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ABSTRACT KEYWORDS
This research is combining Central Pattern Generator approach and Biped walking;
advantages of passive dynamics. In this research the smooth walking Passive dynamics;
problem of the large mass torso biped walking robot is solved. The core Limitcycle;
innovationisadirect, robust and efficient control systemwhichisdevel oped CPG contral;
through designing afive-level reflex controller. In this paper weintroduce Large mass torso.

some new methods: Using asimple sinefunction asoutput torque waveform
of CPG controller to drive the motor which links the swing leg and the hip
joint; Impose secondary incentivesto improve the landing performance of
swing leg when it is unbending; Design a pedal foot kinetic energy
regulation controller according to the different walking of robot; Design a
feedforward discretization torso controller to reducethe swinging amplitude
of torso. Through simulation tests in Matlab/Simulink, our strategy for

large masstorso biped walking is verified.
© 2013 Trade SciencelInc. - INDIA

INTRODUCTION

For the biped walking robot with large masstorso,
adding atorso in the biped walking modelsrequires
extraeffort becausethetorso needsto maintain stabil-
ity inthe moving processthrough motor control. Torso
dynamicsisvery smilar totheingtability of theinverted
pendulumitself. Inaddition, the hip joint, base of the
unstabletorso, movesin space. Theaccel eration of the
hip joint causesalarge disturbanceto thetorso balance
inwaking. Despitethesechalenges, humanbengsare
dill abletomaintainthetorsointhesagitta planewithin
theoffset of only 0.02 radians (about 1 degree), and it
asocansgnificantly reducestheangular veloaity of heed

relativeto crotch. Professor Chatterjeeand otherspro-
posed acompletely passiverobot withtorsowhich can
move at acertain speed? ontheflat ground. Professor
Gomesand Ruinadeve oped awa king mode>® with
no energy dissipation at acertain speed. The support-
ing leg moveswith theway of aninverted pendulum,
whilecollision of swingleg causeskinetic energy | oss,
which must be compensated throughincentives. How-
ever, if therobotshaveatorso, aslong asthetorsoand
theswinglegarenctinagtraight lineinlanding, thereis
no total lossof kinetic energy. So adding atorso can
reducethe energy disspationratein collision.

In this paper, we study the active control of torso
posture and the coordination control of torso stability
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and walking stability with the use of CPG contral in
limit cyclewaking.

SIMULATION MODEL

Thissmulation modd isbased onasmplifiedwak
modd of Garcia, showninFigurel. Wecan seearigid
2D model of 3-4rigidrod dternating, inwhich atorso
with alength14=0.6 and two legslinked in the crotch
with aunit length 11=0.6. Each leg has a coel ongate
thigh and calf, that is12=13=0.3. In addition each leg
alsohasarigid circular foot witharadius0.2 and an
opening angle 120°. There are five mass points in the
model. Oneistorso mass point asmd4 = 3.3, and other
two are thigh mass point asm2 = 2.2 aswell astwo
caf masspointsasm3=1.1. When afull legisina
straight line, the mass points of thigh and calf will be
merged into the mass point of thefull legasm1=3.3
with anegligiblequality of foot. Therelative szeand
relative quality, we proposed here, arearough abstrac-
tion of theactud principle prototypequdity sizedistri-
bution, whichwearegoing to develop. Themodd waks
inagravitationd fieldwithgaccd eration of gravity. The
torquebetweentwolegsof hipjointisu2, andthetorque
between supportinglegsand torsoisul. Inthemode,
theunilateral constraint between foot and groundisa
rigid congtraint.
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Figure 1: Robot reality model

Swing leg

Several pre-assumptionsof smulation gait areas
follows(seeFigure?2):
1) Gaitismadeof two steps. OneisSingleleg sup-
porting, and another ismomentary two legs sup-

porting.

2) Thesupportinglegsremain sraight duringthewak-
ing.

3) Theswinglegshavecompletdy straight beforeland-
ing.

4) Theimpactiscompletelyineastic collisonwhen
thighandcaf areinagtraight line.

5) Thecallisonof swingleglandingisasocompletely
indasticcollison.

Walking direction
—_—
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Figure2: M odd walking strategy diagram

Landing
collision

Thecoordinatesand parameters of systemrefer to
Figure3and TABLE 1.

