type.

simplification of problem (1.1

methods of
(1.10) are possible, by means of intro-

Varlous

duction of supplementary connections. We consider qualitatively and

compare some of them.

/14

~
gt



Rt )

Davametrle otabilisation algordthm, 'We assume
EXURD) (1.11)

l.c., the suppliementary econtrol motlon of the legs 1o a flxed funetlon
of time and parameter vector U (fi=conot). TIn thic cape, for any
values of the parameter, there 1o

Gk, i)-0 | dlt, a)-e,
Tl d)e0, G, 00 e,

=

l.e., boundary conditions (L.4)-(l.5) are satlsfled automatieally.
By substituting (1.11) in (1.6)-(1.8), we obtain the region of per-
missible values of parameters T

ae U, (1.12)

By integrating (L1.1) with initial condivlons (l.2), over segment
of time ek, 4,7, We obtain the value of the angular coordinates of

the housing at time ta31, with glven values of parameters T
'W({Cl/z }//‘?‘7'
Then, boundary conditions (1.3) are equivalent to limitations of the

type, equallty to the parameter vector

/[ﬁ"/: (1.13)

.:;él

By substituting (1.11) in (1.10), we rewrlte the optimizing
functional in the form

~N
=
3

|

Pla) »inf (1.14)

As a result, we find that the problem of stabilizatlon of the
angular motion of a bounding vehicle in the flight phase (1.1)-(1.10)
is reduced to mathematical programming problem (1.12)-(1.14).

For solution of the parametric stabillizatlion program, a large
amount of calculation work must be done. This 1s connectaod with digital
integration of differential equations (1.1), with calculasion of the
left sides of lin.tatlons of the equality (1.13) type.

Linear transiltion stabilizgacion algorithm. We requlre that the
angular coordinates of the housing change along transition lines which
smoothly connect the boundary values of the angular coordinates and
velocities of the housing (1.2)-(1.3). One method of plotting the transi-
tion lines 1s described in Section 2. This approach permits reductilon
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of the dimenclonallty of extreme proeblem (..1)=(1,10), which ean be
polved by determination of the pupplementary control motlon ¢f the lego,

Loecal stabllinatlon algorithm. We requivs that the angular coor-
dinates ot the ncusing also, ao In the lincar cpanstblon ptabilizatlion
algorithm, change aleng transition lines., Tue cupplementary eontrol

motion of the legos 1o determined at diserecte momento of time tx(K=0,1,2...),

in small ferward time otepo fetl . We apoume

dedd, @) ) vithdeli, bl (1.15)

where Gg is the vector of parameters, which have a congtant value In
a glven step.

At time T, ocuch valuec of the parameters muct be found that, with
teTpgy s the anbular coordinates and veloeltles of the houslng are on
the trancition lines.

By cubstituting (1.1%) and the values of the angular coordinates
and veloeltles of the housing with the transition lines in angular mo-
mentum integral (1.1), we obtain 2 Limitation of the type, equality to
the values of parameters Ug, which are written in the following manner

- 1.16
A (G, e 0 ( )

Boundary conditiong (1.4)-(1.5) and limitations (L.6)~-(1.8) de=-
termine the reglon of permicsible values of the paramebers at reé 8,7

ac Ue (1,17)

We require that, at time Ty, the actual motlon of the legs
differ to the minimum extent from the nominal transfer motlion of the

legs (i.e., instead of integral optimizing funetional (1.10), we insert
a local optimizing funectional)

=~ Zﬁ’a&,/u{%/k“-au, (1.18)

¢

By substituting (1.15) in (1.18), we obtain an optimizing functional
which depends parameters Ty

P (@) »inf. (1.19)

By solving mathematlcal programming problem (1.16)-(1.18), we
determine the values of parameters “K and, consequently, the sup-
plementary control motion of the legs “(Ls wlth 26 (8 by 1.

~N
=

|



it ean bo exreeted that the omallness of the gtep will permit
gionificant simplification of problem (1.16)=(4.18),

The bacie virtue of the loeal stabilizatlion aleorithm is the laek /18
of need for dibital Intepration of the differential ecquatiens and,
conpequently, 4 vesy much omaller amount of caleulatlens than in other
methods of solutien of tne probiem of stablilloatlon of the angular
motion of the vehlele In the uncupported phace of the bound,

The moot ripld regtrietions In seleetion of the method of con-

”trueLLLn of the alporithm for stablllizntlon of the angular motion of

v bounding vehlele in the £light phase 1o eonneeted with the requive-
mont for high opeed of the vehiele motlon control computer, The dura-
tion of the unscupported phace of a bound te a distance for 10 m on the
surface of the carth 1o on the erder of ene and a half peconds. There-
fore, the actual requirements for high opeed of the computer arc made
only by a loeal otabllization type algerithm.

ualitatlve analysic of varlous methods of construetion of the
algorithm for ctabllization of the anpular motlon of a bounding vehilele
in the fllight phace permit it to be concluded that 1t 1o advisable to
conotruct o local ctabillzation type alporithm.

2. Stabilication Logle

We desipgnate the moment of liftoff from the supporting surface
te and the moment of landlng 5. The motilon of the vehlele center of
mass in the flight phase is uncontrolled. The vehlele center of mass
moves along 4 parabolic trajeetory [2]

~
=

3
l;gy Y2 b oemds 4 NE

/‘cz Pitg (FTes "’z'i(?”’k‘”

(2.1)

2

where T =(Eqasnpastg) @re the coordinates of the vehicle center of mass,

Hr ,R. are the coordinates and veloclty of the vehlele center of mass
h the time of liftoff from the supporting surface, E is the acceleration
of gravity,

The purpose of stabllization 1s to reach the assigned programmed
position at the time of lunding, with allowance for the ghift caused by
deviation of the final positilon of the vehlele center of mass from that
programmed.

We deserdibe the procedure for determination of the nominal position
of the vehlcle at the time of landing. At the moment of liftoff from
the supporting surface, the model of the terrain in the landing region
15 known with a certaln degree of accuracy by the motlon control system
of the bounding vehlele. Let ry(E,n) be the model of the supporting
surface in the landing reglon. w@ require that, at the time of landing,
the vertical distance from the supporting surface to the vehilcle center
of mass be the same as in the programmed motilon, equal to A a

5?5/1&‘ »/&1)*‘35,,’ (2-2)
9
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shere I ,n(f &,nla,g“a) are Lhe eoordinates of the vehiele eenter of

mags Ot Lhe time of landing.

