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Control and Stability Analysis of a Walking Knee-less
Biped with Torso

Abdul Jaleel, Tripuraneni Varun, Arun D. Mahindrakar

Abstract

Seminal works in biped walking such as [1] had assumed favorable initial
conditions on a limit cycle to start with. A more practical approach would be to
start the biped from a static resting position. This paper proposes a siwhplifte
straightforward approach for taking a biped robot from an initial regpiosjtion
to a stable walking limit cycle. The biped model selected for the study is thee'kn
less biped with torso’. The problem is tackled in two staggaitinitiation from
rest followed by convergence stable walking. Walking is divided into various
sub-phases depending on the state of the biped and simple state feedbfok
laws are proposed for each phase. The individual control laws atfeematically
accrued into a single control law valid throughout the walking phase. Siiounla
results validating the approach are presented.
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1 Introduction

The study of human locomotion and attempt at its imitatiomiped robots have been
an active area of research for many years. The motivatioimtéhis interest are many.
It can be seen that legged locomotion is often the most idealenfior mobility over
rough terrains. In fact only half of the earth’s landmassciseasible to wheeled and
tracked vehicles. The advantage of legged locomotion Biréigard can be attributed
to isolated footholds which optimize support and tractidfet another advantage is
that the payload (body) can move smoothly irrespective efrttughness in terrain as
legs decouple the path of the body from the path of the feeeég8ed system can also
step over obstacles. Further, research in this area cameiin better understanding
of human and animal locomotion. Motivated by these reasotesge amount of work
has gone into the study of legged robots. A detailed deseniif the initial research
and various milestones in this regard can be seen in [2].

Legged locomotion is studied under various modes such d&ngatunning, skip-
ping etc. In this work we focus on walking. It has been provet bipeds are capable
of walking down slopes without any control inputs. This ied passive walking and
can be seen in [3], [4]. In [5], the author has shown the emtsteof a class of walk-
ing machines that settle into a steady gait quite compartabiteiman walking when
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started with shallow slope, without active control or eryeirgout. In [6], the authors
extend the stability analysis of the simplest walker [7] bdaon improved and accu-
rate analysis of the simplest walker. Active walking witle thelp of controllers is of
more practical interest and a wide variety of control lawgehlaeen proposed for the
same. In [3], the authors argue that mimicking the passiitevggacontrol will have
its advantages. A portion of control strategies proposéitkirature for biped locomo-
tion depend on trajectory tracking. This is done using cardus PID controller [8],
computed torque control [9] etc. Other control approacheishkvdo not rely on trajec-
tory tracking include energy tracking control laws [10]ntwl of angular momentum
[11] and intuitive control strategies [12]. Other works battempted the use of foot
actuation via impulsive foot action [13].

In this work we aim at taking a simple biped model into a statdéking limit
cycle. While most of the previous work on biped walking haveuased the biped to
be already in a favourable initial condition within the lirai/cle, we attempt to initiate
the biped into walking from a resting initial position - a reaealistic scenario. This
gait initiation and the succeeding walking cycle are adhikusing a set of feedback
control laws.

2 Mathematical M odel

The primary step in the study of legged robots is the seledf@n appropriate math-
ematical model to represent the system. A large variety afetsohave been proposed
in literature with varying degrees-of-freedom and comipyex hey differ in the pres-
ence of knees, torso, limbs and other features[1, 14]. Hectieg an appropriate
model for study, a compromise has to be made between accafahg model and
its simplicity. The most simple model seen in literatureresenting a biped is the
compass gait model in [3]. The simple addition of a torso te thodel resulted in a
challenging yet tractable model called the ‘knee-lessdipith torso’.

Figure 1: Knee-less biped with torso
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This biped model consists of two legs and a torso as showrginlFiThe anglé,
corresponds to the stance lég,the swing leg ands the torso. The legs are taken to
be symmetric with length. Massm of each leg is assumed to be lumped at a distance
of r/2. The hip is assumed to be a point madg . The torso Center-of-Mass (COM)
with massMr is taken at a distanciefrom the hip. The hip contains two actuators,
one for each leg. It is to be noted that for the above model takibe to walk without
scratching the surface, a foldable or retractable tip israssl as in [10]. Keeping the
mass of this tip negligible, this provision can be negledtethe theoretical study of
the biped walking.