(a] connecting rod parameters (k) coordinate of rirsfslcp (€ coordinate of first step

Figure3: Mode connectingrod parameter sand coor dinates

CONTROLLERDESIGN

CPG basal controller

Biologica studieshavereved ed that movement of
vertebrates, including humans, mainly generatesand
regulates by Central Pattern Generator (CPG), rather
than brain. Central Pattern Generator (CPG) isabio-
logica neurd circuit to generateanimal rhythmic move-
ment behavior, which consistsof aseriesof neural os-
cillator, andisacomplex distributed neural networks
integrated by neural oscillator and multi-reflector loop
system. Theingtructionsof anima rhythmic movement
could beindependently generated by the CPG and it
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could produce astable movement pattern by nerve—
muscle coupled and motion perception feedback sys-
tem, to make the animal rhythmic movement pattern
with abetter adaptability and plasticity.
TABLE 1: Specific parameter list of model
M odel

par ameter unit rod symbol value
leg ml 3.30

. thigh m2 2.20
quality O car m3 110
torso m4 3.30

leg 1 0.60

thigh 12 0.30

length m calf 13 0.30
torso 14 0.60

e R 020
leg 11 0.123
mass point kg thigh 12 0.032
moment of inertia calf 13 0.016
torso 14 0.016

leg al 0.35

mass point m thigh a2 0.14
position calf a3 0.16

torsi a4 0.2

CPG basal controller designed hereis based on
theabovebionicidea, providingamost basic waking
styleand gait for biped walking, sowecalled it basa
controller. We useamost smplerhythmicsignd - sine
wave as stride driving torque of swing leg, that is

A-sing+B, T.<t<T
uz(t):{ ° 5
0, T, <t<T.?

Inwhich ¢ = w-(t-T.)+ ¢, T, andT, respectively rep-
resent the moment of landing collision and kneecolli-
sonof thei-th step. ¢, isainitia phaseangleof oscilla-
tor. CPG basd controller iscontrolled by asensor in-
put signd, shownin Figure4. Kneeimpact signa and
landing impact signal obtai ned by the contact sensor
collaboratively control the start / stop state of crotch
oscillator. Thisintermittent control Strategy basesonthe
human body EM G signa measurements. Through the
above design, the number of CPG controller param-
etersismuch lessthan the number of existing neurons

oscillator method, which al so reserves someworking
placefor crotch secondary incentive.
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Figure4: Output signal diagram of CPG basal controller
Feedback Torso PD controller

Thecontroller isdesigned to achievetheinverted
pendulum control of torso, that is, keeping torso up-
right as possi ble during walking..,and., respectively
represent thetorque of supporting leg and swingleg
relaivetotorso. Therefore, ., ., representsthetorque
u,,.., suffered by thetorso. For , we design asimple
and direct PD controller, shown asthefollowing equa
tions, inwhich thegravity of thetorso should be ahead
basing onthebionics, will besetat 7.5°.

{ u, :A~§n[w»(t—Té)+¢o]+$ - { u, :A»sin[w~(t—Té)+¢i50]+B
U, — Uy ==K (9, = 7 — dhyoe) — Koy Uy =Ko (0 = 7 = o) + Koy + U,

We can see, dueto the addition of torso control,
swinglegsnot only bear areaction of swing torque, but
also bear areaction of torso PD torquecontrol, that is,
torso control take animpact on the coordination walk-
ing of two legs. We should choose areasonablevalue
for two parameters KP and KD. If the value of the
parametersistoo small, the systemrigid will be not
enough, and then thetorso will sway violently. It not
only can’t meet the technical specifications of torso
control, but a so makes more difficult to thewalking
dability of sysem. If thevadueof parametersistoolarge,
itwill generateasharp pulseinlandingimpact, and the
amplitude of which may be higher an order of magni-
tudethan CPG sinusoidd signal. Soif thereisadlight
disturbance, it will bedifficult to maintain thewalking
stability of lower bodly.

Feedforward grid tor so correction controller

The controller isdesigned to reduce thetorso mo-
tionrange, toimprovethe stablemovement indi cators of
torso. Epecidly beforeswinglegslanding, let robot torso
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leaned forward inadvance. Ononehand it can buffer the
suddenly back of landing. Ontheother handit also can
increasetheangl e between torso and back extensonline
of swinginglegto reduceenergy lossresulted by shock.
Thiscontrol strategy, baseon thebionic, smulatesthe
wal st musclesandjointsrhythmic movement of human
walking. Theory and experiment have been fully con-
firmed. Specific controller designisasfollows:

After astablewalking of robot, wefind that ineach
waking, duringthetimefrom swinglegsliftingtolanding,
supporting legsswing over aangle about 0.24 radian.
Wetakeit asameasure of robot walking process, and
per 0.03 radian as a node we can classify the whole
robot walking processinto 9 pieces. At thej nodeof the
I step, we can detected the deviations between current
running statusand expected results, thet is, thedeviation
of torsoangle, andtorso angular velocity ¢, relativeto
standard anglerespectivelyis7.5°and Orad /s :

Bias ; =q,—7—10x7/180+¢, / 80+ Bias 4 |

The reason why we take the bias angle of 10 °
rather than 7.5 © is just because we take into account
that therisk of torso backwardsto syssemismuchlarger
than torso forward. Sointheforward correction pro-
cesswedlightly increasethetorso forward rangewith
theuseof bias. In addition, we a so hopeto get acon-
vergent control strategy through cumulativedeviation,
to prevent acontrol oscillation.