It rollowc from the motlon ef the vehiele center of mans in the
flight phase that

F’500 ﬁr .J ,Jvr’;i }/tQI

¥

9
i;st+?;oT (C.«»B)

Bl e po'n
ia 7¢ *M ?

where T=t;-t, 15 the duration of the flipnt phase. £2(

fgv)

We require that the angular coordinates of the housing at the
time of landing be the same as 1n the programmed motion. Let

R1~( 1 nl,r ) be the pesition of the housing center of maco at the time
of 1and1ng. We determine the leg position at the time of landing, by
Uslng a posture shaping algorithm [1]. The supporting contour projected
on the horizontal plane O0.&n 1o a rectangle of fixed dimensions, the
length of whieh equals thé distance between the sucpension points of the
front and rear legs. The angle between the longltudlnal axis of the
projeetion of the supporting contour on the horizontal plane and the

Qqn axis (supporting contour orientation) at the time of landing ecquals

the angle of yaw of the vehlcle housingy) + 1. The projection of the

center of the supporting contour on the hggizontal plane lies on a
line which connects the center of the initial supporting contour and

point (z%,nl), at distance (» 1-;5(» ,nl)—gmin)/max{l,|x*|} from point

(El,nl), where .4, 1o the minimum permissible distance from the
supporting surfacé to the housing center of mass, A% 1s the tangent of
the slope angle of the velocity of the vehilcle center of mass to the
horizon at the time of landing. Thus, by using the terrain model, we
obtain the absolute coordinates of the feet and, consequently, the
angles of the leg Joints at the time of landilng, as a function of the
position of the housing center of mass at the time of landing RL. We
designate the vector of the direction from the vehiltle center of masse
to the housing genter of mass . Then, at the time of landing, 7L ois
a funetion of K%, and the following occurs

At .
4 }?- 'i.(" (,. (204)

By pub»tituting (2.2)=(2.3) in (2.4), we obtain a system of equations
relative to R+, in the computer solution of which by the modified
quickest descent method, we determine the nominal position of the
vehicle at the time of landing and the duration of the flight phase.

~
o

l

Because of the conditlons of shock free liftoff and softness of
setting the legs on the supporting surface, the angles of the leg Joints

10



change rapldly at the heglnning and end of the ungupported phacse of
motlon., 'Therefore, in these cegments of time, we will not stabillize
the angular motlon of the housing., We deslgnate the times of the start
and end of operatlon of the gtabilizatlon algorithm tco and tcl’ with

to<tcc<tcl<ﬁl.

At the time of liftoff from the supporting surface, to must de-
termine the charsacteristics of the forthcoming flight phasé, from the
phase coordinates of the vehlcle at time to, known from the navigation
system readings.

The ballistle trajectory of the motion of the vehilcle center of
mass (2.1) 1s plotted. The coordinates and velocity of the vehicle
center of mass at the time of liftoff from the supporting surface are
calcularced easlly from the known phase coordinates of the vehicle,
and they completely determlne the motilon of the vehicle center of mass
in the f£light phase.

The nominal position of the vehlcle at the time of landing and
?heq?uration of the flight phase are determined by solution of (2.7)-
2 . ’

The vehicle angular momentum vectoy relative to the center of
mass at the time of liftoff from the supporting surlace is calculated.

The leg transfer trajectory which ensures shock free liftoff and
the requilred sof'thness of setting the legs on the supporting surface with
low absolute velocity (possibly zero), components of the fixed portion
of the vehicle center of mass veloclty at the time of landing, is
plotted similar to the way it was done in synthesls of the programmed /22
motion of the vehilcle for the unsupported phase of the bound [2].
We will call the inflight leg motion, obtained at the time of liftoff
from the supporting surface, the nominal leg motion.

With felby, 1,1 and telfi, 4,7, the angles of the leg joints
change along the nuailnal trajectorilies, and the angular motion of the
housing is not stabillized.

By digitally integrating the equations of the law of conservatlon
of angular momentum of the vehicle relative to the center of mass
(1.1), from the nominal position at the time of landing, with a negative
time step to t=tcl (two steps of integration are completed by the
Runga-Kutt fourth order method), the control system determines the
nominal values of the angular coordinates and velocity of the vehlcle

housing at time t,3, which we designate ?cl,Wcl (here and subsequently,
¥=(y,0,y) are the angular coordinates of the housing).

Let, at time t,,, there be the following values of the angular
coordinates and velocities of the housing ?CO,WCO. With ée[&wéj s

the control system varies the nominal leg motion, in such a way that
a change in angular coordinates of the housing along the transition

11




Lines whleh smoothly conneet {he boundary valuow of' the anpular ecoop-
dlnates and veloeltles of the housling (Woo’ ool and (wﬂl’wﬂ1> 1s
chnsurad. The transltlon lines are funetlong of the type

AT, 2., . Foris 4 )R { A 3 ‘ ‘
BVl Vot ta) e S1E 0D fEME &, (2.0)
then, .
3 |,7'»‘ /d( x_ "'C?%:;:)Zv]
f=- &, [z( (T TS
\ m o 1
where lgmb Lco
. #
L, durlng actual motlon at time t=t", the angular coordinates /23

or veloelty of the housling po outside the ¢ corrldor of the transitilon
Llnes

[TV |<s | 1 ¥=¥/cs,, (

4 supplementary correctlon is made, tcomt*, and the transition lines
are reealeulated. '

The ldeas conneceted with the use of the transitlon lines are
convlstent with those veported in [8-11].

Duprlng the flight, before the tilme of landing, the data system
refines the model of the terraln in the landing reglon. By using the
refiined terraln model, at moment Lo1s the control system refines the
nominal posltion of the vehlele at %he time of landing and the dura-
tlon of the flipght phase, by solving system (2.2)=(2.4)., The nominal
leg posltlon Ls corrected In the corresponding manner, at Lelte, b, ]

In thls section, the logle of operatlon of the algorithm for
stablllzatlon of the motlon of & boundlng vehicle in the ungsupported
phase of a bound has been constructed. The problem of determination of
the gupplementary control motlons of the legs, which ensure a change In
the angular coordlnates of the housing along the transition lines at

telley, b0 15 consldered in the next sectlon.

3. Problem of Determinatilon of Supplementary Control Motlon of Leps

~
3

Let F=(u1,Bl,ql...qN) be the angles of the leg Joints. We
deslignate the nomlnal inflight leg motion, obtalned at the time of
Liftoff from the supporting surface, which satisfles the conditions of
vioen free LLIL ol and soft seltloyg of the legs on the suppovtinp
surface, hy II(L), and the supplementary control motlon of the legs
by W(t). We then obtain

L2



aerp () reit, (3.1)

We will detemmine the xupplumvnturv control motlion of the leps at
diverete nomenty of tine Th(hwﬂ L,2000) In the forward time step. We
regulre that the acceleratTons of the lep Jolnts be constant In the
fortheoming otep Fel o ]+ In thly case, we have

T(T )z Q5D 10D a2, + S UOG)A L (3.2)
iy )7 600D 48 05 )0 B, (3:4)

whvrv Ak TR+ LTy ls o step In golutlon of the problem of determlina-
tlon of the supplementary LONlPOL motion of the lepse. The value of
Atg 1Iv solocted In the following manner

e e /,c S S e N
A by =g m"/ rax fidalex i)l 2 4 """f; o Lhas,
rof N

where eg»0 Is a small positlve value, AT ATy OTC the asolphed
Limits of permlssible values of Aty

In the event u(wK) differs Little from W(tk.p), we find that
u(lh)Al Ivoa value on the opder of eg, digsrepgarding which in (3.2},
we obLnLn

.’("":‘.! _.} ._crf':/‘(v‘i'} 7 ;'4‘,‘(.‘.:: } N {::9 ( '% .0 )
L:.
1T the assumptlon made of the "smoothness™ of w(t) 1s not Justified, /25

the orvop roaulilnu from the change to appvuxlmato formulo (%.b*) wil]
Lead to deviatlon of the angular motlon of the vehilcle housing from
the transltlon lines, and it wlll become necessary to make a supplementary

correet lon., By selectlon of parametoers e,At and At .., 1t can be
min max

certaln that sueh cases will oceur rarely.

