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~ Abstract.

‘This paper describes a fast dynamlcally ethbrated trajectory generation method for a human01d

robot. Froma given input motion and the desired ZMP trajectory, the algorithm generates a dynamically equili-
brated trajectory using the relationship between the robot’s center of gravity and the ZMP. Three key issues are
denoted: 1) an enhanced ZMP constraint which enables the calculation of robot stability even if several limbs are
'“'contactmg the environment, 2) a simplified robot model is introduced that represents the relationship between its
center of gravity and ZMP, 3) a convergence method is adopted to eliminate approximation errors arising from
the simplified model. Combining these three key issues together with online ZMP compensation method, hu-
manoid robot H5 have succeeded to walk step down and so on. Experimental results using humanoid robot H5 are

' descnbed

_ KeyWQrds: - bipedal w;ilking, dynamically'equilibrated walking trajeétory; humanoid robots

1. Intmduct-ion; ’

Recently research ona humanmd type robot is active
field in robotics society, and many remarkable elemen-
- tal functions are proposed. Especially soft skin, 3D vi-
sion, motion planning and other topics are very much

progressing. However, in order to achieve a humanoid
robot which works in a human world together with hu- .
- man being, not only these elemental functions but also
- dynamic walking function is required. Therefore, algo-
rithms for maintaining dynamic stability are central to ~

humanoid robot control. Recent advances i in comput-
. mg hardware have enabled mcreasmgly soph1st1cated

physicélly-based simulahon‘techmqueé to be utilized

for the offline generation of dynamically-equilibrated ,
- motions for complex robots, such as humanoid robots
~ (e.g., Yamane and Nakamura, 2000) :

This paper presents an offline algorithm for gener-

- ating dynamically equilibrated compensation motions -

for humanoid robots. Given input motion and the de-
sired ZMP trajectory, the algorithm generates a mod-

- ified dynamically- -equilibrated motion for a humanoid
* robot. The system consists of three parts: 1) enhanced
- ZMP constraint which enables to calculate robot equi-
. librium even several limbs are attaching to the environ-

ment, and it can be applied not only single/dual leg(s)
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motion but also limbs motion if limbs has 6 DOFs,
2) humanoid robot dynamics model by representing its

~ center of gravity, so that differencial equation of cen-
ter of gravity and ZMP can be obtained, and then this. -

equation is solved using trinomial expression, 3) con-

verge method is adopted to treat model error to the real -
‘robot. Combining these three key issues together with
online ZMP compensation method, humanoidrobot H5
have succeeded to walk, step down and so on. Exper- '
imental results by using human01d type robot H5 are

denoted.

2. Related Research

So far, there are + remarkable b1ped robots have been
proposed, and their trajectory generation method can -

be devided into two major schemes: 1) online simple

" model based trajectory generation method, and 2) of-

fline position-based trajectory generation method. The
former method has many advantages, especially cal-
culation simpleness and adaptability for various envi-
ronemnt.- Remarkable issues have been proposed for
biped type robots (Kajita and Tam 1996 Pratt et al
1997)

. However, since a human01d robot has many de- -

grees of freedom and heavy legs & upperbody, simpli-
fied method does not work well. Therefore, position-
based offline trajectory generation has been adopted
mostly using a ZMP (Vukobratovi¢ et al., 1990) con-
straint. Currently, methods for calculating dynamically

equilibrated trajectories can be categorized into three -

ways: a) heuristic search such as GA (genetic algo-

rithm), b) problem optimization method such as opti-
mal gradient method, and ¢) model simplification-with .-
iteration. Several remarkable issues have been pro-.

posed using these schemes mostly applying to a walk-

. ing pattern generation : for a real humanoid type robot

(Yamagucm et al,, 1993; Hirai, 1997; Nagasaka etal,
1999b; Kagami et al., 2000). '

Heuristics search method or problem optimization = -
method for find out a dynamically equilibrated motion

trajectory under ZMP constraint are considered as a

 general method, however these methods require huge o
‘number of iteration to find out a soluuon and it re-
quires many computation time. This is a fundamental
problem of position-based trajectory method. In this -

paper, we propose a fast trajectory generation method

* by using a relationship between robot center of grav- -
ity and ZMP. This algonthm is. belongmg to category

¢) in above.