Then at the j-1 node of thei +1 step we start a
given correction based on the walking experience of
previous step, to achieve the feed-forward pre-cor-
rection:

T = 10 X Bias

rectii+l,j—1)

Thiscorrectiontorquewill continueuntil thej node
of the i+1 step, and then measure =x...,, by the same
method. And so the cycle continues, the first node of
new stepisthetenth nodeof previousstep. Soit accom-
plishesthediscrete sampling and andysisof movement
sateinformationt, theraster processing of full move-
ment, and thewhol etracking of movement correction.
Thismethod can effectively reduce the compl exity of
control strategy, dramatically reducetheamount of com-
putetion, effectively capturethemotioninformation, and
providean effectivefeedforward control for thetorso
control of robot motion control system.

Feedback pedal foot controller

Thecontroller isdesigned to add energy for biped
walking system. The problem of the system without
torsoisnot obviousin thisrespect. But for the control
systemwith torso, dueto large masstorso, energy loss
increasesinlanding collison and thegravitationd po-
tential energy need to be supplemented al so increases
in barycenter shifting. So the addition of pedal foot to
supplement energy |ossisvery necessary.

Shownin Figure5, thedirection of pedal foot im-
pul se designed hereisupward along supporting legs,
acting at themoment of swinglegslanding.

q4

. pedal foot

impulse
x
o =
i}
: IFy

Moment of landing collision

(el,e2)

Figure5: Pedal foot impulsediagram

Research showsthat thispedal foot impulseadded
to robot system will not affect walking frequency of
robot system, and increase the pace and improve the
energy efficiency of walking. Sincethestride of each
step canreflect potentia energy and kineticenergy of a
systemto someextent. Hencewetakethestrideof one
step asmeasured standard. Thevalueof specificim-
pulseisdetermined asfollows:

0
0.2

O > 0.245
0.245> 6, > 0.240
021 0240>6,,, >0.2315
03 02315>¢,,, >0230

push—off

05 0230>6,,,>0220

037 0220>46,,,>0210
15 0210>6,,

Inwhichthevaueisthebest resultsobtained through
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several tests. There was abnormal in case 6 just be-
causewespecificaly consder robot doesn’t into a stable
walkinginthefirst three steps.

Feedforward half swing L eg controller

Thecontrollerisdesgnedtomonitor themotion Sate
of haf walking for thecompensation control especialy
kineti c energy and momentum. Through the secondary
incentiveof crotch torque, we can control thewalking
stride, improvethe position of swinglegslanding, and
adjust thekinetic energy and momentum of system. If
only for thethighangular position of swinglegs, dueto
thepoor immunity of sysem, asmdl deviation caneedly
beenlarged. Sowedirectly choseto anayzethethigh
angular vel ocity sothat we can haveamoredirectly con-
trol tokinetic energy and angular momentum. Whenthe
supporting legsperpendicular toground, that is, wetake
parameters measurement & haf timeof walking process
andfurther proposeacontrol strategy.

Specific secondary incentivetorque asthefollow-

ingequation:

0.2 0.25>¢q, >0.15

0.15 0.15> g, > 0.08

0 0.08 > g, > 0.02
Tsecondary =

-02 0.02> g, >-0.07

-03 -010>q,>-0.135

-04 -0135>¢,

We respectively design CPG basal controller, feed-
back torso PD controller, feed-forward grid torso cor-
rection controller, feedback pedal foot controller, and
feed-forward haf swingleg controller. Fivecontrollers
cooperatewith each other, and respectively mimicthe
action of humanwalking such aspeddingthefest, sving-
ing thetorso and so on, aswel | asreflective adjustment
of specific motion state. They collectively makeup a
reflection control system together based onthe CPG
principle.

CONTROL SYSTEM SIMULATION RESULT
ANALYSIS

For the CPG control system combined by five con-

trollers, we take asimulation on the model of robot
dynamicsand controller model swith useof Matlab/
Simulink, to assessthe effect of thiscontrol strategies
and makerdevant conclusions, asfollows:

Each joint angleand angular velocity analysis

Figure 6 shows each joint angle diagram of robot
from the beginning of walking into the stable. We can
see that the system can make a quick adjustment to
ensureastablewalking after three stepsinstablewal k-
ing & thebeginning.
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Figure 7 showseach joint angular velocity of robot
from the beginning of walking into the stable. We can
seethat theangular velocity mutation of torso canre-
celveaquick rectify after landing.
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Figure7:Angular velocity of eachjoint during robot walking