By substitutlng (3.1), (3.2%), (3.3), the known nominal transfer
motlon of the legs and the angular coordinates and veloelty of the
housing, wlith transltlon Lines (2.5) at time Ty 12 In anpular momentum

Intepgral (L.1), we obtain

PRRTIN 7 A
Adli)s & (3.4)
- - ]
whoere A=L P 2

*

'__ {, A/‘" P
{(J< A‘Is' £ ;,' ]/ﬁ‘“// J‘ ‘f?ﬂ‘l//‘k) (" I'I\/"/:::”.\{‘

fk*f ,../Z’ ::”' 1"[1(’14/“(/[(.&/(\‘;.

13
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Instead of boundary conditions (1.4)~(L.5) and phase limitations (1.6),
we require satisfactlion of more ripld rectrictions (3.5), which auto-
matically ensures satisfactlon of conditlons (1.4)-(1,06).

) T A put) T

where ﬁmin, ™% ape fixed quantities,
""{ - 27 ..é:éé? .
puly)= A lam mn)) (3.5)

In this case, the coordinate Pj(j=l,2...ﬁﬂ) transfer trajectory lles /26
within the cross hatched regilon in PFlg. ).

P We replace restrictions (1.7)-

J (1.8) by the restrictions

! .

| G i i (3.6)

l"l(; J— i - —— 4

1 P Gs d e U (3.7)

| | ! min max min max

I | | i fixed quantities which ensure satisfac-

I I I tion of (1.7)-(1.8).

d

, . . : ¢ In determination of the supplementary

ol e H control motion of the legs at time T,
Fig. 3. we will satisfy restrictilons (3.5)-(3.7)

at time Tyy;. It may turn out that,

at time k1 the value of uj(j=l,2,...3N) proves to be around the

boundaries of the region of permissible values of u, (3.5), with a
J

velocity directed towards the boundaries and, in the subsequent step,
limitations (3.5)~(3.7) will prove to be incompatible. In order to
exclude the possibility of the development of such a situation, instead
of velocity restriction (3.6), we introduce more rigid restrictions

V{Z"}’ £ 675- V(?}) (3. 8)

where _—
ma e
» G,  ir -deuT™%s,
- 4, — — — —
VS d T (G i T)ediwu 70,

otherwise
i"’"" if g,
Vm-l_:? .:'lm'n’ T i M- /:Imfh f ZV’ T i
/«'y (Y, “/”V //”7"2/ j/‘rv,
otherwise

av>0 is a fixed positive value.
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Then, 1n approaching the boundary of the reglon of permiscible values,
at distance duJ less than €y the maximum permissible veloelty toward

the boundaries of the regilon of permissible values decreaces in propor-
tion to duj’ to the veloclty along this boundary at du3=o.

By substituting the values of T,u (3.2)-(3.3) in (3.5)-(3.8) and
consolidatling these limiltations, we obtaln

o ’ T may

A™"e &re)s A (3.9)

’

where

A7 im /[/J(zm)Z/ ug,,]ar... '
(Vi )-d ] B & ZF,

A max/[/u(i;,,/ a7 b
[V, )~ 0z ] 5 O

G2 = @0) 8 d025) 6

We require that, at time Trel? the actual motion of the legs
differ the least from the nominal transfer motion of the legs

B fesla ctiy ] 0 ALGCEN] ~inf, (3.10)
{74

where ei>0,fi>0 are welghting factors.

By substituting (3.2)-(3.3) in (3.10), we obtain

3w
Zl‘ [cli. 5]+ o dto)f inf, (3.11)

where

4 3
& g O aI7vhAT,

of v & sl (B )uip ()8l Jp2 A4 ()

As a result, the problem of determination cf the supplementary
control motion of the legs is reduced to quadrabi“ programming problem
(3.4), (3.9), (3.11), which, by designating ¥ = U(TK), we rewrite
in the form def

ORIGINAL PAGE I3



v
é_} (¢, 24 .tc-,{,z:.) -:n‘;y" , >0,
K1Y,

W =’i1p',

e % (3.12)

ivd

hin max
Az s 47

(]
(iety2.. 30, (f=4,2,3).

In the event the regtrictilions of the equallty and lnequallty
types in problem (3.12) are incompatible, we will lock for a solutilon
whilch satisfiles the inequallity type restrictlons and, with the maximum
degree of accuracy satisfles the equallty type restrictions. For
this, we solve the problem

o o (3.13)
2 (6xt valz) +§ Lh >ind

=4

(4,2, 3w/, (/=42,3)

where Vj>>ci>0 are welghting factors, y‘j are new varilables,.

~
w
o)

We note that problem (3.13) is practically the same as problem
(3.12). They are partial cases of the quadratlc programming problem
of a more general type.

|

(3.14)

where 7., are independent variables, Z maxX_ e corresponds to the case
+ min 1
when Zi is unbounded above, Zi = corresponds to the case when Z

i
is unbounded below.

We call the point which satlsfiles the equality and inequality type
restrictions the initial approximation of fthe quadratic programming
problem. In problem (3.13), the initial approximation is determined
trivially

Ma x Hin w
Pre _A '/.A( q'_/.az Z: 0;-2:. o_g
j) v J

£
< (w4
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AlLL the independent variables Lo problem (3.12) are bounded ahove and
helow by finlte values. Therefore, In constructlon of the algorithm
ror Jdeterminatlon of the inttlal approximation of problem (3.14), we

will conglder only the case when all szna and ijin have a finlte

vialue,

The surfaces of the optimizlng funetilonal level of problem (3.14),
are n Jdimensional elllpsolds, the prinelpal directlons of which colneide
with the directlons of change of the independent variables., At the
same tlme, the lnequallity type limitations are limltatilons on the
Limits of change of the independent variables. These conditions, which
Jdetermine the speeial form of problem (3.14), permlt construction of a /31
simple algorlthm for its solutlon,

Thus, the problem of determination of the supplementary control
mot.lons of the legs, which ensure change of the angular coordinates of
the houslnpg along the transition lines, 1s reduced o a special type of
Jquadrat Le programming problem, the algorithm for solutlon of which is
construeted In the next sectilon.