" Dcog, = Tcog, —

3. A Fast ZMP Tracking _Trajeetory _

; Generation Method

3L Dynamibs Model of Humanoid Type Robot

First, we introduce a model of humanoid type robot

by represeting motion and rotation of the center of the -
gravity (COG). Set z axis be the vertical axis, and x
and y axis be the other component of sagital and lat-

. eral plane respectively. Set mi, r; = (i, Yir 20)s Wis
- I; be weight, position, angle velocity, inertia moment.
~ of ith link respectively. Let total mass of the robot be

Moral, and total center of the gravity be reog = (reog, s
 Teog,s Teog,)- Then they are represented as follows '

- mtoml'—zmt ) ' (1)
: Zm -

: mg).( Miotal B ( X
. Zm Fyo . A
e : -3
mgv Miotal ’. ‘ . : ( )
Smiry, ' -
Yeog, = = A o )
Z .

Miotal~ . -

Let moment around its center of gravi_ty be Mg, t0
tal force that robot obtains be f = (fz, fy» f2) and total
moment around a point p = (px, py, p;) be T, then

‘ dynamic equatton around a pomt pis approx1mately
represented as follows: .

mtotal(rcog —p) X (Feog +8) +Mcog T=0

5
f m!otal(rcag +g) ()

ZMP pcog = (Pcog,» pwg ) around pomt p = (px:
Py, h) on the horizontal place z = h is defined asa
point where moment around pointp be T = 0,0, Tz),
and it can be calculated from Eq. (5).

]M::ogy - mtotal(ricogz —h) (;cogx + g)
- Mol (Fcogz + g)

B
M cog, — mtotal (r cog, h) (i:cogy +8 )
L Motal (7‘ cog, T g)

pcogy‘ = Feog, —

~ Leth = 0in Eq. (6) and using. Eq (5), then ZMP
can be calculated as follows when desired robot motion
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* has been achieved (Nagasaka et al., 1998).. -

cho'g‘y = Mtotall cog, (r cog, T 8 )

J: ™

‘ ]Wco&r = Motall cog, (7’ cog;, +g ) .

fz

Dcog, = Tcog, =

.pcogy = rcogy =

= 3. 2 Equzlzbrum by Horzzontal Center of Gravzty

- Position Modzﬁcatzon .

Let pjog(t) be the given 1dea1 ZMP trajectory, and'
WBT (t) be the whole body trajectory (e.g., walking .
. motion trajectory). When robot moves along given

WBT(¢) = r°(¢), then resulting moment M?, force f"
ZMP p¢,,, center of gravity rf,, is calculated.

cog

Problem staterdient and compensation scheme are de-
-fined as follows: -

Problem Staiemenr. .For given ideal - ZMP. tra-

jectory 'pjug () and given input body - trajectory " -
 WBT(t) =r°(t), calculate an approximate new trajec-
tory rcag(t) that causes a new ZMP trajectory pcag(t) -
- which is close enough to the given 1dea1 ZMP traJec- :

vtorypwg(t) ‘

From Eq. ), following equatlons is obtamed for
both in ideal and current p, r respectively.

pco‘g;r (t) = rcogr @

Mg (8) = MegraiTcog, (2) (i‘é’og;-r t+g) :

fzo(t)' . _'
' @®

Poog. (1) = r:,,g @)

@)

: ’Compensation Scheme. In order to 'snnphfy Eq. (7),

only horizontal modification of the body traJectory is

- considered.