Figure 8,9,10 respectively showsthejoint angles
and angular vel ocity of swing legand supporting leg
withinthirty seconds. All of thesefiguresareclearly re-
flectsthelimit cyclesformed after stablewaking of ro-
bot. It showsastableand reliablewalking of robot.
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Figure8: Limit cyclediagram of supportingleg
Control effect analysisof thetorso

Figure 11 showsaangleand angular velocity dia
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gram of torso. We can seethat although thegraphis
not as neatly asthe swing legs’, but it still appears a
clear and gablelimit cycleand ahigh repestability graph

syle.
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Figure9: Thigh limit cyclediagram of theswing leg
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Figure 10: Calf limit cyclediagram of theswingleg

Figure 11: torso swing limit cyclediagram

Maintainingtorso stability isakey inthisstudy, be-
causekeeping stability of torso duringwakingisapre-
requisitefor astablevisua platform, anditisimportant
to the study of humanoid robotsin thefuture. Theac-
cesswetaketo thistechnology index assessment isby
means of extracting the standard deviation of torso an-
gular displacement g, inwalking (Timeof paceisT).

————, FyurrL PAPER

ill x .
19611z = |7 [ (8= 87t
e

Throughthe graph of g4, we can seethat the swing
range of torso correspondingly decreases after acor-
rection of raster torso feed-forward control system.
Throughthenumerica analysisof smulationresults, we
get atorso swing rangewith every 5 secondsdoing one
index evauation. Theresultswe obtained

asfollows:

Through the above measurement data, it showsthat
theraster torso feed-forward control system success-
fully playsaroleinreducing theswing rangegradualy
inorder to achievetheeffect of convergence, and the
torso swing rangetakesin agood tendency of gradual
weaken. Thetechnol ogy index weobtained, especidly
theindex 0.0048 during the 25th - 30 seconds, issu-
perior to0.0052 of Dutch delft university of technology
Hobbelen group, which takesamajor study inrelated
fiddd8. Themaximumtorso swingrange0.02 radianis
better than 0.04 radian of Hobbelen group. Theformu-
lation of wholetorso control strategy and the specific
controller designisvery successtul.

Wholewalking effectsanalysis

Asshowninfigure 12, it shows awalking stick
diagram of robot walking 30 seconds 49 steps. We
can seethat thewholewalking of robot issmooth and
stable, and the system we design can satisfiesthetech-
nical requirements. Specific 30 secondsvideo of suc-
cessful walking could download fromthe URL:

http://166.111.4.50/personal data/2006010583/
s30. avi.

The simul ation results shows, the system we de-
sign, collectively combined by CPG basal controller,
feedback torso PD controller, feed-forward grid torso
correction controller, feedback pedal foot controller,
and feed-forward haf swingleg controller successfully
realizethe passivewak control with large masstorso,
torso swing rangein areasonablerange, and astable
and smooth robot walking.

CONCLUSIONAND OUTLOOK

Themotion control of largemasstorso mainly lies
inthetorso coordination and legscoordination, namely
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thekey of main control is, on one hand how to realize
theinverted pendulum control of torso, on the other
hand how to maintain astable biped walkinginfluenced
by inverted pendulum control. Compared with origina
system without torso, which gives priority to pose con-
trol and emphatically anayzestheangleof eachjoint,
passivewalkinginstitution with largemasstorso gives
priority tothemotion state control and emphaticaly ana:
lyzesangular velocity of eachjoint. Inthesystemwith-
out torso, it control sthe speed and position of support-
ing legsto coordinate energy conversion, whereasin
the systemwith torso, it emphatically controlsthe dy-
namicstuaionof swinglegs improvesswinglegslanding
conditionsin order to prevent thesubtleerror isampli-
fied swinglegs, improvesswing legslanding conditions
inorder to prevent the subtleerror isamplified.

In this paper, CPG basal controller imitates the
walking control characteristic of human nerve center;
feedback torso PD controller, feed-forward grid torso
correction controller imitatesthewai st rhythmic move-
ment of human walking, which hasimportant signifi-
cancetothewalking balance and torso visua platform
gahility; pedd foot controller imitatestheaction of pedd
foot or knee bounce motion to supplement kinetic en-
ergy during human walking or running; feed-forward
Swinglegcontroller imitateshumanwakingtoimprove
landing performance, to prepareinstinctive responses
for thenext step. Thewhole constitute walking control
system effectively imitatesthe control strategiesof hu-
manwaking, withafully confirmationonthesmulation
model of largemasstorso. Especially thetechnical in-
dexes of torso control meet the requirements of sys-
tem.

Future follow-up work can be started asthefol -
lowing:

1). Thewalking control strategy research of the sys-

tem with large masstorso on the rough pavement.
2). Thevariable-steprangeor variable-step frequency
control strategy research of the systemwith large
masstorso on theflat pavement.
3). Thespecificimpact of the control parameters of
large masstorso systemtowalking
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