4, Alpgorithm for Solution of Quadratice Programming Problem

An algorlithm 1lg construeted In this seetion, for solution of a /:
quadrat le programming problem whieh lv a generalization of problem
(3.12), (3.13), which develops In determination of the supplementary
control motion of the legs in the algorithm for stabllization of the
ampular motlon of & bounding vehlele In the flight phase

w
ro

L

:é"" ,,:”', & ::.“.: ey .-a-t'nf ("/,':;.o/
woo (4.1)

L A =y b
3 -
i /'S':'(' &g *

i 7

min . . max
ZM e 2 s £,

;(‘:4‘?,..” ; j:{,‘le(A)‘

Algorithms tfor solution of quadratle programming problems and the
bibliographlies of studles on this question can be found in [12-13].
The maln bulk of calculations iIn algorithms for solutlon of quadratic
programming problems of a general type involve determination of the
directlon of the gquickest descent which does not vioelate the restric-
tiong imposad., The solutions may go beyond the boundaries of the
roglon defined by the ineguality type of regtrietions but, in subsequent
lteration steps, 1t may be found that this boundary must be abandoned.

Problem (4.1) 1s a special type of quadratic programming problem.
The surfaces of the optimizing functional level

h
AN ¥ t5 2, = conal

i<y
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are n dlmenslional elllpsolda, the prinelpal dlrections of which /33
euolnelde with the dlrectlions of change of the independent variables.

At the same time, the inequality type rectrictions are restrictlons on

the limits of change of the independent variables. These conditlonp,

which define the speelal form of problem (4.1), permit the cons ‘truetion

of a gimple algorithm for its solutilon.

Alporithm 1, solutilons of quadratle programming problem (4,1).

We desipgnate ép the solutilon of problem (4.1), in the case when

there are no lnequality type restrictions. The value of ZP ls deter-
mined by the Lagrange indeterminate multipller method

&
/ *
X By (f,{;:' X Ay -3‘.) (iedd.h), (h.n)

wheve A, are Lagrange indeterminate multipliers, which are the solution
of the Ysystem of linear equations

. .
{zﬂ;(‘g_ Y )dem g o (4.3)
(§= _.(,A...k)

System (4.3) is nonsingular, if the equality type restrictions are

lincarly Lndependent. If z* satisfles the inequallty type restrictions,

ZP Ls the solution of problem (4.1). Otherwise, we take a preovisicnal
—
initial approximation Z , which satlisfies the equality and inequality

tyre vestrictions (the question of the method of determination ol Z

will be discussed below in thils section). We connect Z and Al by a

straight line, and we find point 71 between them, in which the system
reaches an inegqualilty type phase restriction in motion from
0 i )
Z to Zl
*=2°+/«/Z”~Z‘7, (4. h)

where

~
A
R

/.{ o ) 5,/:/“.!,:-" I{"’hf’

Higx 20
i«;,. " 4?‘, . 2P g A
S Te o, With &2z

. o P PRI
with £, < £.

l

’

LA 4
Z; " ¢,
; Qe P Smax
i ) with? ™ L0 &

By virtue of (4.4), point Zi satisfies the enuality type restrictions,
since 7 and 7% satisfy them.

18



!13. "

Woe 'Ex all the varlables which reach the Inequality type rectrie-

tlang at point fi. Woo tranator the terms cvorresponiding {o them to the
oquallty type restrietions on the right side, recaleulating the tfree
termas, Woe exelwde Lthe fixed varlables from constderation, and we wili
ecall the rematning variablen free,. We exelude the Linearly dependent
variab les tfrom the equallty type resctrlettions, I {hey were fommed as
A result of exeluslon of the r'ixed vartables. T the number of free
variables ogquals the number of ogquations In the equallty type rostric-

o 7 ]

tlong, o L & The solution af problem (4.1).  Otherwlse, we oot I =0,
and we repeat overything again for the free varlableo,

L)
iy

%}
Theoorem L, It there existe inltlal approximat ion iU , which

satlarlos the equallty and inequality type restrietlons of problem (4.1),

alporlthm 1, In a finlte, smaller than n number off ateps converges
toward the solution of problem (4.1),

Proot,  Mhe number of varlables in problem (4.1) equals n. In
vach step of alporithm 1, the number of free variables deereases by at
leact one,  Juongegquently, algorlthm L steps in a findte, smaller fhan
n number of steps,

We dealgnate Lothe Linear multlitormity determined by the equallty
type reostrletlons and 8, the reglion determined by the Inequallty type
restriotlons of problem (4.1),

We desipgnate the polnt towards which algorlthm 1 converpes by 0%,
Without restrletion of penerality, U can be considered that, in this
case, the rlest n, varlables reached the boundary mak(io*

f; m(y
* i K) 44 IQ
and the remalning varlables 1ie within reglon 8. 8 owas noted In the

deseriptlon of algorlithm L, e LS conceguently, in opder to
prove that 5% Lo the solution of problem (4.1), Lt 1s sufflelent to

show that there do not exlst directions from point T¥, which do not
violate the eguallty and inegquallity type rectrictions, alomyy whiech the
optimising functlonal decereasoes.

P

We deslgnate PI(E) as the projection of veetor @ In linear multi-
formlity I.. !

Lot vartable &, rgeseo ) peach the boundary of region & in the
L=th step ot the algorithm.  Then,

'a?'\
L /-é?;“ s gw} “e,

where ¢ 1o Ghe optimising functional.

At the same tlime,

ds

e may
?.9) g ST / o ‘g/,‘ A" ,J, . (4, t,’;)
'3:“0 2= ‘:"‘*‘ g A p [Ca oy *

o
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r‘h .

congoeguent Ly,

y pef : N7 :
(- /“ &0 lingin o) (4.6)

For varlables which do not reach the boundary of reglon @, there in

£ :&;P/g / “”o"/w'n)' (h.7)
l. 1 L

Let ? be an arbltrary direetion along I, directed from ZA

the interior of reglon . In thirf case, we have

toward

:&:o S ‘I‘} Y *ie
since the filrst ng variahles recached the boundary & _ziomax. The
derivative of the optimizing functional along ¥ is

n o~ :
v\/ . . }w o v‘ ] i
AP G T (4.8)

LYRERE

It follows from (4.5)=(4,8) that

"bf)/ & :3‘;}/" “‘/ \
el Ja=2 x‘é% P/ £, L7t »‘"a{‘;‘,‘, o (4.9)

or ¢ does not decrease along ¥,

Slnce y 1s an arbltrary direetion from Zﬂ, whilch does not vilolate

the Imposed restrictions, EA 1s the solution of problem (4.1).

Note. Theorem L is net valid for a quadratic programming problem
of more general form than problem (4.1). TFor example, we consider the
quadratiu programming problem for two independent variables (Fig. 4).
There are no equallty type restrictions, lnequality type restrictilons
are Imposed on the independent variables, and they determine the rec-
tangular reglon of thelr change. The surfaces of the optimlizing func-
tional level are ellipses, the principal directions of which do not
colnelde with the directlons of change of the independent varilables.

0

In Fig. 4, the inltlal approximation is designated Z and the point
towards which algorithm 1 converges, Z#*. The solution of this problem
15 point 79, which does not coincide with Z¥.