Since only horizontal compensation motion of the
body is considered, Feog, .-rjagz..Then, two ‘assump-

_ tions are introduced:

Assumpﬁbn 1. We assume that effect to the force f (1)

that robot obtains from its self motion is small enough
Therefore, '

[, =0 O

mmnW%p@wH@*

' 'Aesu}nption' 2. We assume that effect to the torque
around center of gravity that robot obtains M e (t) from
Sits self motion 1s small enough. Therefore :

M”(t) -—-M*(t) . ,‘(10)

With these assumptlons and let per 0g (1) be an error
between ideal ZMP ' Plog(t) and current ZMP Peog(t),
“and rﬁ{,; (t) be the an error between ideal center of grav-

ity tra]ectory rwg (¢) and current trajectory rg(t).

PG = Pog(t) = Pegg (1)
"ﬁ,’,;(f) = rcgg(t) rcog(t)

an

Therefore followmg result is obtamed from Eqgs. (8)
: and (1 1)

totalrcogz (t)ri;; (f)

f°(r)

ﬁ@oumm m>_

: 3 3. Solvmg Dzﬁ‘erentlal Equatzon

Equation (12) can b'e solved as subtract apprOximarioh.
By discretizing Eq. (12) with small time step At with
: it_erationi (i =-O, 1,2,...,n—=1,n),

err

: pcog(t) - pi{,;(l)

@ =gy N ¢E)
: c rer + 1) =277 (1) +rerr -1
. ]:s;;([) —_ cag(l ) ,;-og( ) cog (l )

N

“Then trmonnal expressmn which satrsﬁes rgg:, (@) is
: obtamed whenl <i<n-—1.

gu—n+mgm+q$o+née<m
Here

mtotalrmg @)

a4 = - f;'o(l)A[Z
) __ mtotalfgggz(i)‘
= e
(15)
. melalrcgg ) . )
o fe@yar

di = Pf;rg(l) ’

Then using boundary condition of trinomial expres-
sion, boundary conditioni =0, = n is calculated. In
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this paper, we fix terminal position. If statically stable
 posture is given as the terminal posture, both end of
resulted trajectory will not be movmg

- Since terminal position is ﬁxed, Xg, X, are given.

— From position and acceralation of center of gravity -

relationship, number of vanables isn—1from t=1
tot=n-—1. :

— From ZMP constramt number of vanables isn + 1
fromt'—Otot_n :

As for boundary condition, termmal veloc1ty is in-
deﬁmte we set the followmg boundary condmons

by =b, =1 )
ap=a, =0 N ¢ ()]

CO_;.'CJ‘L=O

leen coefﬁc1ent matrix, tr1norn1al expressmn is

~solved, and discrete rjz; is calculated.

34. Enhanced ZMP Constraint
Original ZMP constraint is designed for only one leg s
supporting the body and the leg should be on a ground

plane (vertical plane along to the gravity direction). For
example in dual leg state on a floor, it is enhanced as a

virtual sole which covers both legs sole like a convex
hull, so that ZMP constramt iscalculated on this virtual. -

sole.

~ Since humanmd type robot has four limbs, body may
.-be supported by many points. Therefore, we Introduce
a case that supporting points are placed only one plane

which is slant to the ground plane (Fig. 1(a)). Intro--

ducing coordinate system shown in Fig. 1(a), let total
torque around a point p’ =

g=(-g sin 6,0,-g cos 6)

(b) In case of Contact
Points .are not on one
- plane

v

(a) In case of Contact Points are on
) one plane

Figure 1. Enhanced ZMP.

' (pcog X! pcog y) around pOlI‘lt p

(Py» Py, P;) be T, then.

dynamic equation under this assumption'and moment
equation around a pomt p' is approximately represented

as follows

- mtotal( cog P)x(rcog g/) M/cog T = 0 . am

Smce g=(- gs1n9 O ——gcos9) ZMP Prog =
= (p}, P}, h) on the

place z = h can be represent as follows When moment‘

. 1sT’ (O 0,T'z).