Walking consists of two alternating phases - the swing phagdhe impact phase.
Hence a hybrid model is used to describe the dynamics assdaiath it.

The dynamic model of the swing phase for the walker is obthinging Euler-
Lagrange equations given B g—aﬁ — gTLi =1;, 1 = 1,2,3 where the Lagrangiah is
the difference between kinetic and potential energiesesifstem and is the vector
of external torques. Note that = 0. For the walker in swing phase, = (01, 62, 63)

and the dynamics are

M (qks)ds + O (q$a Qa)Q5 + Gs(Qs) = Bs(Qs)u (1)
where,
TQ(%m"’MH + Mr) —%mT2C12 Mrrle;s -1 0
M, = —%m?‘QClg %mrQ 0 i Bs = 0 -1
MTT‘lclg 0 MTZ2 1 1
0 ) _%mT'Qe.QClQ MTTlégslg d
Cs = | smr?bisiy 0 0 Gy = | Lgmrsing,
—Mprlfisi3 0 0 —gMrlsin O3

C12 é COS(91 — 02),013 é COS(91 — 03),512 é sin(01 — 02),513 é COS(91 —

0s3),d 2 —39(2Mp + 3m + 2M7)rsin 1. With z = (g, ¢s), (1) can be written in
state-space form as

z = fs($)+gs(x)u' (2)

During the impact phase the swing leg comes in contact witgtiound. The stance
leg is assumed to leave the ground simultaneously with itigact. Hence the impact
phase is instantaneous and can be modeled as a discretarotqzriwords a mapping
from states ‘before’ impact to ‘states’ after impact. Thigpact model is derived using
the principle of conservation of angular momentum as erplhibelow.
Unlike the swing phase where we only required three statest@nce leg tip

remains fixed over a step) the impact phase requires fivesstateus we augment
21, 72 10 g5 to obtaing, = (61, 62,03, 21, 22). The equations thus obtained are

Mf’(q(’)qf’ + CE(qe7 Qe)qu + Ge(Qe) = B(’(Qe)u + 0Feq. (3)
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The vectod .., represent the external impulse forces acting on the bodypgloon-
tact. Integrating (3) over the duration of impact we can wbta

Me(Qe)(‘jj — 4, ) = Fext- (4)

whereg is velocity after impactg_ is velocity before impact and.,; = f OF eyt

Heret™ is the time just before impact and just after. The co- ordlnates of the end

z1 +rsinf; — rsinfy
o+ 1 cO80; — 1 cos By | Further letFr, Fy

be the forces (in the Cartesian space) applied at the tip adumpact and define
F=[Fr FN] The transformatlon from Cartesian space to joint spacesgiv 4 =
F.te- Butfy = Ge = E¢. whereE = 3—7. Substituting iny and rearrang-

ingF'"E—-F!, = 0 yields F.,; = ET [Fr FN] . Assuming that the leg neither
rebounds nor slips on impact, leads to

d oy

of swing leg is given byy(¢.) =

400 = (50 = Faf =0, (5)
Combining (4) and (5) we obtain
M, —ET @t | _ | Medo
LR ®

Also it can be seen that the legs swap their role on impacts #hand6, are inter-
changed whereas remains same on impact. Hen€g = 6, ;605 = 6, ;05 = 65
which along withg™ from (6) forms the discrete map representing the impact ﬂnode
and is denoted by

T = Ax7). @)

whereA returns the states after impdet™) as a function of states before impéet).