We proceed to the algorithm for determination of the initial ap-

proximation & , which satisfiles the equality and inequality type re-
strictlons of problem (4.1). We consider the case when the limits
of change of all the independent variables Iln the inequality type
restrictions of problem (4.1) have a finite value. In this case,

20
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without rectrietion of generality, 1t can be
egnoldered that zimaxnl, ziminal (i=1,2,...n).
FYor thic, it 1o cuffielent teo substitute the
variables

max, oy b
j?: c,./‘?‘ - 3&:;»;;{6 m) a
N 3

T
£ fgmw_l: g“"' "1.

Murther, we will consilder that zim&xml,
g ming
Ji ’
e The inequallty type restrictions determine

region Q, which is a n dimensional cube

4 % 7 5; 1 '.l“ €1y
Flg., 4. fEA 1 (Legann), (%.10)

and the equallty type restrictions determine the linear multiformity L

A

& Ay Ziel (je12.,.b) (4.11)

ef

Let 7% be the solution of the problem

Zel,
Z“L Z‘.'a —v?l.‘hl/'

iss

(4.12)

The solution of problem (4.12) is determined by the Lagrange indeterminate
multiplier method,

Note. If F*z/ , Z* is the initila’l approximation.
Let 'L,

We prove a serles of statements, which is necessary for construc-
tion of the initlal approximation search algorithm.

Lemma 1. Vector Z#* is orthogonal to linear multiformity L.

Proof. It is evident, since Z* is a tangent of an n dimensional /37
sphere with the center at the coordinate origin 2.7~ ¥ and linear
multiformity L.

By H, we designate the (n-k+l) dimensional linear subspace passing
through linear multiformity L and the coordinate origin, which is the

21
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eonteor of n dimenplonal eube @, On the strenpgth of Temma 1, we have
- "' 7 n‘ o ;‘1 .’
Haof&edod '  Zel, det-=09)

Je deplpgnate %, the interoceetion of n dimennional cube £ and linear
A h ] f I{
subppaece II

S, = SLOH

Let Ze# . Then, Z=AZ¥+ZL, where Fel . We will call |A] the
diotance from point 7 to lincar multiformity L in subgspace H. Subspace
I ig dlvided Into two replons by the linear multlformity. The cign of
A determines to which of these two regilons Z belongs. By the sipn of

A, we willl call these regilons H+ and H™, PFor example, the coordinote
origin 1s at a distance of unity from L in H, and it belongs to H™, oines

5‘::*2"# E', g‘ﬁl,,

We assipgn Egnu?*(0<p<l) the point of exit at the boundary of reglon
2, in motion from the coordinate origin to Z¥. In this case, one
varlable zio regches the boundary of reglion . To be definite, we

s 3 & = : o 4w " He : s ¥ >
assume 27y L. We deslpnate the linear multiformity Ziaul by Gio'

Then, 6.5 1o elogest to linear multiformity I in H, the bound of
t.he section of n dimensional cube § with llnear gsubgpace H.

Theorem 2. IfL NS2.rd, L N6,N12.#% (¢ 1o the empty set).

Proof. We prove the contrary statement equilvalent to thils one: Zhn
Ir o, LAg-# . In thls case, the bound &, Y., lles
entirely on one side of L in subspace H, namely, &.A8.ef ",
Since £ [ 1o clogest to L 1n H, the bound of the section of cube

2 with linear subspace H, QH also liles on one slde of L in H, Sw,cH”
Consequently, LAK:#, By definition, Sh,:=5.7% . and HEl
Then, LS=LAHAS= LIS . As a result, we obtain L/SL=f.

Algorithm 2, determination of the iniltial approximation of
problem (4.1).
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L, Aooume all variastiles to be frec,

d. Determine point Z¥, whieh 1o the ocolution of problem (4,12)
- o «
for the free variables, If ¢%ws , % 1o the polutton (the ptep);
otherwice, oxeeute paragraph 3.

3. I'ind T the peint of oxit on the boundary of n dimensional
eube §, for moetien from the coordinate origin to point 7%, IFix the
variables reaching the boundary of reglon Q. Trancfer the terms with
the fixed variaobles to the ecquality type reptrietions on the right
slde, reealeulating the free termo. If the equality type restrletions
for the free variables are incompatible, the problem does not have a
solutien (otop). Exelude the linearly dependent cquations from the
equali%y type restrietions for the free variables. Proceed t£o para=
praph 2.

It £0...30 from theorem 2 that, 1f the interceetion of lincar
multiformity L and n dimensional cube € is not empty L /A&7,

alporithm 2 converges towards point  F%e A/l and, 1P LAS2=¢

the algorlithm reports the ineompatibility of the cquallty and ineguality
type restrictions of problem (4.1).

5., Stabllization Process Modeling

A block diagram for modeling the procecc of ptabillzatlion of “ﬂ;
moticn of a bounding vehlele in the uncsupported phase of the bound ig
presented in Flg. 5. The modeling wap cariried out in a BESM-6 computer
in FORTRAN.

In bloek 1, from the phase coordinates of the vehicle ot the time
of liftoff from the cupporting surface, known from the navigation system
readings, and the approximate model of the terraln in the landlng
reglon, obtalned from the data oystem, the characteristiecs of the
fortheoming flight phace are calculated. The nominal pogiltlon of the
vehiele at the time of landing and the duratien of the flight phase
are determined. The ballistlc trajectory of uvhe motion c¢f the vehilcle
center of mace 1s plotted. The value of the vehicle angular momentum
veetor and the angular veloclity of the housing at the time of landing
are determined. The nominal positlon of the legs in the flight phase,
whieh engure cshock free liftoff and soft setting of the lege on the
supporting surface, ls plotted. The times of start too and end tcl of

stabllization of the angular motlon of the vehlcle housing to<tco<tcl<tl
are calculated, where ﬁo’tl are the times of liftoff from the supporting

surface and landlng. By integrating the system of differential equations
of the law of conservation of angular momentum of the vehicle relative to
the center of mass, from the nominal position of the vehicele at the

time of landing, with a negative time step, we find the boundary values
of the angular coordinates and veloclty of the housing at time tcl'
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The ctablllication algorithm muct cnoure that thio pooition 4o
reaghed by che anpular cogrdinuaten of the housing at time tcl’ Rloek 2,

which 1o the algorithm menitor, coordinates the operatien of 1to indi-
vidual partn, Witk  fello,d,] and  fellg,f] in the leg Jjoints, the
nominal inflight motleon of the leops 1o worked eut, With oy /i3

1t 1o requived that the angular eoordinateg ef the vehicle houping change
along the transition lines whieh omoeothly conneet the boundary values
of the anpular ceordinates and veleclty of the housing at timep tp@

and tgl. The trancition lines are conotrueted in bloek 5. The moniltor

cheeko the accuraey of motilon along the transition lines. IPf the
angulor coordinates of the housing ge outolde the € eorvidor of the
transltion lines, a cupplementary eorrvection 1o preceribed, and the
trancition lines are recaleulatoed.