7
P . . . o
Muoral(Fy; + g cos 0)r’ - m,a,,,,(r’ —h)(F, +gsing) + Y, M,
mlﬂlﬂl('J + g cosg)
mmmz(r +gcosﬁ)r = Mot (ry;, — R)Fy, + Z My,

p'v*._ . _mmml(’ +8C056) L ' (18)

“Then, we 1ntroduce a case that supportmg pomts are

~ placed on plural planes (Fig. 1(b)). In this case, there
- are combination of supporting points which consists of
- placed on one plane. When one of a ZMP constraints

satisfies Eq. (18), motion trajectory will be dynami-

' cally equilibrated. Assuming that each limb supports
the body only using its end-effector, there exists at

most four plane and it is not too hard to calculate these’
combmatlons :

4. Imp'lementation

41. Model Error Convev_rgence ..

Using approximated modelling in section above, we
can calculate a error trajectory of center of gravity -
err

cog(t) from given 1deal ZMP trajectory pmg(t) and

~ 26sec. o 2.8 sec.

3.2 sec. ‘3.4sec.

A Figure 2. Walking pattern.
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given whole body trajectory WBT'(2). H:owever. there

exists some model error with reog(t), since it is a
snnphﬁed approximation model. Furthurmore, given
WBT (t) = rcog(t) is hard to control directly in a hori-
zonatal plane. In order to solve this problem, ry,s,(z).
is selected as for a control variables of the robot by' :

v mtroducmg a foIlowmg assumption.

Assumpnon 3 Smce horlzont'al motion of the torso is
assumed, assume linear relationship between motion of
torso A(Frrso(2)) and motion of the center of grav1ty
Alr cog (). :

Alraro(®) kwgavmg(r)) (19> TS
S pwg(t) and current ZMPp ., (1).
From this assumptlon followmg rnodel 1mprove- '

ment equatlon 1s obtamed usmg coefﬁc1ent value kwg. :

5;:! (t) = cog(t) v cogr torso(t) . - (20) .

Positionfmm]
700

. \ Cak:ulalod ZMP

100+

0 1.0 ‘20 0 40 50 - 8.0 7.0 Time{sac]

s}
T oabo b

©20F 7 TosoPosiion .

T q00f / R -/
" s
N - b e o et o e s .

Pl Emdemmasonanus

4.2. Implen?ieﬁtation |

We ilnplemenfed the algorithm' above by receiv-

ing torso, limbs and ZMP trajectories, then convert
torso trajectory to track given ZMP. The algorithm
has following iteration. We introduce a coefficient

K0 <K <1) for a trinomial expressions, in order. -

~ to compensate -several approximations. Then do a

‘convergence to calculate a suitable dynamically ’equi-

- librated torso trajectory.

1. Appfy inverse dynamics INV () to given whole body
. trajectory r(t) to calculate current Pcog (¢). Thencal- -

“ culate the error pgf,;(t) between given ideal ZMP

"2. Calculate torso trajectory difference rev. (t) ‘and

- estimate torso trajectory rirs(t). using Eq 20)

" by applying tmnoxmal expressions with coefficient
L KO<K <.

- . Positionfmm]. -

700

500 |

0 Calcuiated 2MP Trajectory |

Target ZMP Trajsclory

Figure 3. Input and output ZMP, torso trajectories for front (x) direction. - -
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o ) 'v ngure 4. Input and output ZMP torso traJectones for s1de (6D) dlrectxon
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3. Let error E be an average from the given ZMP
Pl * 1), and evaluate it using following equation.’

Z ”perror i “

4. Leterror of jth iteration be Ej, and stop this algo-
rithm when E; < CE;_,. C is a constant threshold,
and in this paper C = 0.95.

5. Backto 1step. =

S 4.3 lnver.sé Dynamics Calculation

Inverse dynamics calculation is vutilize_di to
late p.,,(¢) from given input trajectory WBT(t). The

E=— ‘inverse dynamics is the problem.to find out a set of

@1
Step

0, joint angle velocity 6 and joint angle accelera-
tion 6. Then inverse dynamics INV() is represented as
follows

T=mwaam‘

@2

Figure 5. HS walking experiment.