The overall hybrid model of the biped walker is obtained bynbmming (2) and
(7). For this first we define the walking surfaSeasS = {(¢s,qs) : 61 + 62 = 0}.
The overall hybrid model of the three-link walker can theniten as

z = fs@)+tgs(@)u z(t) ¢S
o= A aes Q

3 Proposed Control Law

The control objective is to initiate walking in the biped irvisually appealing gait,
and continue the walk until a stable limit cycle is reachelde Verification of stability
of the limit cycle will is carried out using Poindamaps, which is omitted for the sake
of brevity. The objective of walking from rest was achievadwo stages. The first
phase aimed at kick-starting the motion by moving the torsatfand hence make
the biped fall forward. The next phase aimed at manoeuvhigyfalling biped into

a stable walking limit cycle behaviour. This phase is furti?ided into three sub-
phases depending on the angle of the stance leg. Specifictivbgeare assigned for
each sub-phase and state feedback control laws are usduegethe same.
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3.1 Phasel - gait initiation

To initiate walking, the biped’s center-of-gravity havehe shifted ahead. This is
achieved by rotating the torso forward using the stancextdgator. The aim is only
to reach a required angular position, and not to stabiliperad it. Therefore, a neg-
ative feedback control using the angular velocity of thedowould achieve the same
result, keeping the angular velocity within a specified tinTihe control law used is
1 = kr..(03 + 1.5) + 10e'%%. The first termk; 4 (63 + 1.5) contains the main
feedback control, which brings the torso to a terminal aagutlocity of1.5 rad/s in
the clockwise direction. The second tetde!'% only increases the rate at which the
system moves towards it's feedback aim.

3.2 Phasell - stablewalking

Phase Il is a sequences of sub-phases which begins the mihraamting leg detaches
from the surface, and ends when the step is made. Every stdppd makes is one
iteration of phase Il. The second phase consists of thre@kabes: 1) From the start
of Phase Il till the stance leg becomes vertical, and is atwofatl forward, 2)from the
end of sub-phase | till the swing foot reaches a desiredipasitbove the surface, 3)
from the end of sub-phase Il till the swing foot makes conteth the surface.

3.2.1 Sub-phasel

The local objective of this sub-phase is to: a)Bring the gwéy forward towards the
stance leg, b) to reduce the difference betwidghand|d| , in order to make the gait
resemble that of a human, c) to reduce the torso angularityebxmuch as possible.

. 2,
The stance leg control laws; sub—phaser = k1,5t (—m (91 + (71'/2)) +03) is

aimed at taking the angular velocity of the stance leg to aired value, in ad-
dition to the feedback control on the angular position of theso. The first term

. 2
—k1,stm (91 + (71'/2)) is the negative feedback control which settles the ang@ar v

locity of the stance leg to a value af/2 rad/s. The second termlvstég attempts at
reducing the angular velocity of the torso. The swing legtris aimed at reducing
the difference between the angular positions of the swinbstéance legs. In addition
to moving the swing leg forward, this feedback control matkesgait resemble the
human walking gait. The feedback contrQl, sub—phase1 = k1,50 (—01 — 02) iS @
state feedback controller, with an adjusted coefficient fiitst sub-phase ends at the
moment the stance leg crosses the vertical.

3.22 Sub-phasell

This sub-phase is crucial in increasing the overall vejooftthe biped, and in moni-
toring the step-length in the current and subsequent sfidmslocal objective of this
sub-phase is to: a) Continue the motion of the stance andydegs, in their respec-
tive directions, b) increase the clearance gap betweenatimg oot and the ground,
in order to detect the position at which the step fall can d@bed (Phase Ill), ¢) bring
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the torso angle to a desirable value.

The stance leg control law; sub—phase 11 = k2,5t (83 + (7/6)) is aimed at bringing
the torso angle to a desirable value, which here/& The desirable value given in the
feedback control here is/6. Note that the torso might never reach the given desired
value, but the feedback control will achieve the target ab#izing the value of the
torso angle to a certain small range.

The swing leg control law is aimed at the first and second ¢k The first
objective is met in a way similar to the swing leg control lafvRhase I. The sec-
ond objective is dependent on the step length to be taken dyitied. A clear-
ance of5 cm is taken as the goal of the feedback control, and the reguléiw is
Tow,sub—phase IT = k2 5w {—91 — 02+ 9—10] where,f is the initial angular position of
the stance leg, just before the current step began. Thenmeeséd, ensures that the
step length taken in the current step is approximately etguidle previous step. This
prevents the step length from increasing drastically, twidgvers the biped, in which
case the subsequent step might not be able to overcome tterslass in Potential
Energy. The second sub-phase ends when the stance legg@acntain given angle,
which is a simple function of,. This is also to ensure that the step-length does not
change too much.