8
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Fig. 5
Key:
L. Determination of flight 5. Trangltion lines
phase characteristics construction
2. Stabllization algorithm 6. Navigation and
monitor data systems
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The inflight motlon of the legs, whlch ensures change of the
angular coordilnates of the housing along the transition lines, is
synthesized in bloeck 4, by addition of the supplementary control motion
to the nominal leg transfer motion. The control motion of the legs is
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determined locally in aotep Yé€/%,&,.7 , dhead in time. The problem of

determination of the supplementary control motlon of the legs is reduced
to a special type of quadratlc programming problem (see Section 3), an
efficlent algorithm for the solution of which 1s constructed in Section U,

We note that the interval between the corrections and the times of
Intersectlon of the supplementary control motion of the legs 1s at
least a fixed minimum time segment.

In block 7, by using more accurate information on the supporting
surface obtalned by the data system during the fllght towards time tol’

the control system refines the nominal position of the vehicle at the
time of landing and the duration of the flight phase. The nominal leg

motion 1is corrected in the corresponding manner, at £eciq,ﬁ1.

In block 3, the equations of the mathematical model of the three
dimensional motion of a bounding vehilcle in the fllght phase are inte-
grated by the Runge-Kutt method,

6. Calculation Results

Calculatlions were carried out for four legged and six legged
vehicles with the following dynamic and kinematic charactsristics.
Housing mass 1000 kg, housing moments of inertia (in kg-'m<) Ix=530,

Iy=90, Iz=605' All the legs are the same, and they consist of two

thigh and shank sections. Thigh length, 1.2 m, shank, 1.4 m. The
center of mass of each sectlon 1s located in the middle. Thigh 5
welght, 30 kg, shank, 20 kg, moments of inertia of thigh (in kg:'m®):
= = = s > = = = r
ng 3.2, Iy2 0.05, I22 3.23 shank: le 3.6, Iyl 0.05, IZl 3.6. The

coordinates of the suspension points of the thigh to the housing of the
four legged vehicle have the values: X,=0.5 (1=1,2), Xy=-0.5 (1=3,4%,
¥,=1.25 (1=1,3), ¥,=-1.25 (i=2,4), 24=0 (1=1,2,3,4); for the six legged
vehicle: X,;=0.5 (i=1,2,3), X;=-0.5 (1=4,5,6), Y,=1.25 (i=1,4),
Yi=0 (i=2,5), Yi=—l.25 (1=3,6, Zi=0 (1=1,2,3,4,5,6). We recall that
the vehicle moves the Oy axis forward.

The SI unit of measurement system is used. Time 1s measured in
seconds, angles in radians. The moments developed in the leg joints are

measured in thousands of Newton meters. Motion is on the surface of the
earth, and the acceleration of gravity is 9.8 m/sec?®.

The integration step of the vehicle motion model is 0.005 sec.

The required accuracy of motion along the transition lines, accord-
ing to the angular coordinates and velocity of the housing in the sta-
bilization algorithm, is 0.0l. The minimum permissible time interval
between two successive corrections and between times of recalculation
of the supplementary control motion of the legs 1s 0.025 sec.
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The initial and f£inal orogrammed posltions of the vehlele are
determined by the vehilele posture formatlon algorithm at the times of
liftoff from the cupporting surface and landing, the operation of which
was congsldered in detall in [1l]. The projection of the supporting VAl
contour on the horizontal plane 1s a rectangle, the length of which
cquals the distance between the suspensilon points of the front and back
logs, and the wildth of which equals double the lateral extenglon of the
legs from the longitudinal axis of the supporting contour r, . The input
parameters of the posture formation algorithm, the seleutioﬁ of which
ls done, elther by the driver of the bounding vehilcle, or by the higher
levels of the motlon control system, are: D 1s the dlstance of the
bound (the distance between the projections of the centers of the sup-
porting contours on the horizontal plane Olgg)s Yp 1s the direction

(azimuth) of motion in the fllght phase; wpl is the orlentation (azil-
muth) of the initilal supporting contour; wpll is the orilentation (azi-

muth) of the final supporting contour; ) 1s the tangent of the angle

of inclination of the initial veloclty of the center of mass, as well
45 of the model of the supporting surface to the horlzon. At the times
¢f Liftoff from the supporting surface and landing, the vertical dis-
tance from the supporting surface to the housing center of mﬁss is.a
fixed value Enom? the pitch and roll angles egual zero (§°=y =y°=yl=0),

the yaw angle equals the azimuth of the corresponding supporting contour
(¢o=¢pl°, ¢l=¢pll). The § and n coordinates at the ilnltlal and final

times are determined from the condition that, in the projJjectlon on the
horizontal plane Olgn, these points llie on a line connecting the centers

of the supporting contours, at distances (gnom-cmin)/max{l,IA*[} from
the center of the corresponding supporting contour. Here, Cmin 1s the

minimum permissible vertical distance from the supporting surface to

the housing center of mass, and A¥ is the tangent of the angle of
inclination of the velocity of the vehilcle center of mass to the horigzon
at the corresponding time.

For the vehicles under consideration, we assume cmin=0.5 m. It was

shown in [l] that, from the point of view of minimization of the maximum
power developed in the leg joilnts during the support phase of motion,
for the four legged vehicle, cnom=l.7m, rb=lm are best and for the

§ix legged vehicle, g m=l.6 m, r,.=l,1l m. Subsequently, we wlll consider

no b
that ¢ and rb have these values.

=

nom

As nominal bounds oir the horizontal plane we will consider dlstance
D to be 5 and 10 m. The angle of inclination of the initial vehicle
center of mass velocity to the horizon is U45°. The angle of rotation

of the vehicle in the flight phase Awpl=wlpl—wopl ls 0 and 0.3 radilans.
The dirsctio? of motian of the vehicle in the flight phase is wf=
1/2(wp1 +wpl ). We select the absolute coordinate system in such a
way that £°=0, n°=0, wp1°=0.
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We lnvestlgate the efficlency of processing of various types of
perturbatvions for these modes of motion. The requlired accuracy of
motion along the transitlion lines in the algorithm for stabilizatlon of
the angular motion of the housing in the flight phase 1s 0.0l radian.
We estimate the effilclency of the stabilllzatlon algorithm wilith pertur-
bations, from the accuracy of processing of the nominal angular coordi-

nates of the housing at the time of landing. We designate awl,aol,ayl
as the deviation of the actual angular coordinates of the housilng from
nominal at the time of landing. The stabiligation algorithm efficlently
processes inflight perturbatilions, 1f max{lswl[,[Gevﬂ55y1[}<o.01, l.e.,
the deviatlon of the actual angular coordinates o. ne housing from
nominal at the time of landing does not exceed the requlred accuracy of
motion of the angular coordinates of the housing along the transition
lines. We willl consider 0.03 radian (approximately 1.7°) accuracy of
processling the nominal angular coordinates of the housing at the time

of landing to be satilsfactory.