Position[mm]}

calcu-

input torque of each joints' T with given joint angle

Figure 6. Desired ZMP, real ZMP, error and torso position for front x and side y diréction:

. Positionmm]
. 200 T v v v v 250 T
Measured ZMP. Target ZMP Measured ZMP
150 200 n -
100 150
100
50
50
0
0
-50
‘ ! -50
| ! .
100 V- \Torso Compensation Length| 100 { [ Torso Compensation-length
M - - B
. i )
-150 _Measured ZMP Error 1 -150 B8 Measured ZMP Error 1
- . . . . =200 21
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: S Timesec] Tlme[sec} .
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' Figure7. . Squat clown With»étépping forward pattern.v 1. »

' Fastand genernl Ainver'sevdynamics calculation librvaryA »
‘(Sugihara et al., 2000) is adopted in order to achieve .
fast trajectory generanon .This l1brary is originally de- '

- 2.0sec.

‘A Fast Dynanncally Equilibrated Walking Trajectory ST

" 2.2 sec. 24'sec.

‘.be fixed to the'w‘orld coordinates, 'éo that inverse dy-
" namics of any body configuration to the environemnt
” can be efficiently calculated.

The procedure for calculating p(t) by th1s algonthm ’

o is denoted as follows

Set fixed lmk to the world as a supportmg leg ter-

-minal link (foot), -
. Set robot joint angles angle velocmes angle’
acceleranons, o :

. Recursively calculate hnk translatlon velocity ac-
- celeration, angular velocity and acceleration respec-
tively from root link, _ -

. Calculate rootlink translation velocity, acceleration,
* - angular velocity and acceleration respectively, from
" the relative motion between fixed link and root link,

" then re-calculate all link motion, .
. Recursively calculate link force and moment from
- terminal link, =

Figure 9.

veloped for multl lunb body and appropnate lmk can:_ » 6.-;Calculate ZMP from root link force and moment.
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Figure 10, H5 squat down experiment.

The algorithm is based on Newton-Euler method
(Luh et al., 1980), and tree-like link structure is known -
to be solved as follows (Walker and Orin, 1982). Com-
putational complexity of this part is O (n), where n is
number of DOFs. L 8

4.4, Online ZMP Compensation Method '
by Horizonatal Torso Movement ‘

jectory in openloop in real world even given trajec-
tory satisfies the ZMP constraint. Therefore, several
local compliance control methods have been proposed
(Honda. Co. Ltd., 1993a, 1993b; 1998). In this paper,

we adopted a torso position compliance method totrack
a given ZMP trajectory (Nagasaka et al., 1999a). This

'Humanoid type robot is hard to “replay” the gi\)en tra- B

method tries to track a given ZMP trajeétory by the hor-

izontal motion of the torso. It consists of two parts, one
is ZMP tracking mechanisms, and the other is inverse
pendulum control to keep its dynamic balance.

In ZMP tracking mechanisms, process is same as ina

one step of trinomial expression in Eq. (14). In inverse

pendulum control, think about inverse pendulum with
desired ZMP as the supporting point.

| 4.5.v Humanoid Robof H5

The H5 has 1300 [mm] height and 33 [kg] weight.
It has 6 DOFs in each leg, 6 DOFs in each arm, 1
DOF for each finger, and 4 DOFs in each neck and
vergence respectively. It has 12 force sensors at the
bottom of each sole and measures the ZMP. It has ¢
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2.0 sec.  22sec. 24sec.’

. Figure 1. - Stahd up. with amls :p‘zittern
) PC/ AT clone on body Wthh has PentxumIII—333MHz

~ and ‘motor servo loop is 1msec cycle which is wntten ;
- as RT Lmux kernel module it s

5. ’I‘rajectory Generatlon for Humanmd

Robot H5

“We apply this fast motion generation algorithm to our ‘

dynamic humanoid robot “HS” and show efﬁc1ency of
the algonthm .

S.1 Walkmg Trajectory Generation and Experzment

Modified walkmg pattem is shown in F1g 2, from stat- _.
ically stable trajectory as for i input. Input and modified, -

torso and ZMP trajectories are shown in Figs. 3 and 4
for front x and side y direction respectively. -

‘We applied output motion mentioned in the sectxon" :
above to humanoid robot HS5, and conﬁrm its perfor-
_-mance (see Fxg 5) . .