3.2.3 Sub-phaselll

This is the sub-phase in which the impact occurs. The locpatibie of this sub-
phase is to: a) Manoeuvre the swing leg so that the foot attaimear vertical angle of
approach just before impact, b) bring the torso angle to gsirable value, i.er/6.
The stance leg control law; sup—phase 111 = k3,5t [03 + (7/6)] is again aimed at the
torso angle.

The swing leg control law is aimed at the first objective. TRpression in the
feedback control
Tew.subphase 11T = K350 [Cos (601) 61 — cos (62) 02 — p (02 — (7r/15))} is the deriva-
tive of the horizontal velocity of the swing foot.

3.3 Mathematical accruement

The requirement is to integrate the three control laws irdimgle continuous function.
With the help of ‘switching’ functions, the overall contralw can be written as; =
f1C1 + f2Cy + f3C3 whereCq, Cy, C3 correspond to the control laws of the first,
second and third sub-phases respectively gnds, f3 are the switching functions
selected such that they have a constant value (preferallyrir)g the corresponding
sub-phase and is zero elsewhere. Hence during sub-phase-1, x« C; + 0 x Co +
0« C3 = C; and so on. The natural choice for such a switching functiomldvo
be rectangular pulses. But this renders the system discants, hence continuous
functions which approximate the rectangular pulse werglsbuThe tan hyperbolic
function has a behaviour which can be manipulated to obtésrafpproximation. Two
appropriately constructeghnh( - ) functions can be added to obtain a function which
is very close to a rectangular pulse. The sub-phases of geel biere defined based
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on the value of the stance angtg, Hence tan hyperbolic functions 6f were used
to obtain the switching functions for the biped.

4 Simulation Results

The equations (8) were solved to obtain the continuous &wolof the states. The in-
tegration was stopped on detecting an ‘impact’ of the swaggwith ground, denoting
the end of the current step.'Impact’ was detected by the O&Mes using its built-in
‘events’ function which kept checking fal, = 6, with every integration step. On
detecting an impact the integration was terminated and ia¢ States were passed on
to a discrete mapping function which represents the chamgtates due to impact.
The equations obtained for the impact phase were used foulatihg the new states
after impact. These new states were then passed back to tBes@izer, which ac-
cepts them as the new initial conditions and restarts iategr as before. This whole
cycle is repeated until a ‘fall’ is detected or the biped vgadkprescribed number of
steps or if a specified time limit is reached. From the initést condition, Phase | of
the control law was successful in pushing the torso forwdiae leg anglesd; and
f>) remain constant at the initial values throughout the phdwread; decreases (as
clockwise is considered negative). The plot of angles dugait initiation are shown in
Fig. 2(a). After successful gait initiation, the phase Itloé controller becomes active
and tries to initiate the biped towards a walking behavidure biped converging to
a limit cycle walking was successfully simulated. The licytle was obtained when
the biped reached the state= (—.1157,.1157, —.4565, —1.3261, —0.3949, 2.1681).
This convergence can be seen from the pldt,ofs 6, as shown in Fig. 2(b). The stick
animation of the biped converging to the limit cycle and thexking without fail for
any prescribed number of steps is shown in Fig. 2(c).

5 Conclusion

The knee-less biped model was successfully taken into &edtatit cycle correspond-
ing to a walking gait using simple control laws. The probleasvgimplified by divid-
ing the walking cycle into two main stages - gait initiatiamdestable walking. Stable
walking was further tackled in three sub-phases. IndiMidbgectives were identified
for each sub-phase and feedback control used to achieve thbewalking so ob-
tained was further analyzed for stability using PoigcBReturn maps and found to be
stable. The robot was also found to be stable against sippin
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