Let the values of the dynamile characteristics (masses and moments
of inertia) of the leg scctions of the vehlcle be loaded Into the
motion control system with errors, We conslder the effect of pertur-
bations due to these errors. Let mji’IJi be the actual masses and

moments of inertia of the j-~th section of the i-th leg (j=2 corresponds
to the thigh, J=1, to the shank), and mjiu,IJiu be the masses and

moments of inertla of thls sectilon loaded into the contrel system. We
consider the case when the magnitudes of the relative errors are the
same wilth respect to the masses and moments of ilnertia of all sections
of the legs and equal to

,'t;.‘.l a2 . V‘(ﬂ A .
Simae DI e B o)ttt
v eany

For the modes of motion listed above, errors of +5% ([émg[<0.05) are

processed efflciently. In this case, the accuracy of processing the
nominal angular coordinates of the housing at the time of landing,
practically, is not over 0.0l radian. With relative error GmH of ~15%

to 25%, the accuracy of processing the nominal angular coordinates of
the housing at the time of landing is not over 0.03 radian. The
maximum error arises in piltch angle 661, and the nominal values of the

bank and yaw angles are processed practically ideally. Errors amH>O

are processed better than negative errors. In other words, it is
better i1f the motion control system conslders that the legs are heavier
than actual, and not the contrary. These results are valid for the
four legged and six legged vehicles. The accuracy of processiling the
nominal angular coordinates of the housing at the time of landing vs.
SmH, for a bound to a distance of 10 m and an angle of rotation in the

flight phase Awpl=0.3 radian is shown in Table 1.

We consider another type of perturbation, connected with the in-
accuracy of processing the leg motion in the flight phase. It is
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consldered that, at telle, by the error in processing the required /U9

accelerations in the leg Joints i1s an unbiased normal distribution of __—
a random quantity. We recall that the minimum permissible step of

recalculation of the leg motlon is 0.025 sec. Let Pjn(t)(3=l,2,...3N),
where Pj=al,sl,...,qN, be the required acceleration of the leg joints
at time t. We set the actual accelerations of the leg joints equal to

b(t)=bn(t)(1+v), where v 1s the normal distribution of a random quantity
wlth a mathematical expectation of zero and a root mean deviation of

oc. The calculation results show that, for the modes of motion listed
above, an unblased random error of the required acceleration of the

leg joints, on the order of their nominal value (with ogl), has prac-
tlically no effect on the accuracy of processing the nominai[angular

coordinates of the housing at the time of landing max{[éy *[,|sel|,[syL]}
£0.01.

At the time of liftoff from the supporting surface, information on
the supporting surface in the landing region is known with a certain
degree of accuracy to the motion control system of the bounding vehicle.
During the flight, the model of the terrain in the landing region is
refined. The precise model of the terrain is used to reorganize the
vehlcle motion in the concluding stage of the flight phase, at less, 47,

We investigate the effect of data errors on the accuracy of processing
the nominal angular coordinates of the housing at the time of landing.
We consider bounds on a horizontal plane without turning in the flight
phase (Awpl=0), to distance D between 5 and 15 meters, to be nominal

motion. The angle of inclination of the initial vehicle center of mass
velocity to the horizon is 45°. During the flight, the motion control
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gystem determlnes that the altlitude of the supporting area differs from

the nomlnal value hy the amount dh, A data error on the supporting.

area altitude dh for these modes ¢of motlon lead only to errop ln /52
processing the nominal pltch anzle at the time of landing §0~, and the

bank and yaw angles are processed practilcally ideally. The areas of

values of data errors Sh, in which |801| does not exceed 0.01, 0.02 and

0.03 radian are shown in Flg. 6, for a four legged vehlcle. The per-
missible errors &h depend essentially on bound dilstance D. We desilgnate

Df the distance between the front legs of the vehlcle at the time of

Liftoff from the supporting surface and the back legs at the time of
landing. For the vehlcles consildered in this section, Df=D~2.5 m. For

the four legged vehicle, we obtain a value of ]661[40.01, wlth
-0.01656h/Df<0.028, i.e., such data errors have practically no effect

on the accuracy of processing of the nominal angular coordinates of the
housing at the time of landing. At ~0.065<6h/Df<0.08, there 1s satils-

factory accuracy in processlng the Eominal angular coordinates of the
housing at the time of landing, |[66~]|<0.03. Similar results, obtained
for a six legged vehicle, are presented in Fig. 7. Here, the permissible
data errors Sh are somewhat less than for the four legged vehicle. This
1s because the total weilght of the legs is 1.5 times greater ir. the six
legged vehilcle and, consequently, the errors of processlng the nominal
angular coordinates of the housing at the time of landing, due to re~
organization of leg motion of the vehicle in the concluding stage of

the flight phase, are greater,.

Sh

==
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Fig. 6

To bring about the supported phase of the motion of a bounding
vehicle, in this case, the active perturbations cause errors in
processing the programmed coordinates and velocity of the housing at the

29



LA

1 Sh

é 4”/,«:::

0.5+ /

00 r//////////W/////////// 2
w

//f/////M////////////ﬁ’
\
Q8 \\

[50%o0t colls612002  pos/SOtioos

W

time of liftoff from the supporting surfate. We investigate the ques-
tion of the effect of these errors on the accuracy of processing the
nominal angular coordinates of the housing at the time of landlng.

We consider a bound on the horizontal plane to a distance of 10 m as
an unperturbed motion. The angle of rotation of the vehlcle in the
flight phase 1s 0.3 radian, the angle of inclination of the initial
vehicle center of mass velocity to the horizontal is 45°. We will
assign an error of one angular coordinate or the veloclty of the hous-
ing at the time of liftoff from the supporting surface and determine
the accuracy of processing the nominal angular ccordinates of the
housing at the time of landing, by the stabilization algorithm. The
calculation results for four legged and six legged vehicles are
presented in Table 2. In the event the initial errors of the angular
coordinates of the housing do not exceed modulus 0.05 radlan, and the
initial errors of angular velocities of the housing do not exceed
modulus 0.1 rad/sec angle of pitch or 0.1l5 rad/sec angles of yaw and
bank, the stabilization algorithm processes the nominal angular coor-
dinates and velocity of the housing at the time of landing to within
0.01 radian.

Pig. 7.

N

We consider in detail the process of stabilization of the angular
motion of a bounding vehicle in the unsupported phase of the bound, in
the case when the unperturbed motion is a bound to a distance of 7.5 m
in the horizontal plane. The final supporting area is turned by 0.2
radian relative to the initial one, and the deviation of the direction
of motion of the vehicle from the azimuth of the initial supporting
area is 0.1 radian. The bound is made at an angle of 45° to the
horizon. A 100 kg load (10% of the weight of the housing) is placed
on the vehicle. The motion control system does not know of its presence.
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the moments of inertia of the

x-25,

=5 §I,=25.

Initlal error

housing change in the

The perturbations
introduced by the load cause deviations from the transition line and

make 1t necessary to make supplementary corrections, both in the sup-

ported phase of motion, and in the flight phase.

The vehicle coor-

dinates and velocities at the time of 1liftoff from the supporting

surface were obtained by the operation of the motion control system

in the supported phase. The perturbations introduced by the load in

the supported phase caused inaccuracy in processing the programmed
coordinates and velocities of the housing at the time of liftoff from

the supporting surface by the algorithm for stabilization of the motion
of a bounding vehicle 1n the supported phase.