Position[mm}
150

100 |

Cauculated ZMP *

F1gure 6 shows output des1red ZMP trajectory, real -

. ZMP trajectory, error between desired and real ZMP

and torso position for front x and side y direction re-

spectwely For the first step, ZMP is mostly tracking

the original trajectory. However, when changing the

~ grounding leg, free leg is touched to the ground before

.+ its original trajectory, and since then ZMP trajectory

. occasionally shifted from the original one, however leg

comphance feedback allows ZMP to track the original
one.

5 2 Squat Down. Tra]ectory Generanon
and Experzment ' '

' Output squat down motion w1th right leg 1s stepping

forward pattern is shown in Fig. 7, from statically sta-

" ble trajectory as'for input. Input and modified, torso

- and ZMP trajectones for front x and side y dlrectlon ‘

' Tespectively are shown in Figs. 8 and 9. v o

We applied output motion mentioned in the section

" above to humanoid robot HS, and conﬁrm 1ts perfor—
mance (see Fig. 10)

5.3.. Standing'Upi*;Vith Arm's Trajebtory Generation

. Using enhanced ZMP constramts not only a motion
“. which attach to the envuonment with its feet, but also
“arm-leg cooperative motion can be generated. Out-

* put standing up with arms from sitting posture pat-
tern is shown in Fig: 11, from - ‘statically stable tra-
jectory as for input. Input and modified, torso and

.. ZMP traJectones for front x dlrectlon is shown 1n ‘
Fig. 12. : v : ’

" “Positonimm}
180

100 |

: -Target ZMP

.-

_Calculated ZMP

0 05 1.0 5 20 25 . 0

35 Timefsaq) 0o 05 0 - 15 20 25 30 35 Timefsac]

‘Figure 12: Input and oulput ZMP, torso trajectories for front (x) direction. .
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Table 1. Gain K ‘and cornvergence.

Gain K “K=01 K=03- K=05  K=07
Walk - 21 9 S 26
Squatdown 18 e 4L
Stand up S29 R B
with arms - Lo
- 140 T K=0.1 —
i Ka0.8 =
120 _ 1 e
o K=0.7{"""

g

Evaluation
@
o

I

N
o
=
7

7,

@
(=]
-sim
>

B

~n
o
T
/)
4
7

T

s

N TS
is o —

Iteration

Figure 13. Error feedback gam K and convergence for walkmg

pattern generatlon

5.4. Convergencé and Performancé Evaluation

Tteration. number for decrease average: ZMP error
along trajectory E to be under 5 [mm] is shown in

- Table 1. Figure 13 shows a relationship between it-'

eration number and error which is calculated in Eq.

(21) for generating walking pattern, Most of the calcu-

lation time is consumed by solving inverse dynamics

INV(). Figure 14 shows a relationship between given .

length of the trajectory (one step is one second) and
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Figure 14. Calculation time and length of walking trajectory.
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. computational time for.compensating the grajectory.
.. Calculation time for this algorithm is -about 10 times
~ . faster than real speed. For example, given walking pat-

“tern is 10 sec and calculation time to make it dynam-
~ically equilibrated is also about 1 sec. This result is

" remarkably fast and we believe that this algorithm can
..be applied for arealtxme walkmg pattern generatlon in

- the future. . :

6. Concludmg Remarks

In this paper atrajectory generation method from given
input to dynamically equilibrated trajectory was pro-

posed. This algorithm can be applied .not only dual

- legs motion but also limbs motion if limbs has 6 DOFs.
Three key issues are demnoted, 1) enhanced ZMP con-

~ straint which enables to calculate robot stability even

several limbs.are attaching to the environment, 2) sim-
plified robot model’ of -which mass is concentrated
on its center of gravity, so that dynamic equation is

solved using trinomial expression, 3) converge method
- .is adopted to treat. model error to the real robot. Fur-

- -thermore, experunental results by using: humano1d type
robot HS5 are denoted
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