The process of stabilliza-

tion of the motion of a bounding vehicle in the flight phase 1s shown
The time dependence of the angular coordinates of the

in Figs.

8-11.
vehicle housing are presented in Fig. 8.
efficiently processes the perturbations, and the angular coordinates

of the housing at the time of landing scarcely differ from the nominal

The stabllization algorithm
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values., The angle~ of the leg Jolnts and thelr
veloelties change continuously during motion

of the vehlele (Pig. 9~10). The time depend=-
gnce of the forces developed in the leg Joints
(in thousands of Newton meters) 1s presented in
Mg, 11, At the start and end of the flight
phase, the angular motion of the housing 1s
unstabllized, and the legs particlpate only in
the basilc transfer motion of the legs (see
Section 2). The maximum moments developed in
the leg joilnts in these time segments are

scarcely less than the maximum moments developed

in the leg joints during the flight. Con-
sequently, the necessity for completing the
bhound in the unsupported phase, wilth the basilc
transfer motlion of the leg, the additional
control motion of the legs does not result in
an lIncrease in the forces developed 1n the leg
Joints. The moments developed in the leg
Joints in the supported phase of motion were
obtained in [1]. In the flight phase, the
forces developed in the leg Jolnts are approx-
imately 5 times less than in the supported
phase of motion.

By using the simllarity and scale methods
in the mechanies [14], the results obtained can
be generalized. With a proportional £ times
change of all linear dimensions and a m times
change in the welghts of all the components of
the bounding vehicle, the basilc characterlstics
of motion ol the vehicle change in the follow-
ing manner:

flight phase duration, v¥ times;

angular velocity of housing and veloclties of leg joints,

1/V% times;

accelerations of leg Jjoints, 1/% times;

moments in leg joints, m& times.

For example, with a twofold decrease in linear dimensions, let the

mass decrease in proportion to volume (the vehicle has the same

specific weight).

Then, the moments in the leg joints decrease 16 times.

The calculation results show the efficiency of the algorithm for

stabilization of the angular motion of a bounding vehicle in the flight

phase, for various modes of motion with perturbations.

Conclusion

The problem of stabilization of the angular motion of a bounding
vehicle in the flight phase 1s Investigated in the work. Control of
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the angular motlon of the housing Iln the unsupported phase of the
bound i1s accomplished by a supplemental control motion of the legs.
The followlng conclusions can be drawn from the results of the work:

1. the advisability of the use of the principle of local
determination of the supplementary control motion of the legs in the
stabilization algorithm was demonstrated;

2. an algorithm for stabllization of the angular motion of
a bounding vehlele in the flight phase was constructed and utilized by
computer;

3. the results of mathematical modeling of the process of
stabllization of the motion of a bounding vehicle in the flight phase
show the efficlency of the stabilizatlion algorithm, for varlous modes
of motion of the vehicle with perturbations;

L, the magnitudes of the moments in the leg joints, devel~
oped 1n the flight phase, are approximately 5 times less than in the
supported phase of motion;

5. the necessity for making inflight supplementary control

motions of the legs does not lead to an increase ih the maximum moments
in the leg Jjoints.

34



10.

11,

12'

13.

14,

REFERENCES

Lapchin, V.V,, "Supported phase of the motion of o multilegped /62
bounding vehicle," USSR Academy of Scilenees Inptltute of Applied
Mathematics, preprint No. 126, 1978,

Laphsin, V.V., "Algorithm for syntheols of the programmed motlon
of a bounding vehlele for the flight phace,"” USSR Academy of
Scilences Institute of Applied Mathematiles, preprint No. 26, 1979.

Kirpichev, V.L., Becedy o mekhanike [Leectures on Mechanies), 5t.
Petersburg, 1907.

Mc?cngld, "How does a cat fall on its fect?" New Selentist 7/189,
1960) .

Smith, P.G. and T.R. Kane, "On the dynamlcs of the human body,"
Journal of Applied Mechanies 1, (1968).

Stepantsov, V.,I. and A.V. Yeremin, "Human bilomechanlcs in unsup-
%orge? motion (welghtlecsness)," Kosmicheskiye lssledovaniya 6,
19 9 *

Bebenin, G.G. and Yu.N. Glazkov, "Some recults of study of the
rotation of a man in space," Kosmicheskiye issledovaniya 4, (1977).

Okhotsimskiy, D.Ye., A.P. Bukharkin and Yu,F. Golubev, "Algorithm
for autonomoug control of landing a space vehilcle at an assigned
point," XKosmicheskiye issledovaniya 2, (1970).

Okhotsimskly, D.Ye., Yu.F. Golubev and Yu. G. Sikharulidze,
Algoritmy upravleniya kosmilcheskim apparatom pri vkhode v
atmosferu [Algorithms for Control of a Space Vehlcle During
Entry into the Atmosphere], Nauka Press, Moscow, 1975.

Okhotsimskiy, D.Ye., Yu.F. Golubev and L.A. Alekseyeva, "Control
of a dynamic model of a walking vehicle," USSR Academy of Belences
Institute of Applied Mathematiles, preprint No. 2, 19T7h,

Alekseyeva, L.A. and Yu.F. Golubev, "Adaptive algorithm for
stabilization of an automatic walking vehicle,'" Izvestiya AN
SSSR, Tekhnikheskaya kibernetika 5, (1976).

~
D
W

B

Kyuntsi, V and G. Krelle, Nelineynoye programirovaniye [Nonlinear
Programming], Sovetskoye Radio Press, Moscow, 1965.

Pshenichnyy, B.N. and Yu.P. Dalinin, Chislennyye mefody v
ekstremal 'nykh zadachakh [Digital Methods in Extreme Problems],
Nauka Press, Moscow, 1975.

Appel!, P., Teoreticheskaya mekhanika [Theoretical Mechanics],
Fizmatigz Press, Moscow, vol. 2, 1960.

35



	1980014217.pdf
	0007A02.tif
	0007A03.tif
	0007A04.tif
	0007A05.tif
	0007A06.tif
	0007A07.tif
	0007A08.tif
	0007A09.tif
	0007A10.tif
	0007A11.tif
	0007A12.tif
	0007A13.tif
	0007A14.tif
	0007B01.tif
	0007B02.tif
	0007B03.tif
	0007B04.tif
	0007B05.tif
	0007B06.tif
	0007B07.tif
	0007B08.tif
	0007B09.tif
	0007B10.tif
	0007B11.tif
	0007B12.tif
	0007B13.tif
	0007B14.tif
	0007C01.tif
	0007C02.tif
	0007C03.tif
	0007C04.tif
	0007C05.tif
	0007C06.tif
	0007C07.tif
	0007C08.tif
	0007C09.tif
	0007C10.tif
	0007C11.tif
	0008C05.jpg
	0008C06.jpg
	0008C07.jpg
	0008C08.jpg
	0008C09.jpg
	0008C10.jpg
	0008C11.jpg




