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Abstract: In this article, simulation (trajectory planning) and control of seven link biped robot on combined trajectory
(three phases), have been investigated. Using mathematical interpolation for trajectory planning and designing software
for the robot simulation and implementation from adaptive control process, the joint’s required torques also the ZMP

diagrams to stability judgment will be obtained.
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1 Introduction

To date, the most concern has been on biped robot single
phase [1] trajectory planning and control, whereas in this
article combined trajectory planning and control of seven
link biped robot have been focused. Designing software
with aid of the robot breakpoints which will be passed
(Trajectory Planning), the robot kinematics, dynamic and
control parameter with implementation from adaptive
control process in order to extracting the needed joint’s
torques also yielding ZMP diagrams which play as an
indicator to the robot stability will be represented.

2 Dynamics of the Robot
Using the Lagrangian relation [2] as following:
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= (.. )-
dt 'o4,” oq
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which ¢ indicates the differences between the system’s
Kinetic and potential energies. Constructing the kinetic and
potential energies:
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Which 'v;,'l; are link’s center of mass velocity and
inertia, respectively that are obtained from chain rule as
following procedure:
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In abbreviation, the link’s center of mass velocities relative
to mass center’s coordinates are extracted as following:
[0

Vco = If.mca)o

0 1)

wole Sin(ql - ¢)
Ve =| @, €03(Q; — @) + 1y (@ + @)
0 )

ayl.sin@, — ) +1,(a + @1)sin@, - ¢,)

0

apl, 0@, — )+ (e + ) cos@, — ) +- -
Voo =| ko (@ + @y + )

2,

@)




Proceedings of the 5th WSEAS International Conference on Applications of Electrical Engineering, Prague, Czech Republic, March 12-14, 2006 (pp232-240)

[ @ sing—0;) +1,(y + @)sin€ — ) +-- 1 G, = g(0.5m, +m, + m,)l, cos(q, — A) (10)
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alesinp—a,) +L(ey + a)sinG, —q,)+--- After of the simplification of the relations, the seven link
(@ + e+ ,)sinG, ~G;) = biped robot’s equation becomes as below:
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lzé%ia{i@)fos)(q;in(g:);H ®)  \here i—0.2...6 and H.C,G are mass inertia, coriolis
o +o+a =Q)+- o . . .
’ and gravitational matrix of system, which can be written as
lo(a +ay + @+, + ) following:
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Now using the above stated terms to obtaining the
system’s Kinetic energies and implementation from
simplified potential expressions as following:
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In the above stated relations, the geometrical and inertial
properties of system are as following (see figures (1), (2)
and (3)):

¢:ﬂm.c+qf1¢:l+qf+ﬁm.c
Xhip_x X _Xhip

a,swing “*a,sup

Zhip - Za,swing

Fig. 2- The support foot parameters

Regarding to figure (2), the similar parameters for swing
foot are assumed such as g . andl The used

cfswing *

parameters for simulation are listed in below:

-T,: Total traveling time, including single and double
support phases.

-T4 : Double support phase time, which is approximately
equaled to 20% of T,.

-T,,: The time which ankle joint has maximum height

during walking cycle.
-k : Step number
-H,, : Ankle joint maximum height

- L,, - The horizontal traveled distance between ankle joint

maximum height position and start point.
- D, : Step length
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-0,,q; : Foot lift and contact angles with level ground
“Oge Or - The ground initial terrain angles
- A : Surface slope

an

Iab Iaf

Fig. 3- The foot configuration

3 Adaptive Control

After obtaining the robot’s domain nonlinear dynamic
relations, control process is used to force the robot to trace
the pre-defined trajectory. Adaptive control [3], [4] is one
of powerful method that is applicable on trajectory control
systems. The main concept of adaptive method refers to
online control. In most systems, the domain controlling
parameters are pre-known, regarding to physical and
geometrical sight. A system is called “known” when the
number of poles, zeros and corresponding locations are
pre-defined, although is “unknown” while the domain pole
and zero’s locations are unknown. For this reasons, in
conventional controlling systems, a common control
process is implemented, whereas for unknown types a
nonlinear control procedure is needed that mostly is called
adaptive control. It’s obvious that in the method, the
process tries to accommodate with environmental
conditions to trace the desired tasks. So, the first priority
refers to the unknown parameters estimation to complete a
process which is so called “Prefect tracking”. In figure(4),
a block diagram of adaptation control (Model Reference
Method) process is represented:

Model
» Reference

=¥ y

R
_’:;l Control ’_l’i Plant

A

Adaptation
law

A

a
Fig. 4: Block diagram of adaptation control (MRAC)

Mainly, adaptive control is used to handle unknown
systems, whereas can be implemented to control known
type which in this manner is assumed an alternative of
computed torque method. In general, biped robot is known
system, so following procedure is implemented to control
process. Similar to other nonlinear systems, linearization
plays main role in control process. Following parameters
are used to perform the mentioned operation. Defining
combined tracking error as below:

s=0+AG=0-¢, (15)

which ¢,,q are reference velocity of gand tracking error,

respectively. Then, linearization based on new known
matrix y =y (q,q,d,,¢,) Inwhich:

7 =H(q)q, +C(a,9)q, +9(a) =Y(a,9.9,,6G,)a

Following control law is used to perform adaptive control
for unknown systems:

r=7-ks =Yd-K,s (16)
where K, is strictly positive definite matrix. For certain
seven link biped robot, estimated parameters are replaced
with the known types as below:
r=Ya -Kgs a7

For seven link biped robot, assuming given mass property
constants in below:

a, =(5m +m,+m,+m, +m, +m, )]
a, =(5m,+m,+m, +m, + m, )’

a; = (.5my +m, + my)I2

a, = (.5m, + m,)I?

a; = (.5my)I2

cfswing

a, = (.5m

2
torso )ICtDFSO
a, =l +1;+1,+1,+1;+1

torso

ag =LL(5m +m,+m;+m, +m,+my. )

Q
©
Il

LI.(Sm,+m;+m, +m,+m,. )
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ay, =—LI.(5m; +m, +m.),a, =-1,1.(.5m, +m,)
5, =LL(5m, + my +m, +mg +my,.)
13 = —lil; (5my +m, + mg),a,, =11, (:5m, +m;)
is = Lol (5my +m, +mg) a5 =11, (5m, +m;)
a, =Ll (5m, +mg), a5 = Myl oo

a, =mg Ll Il B = —Mel i

torso 1 ctorso' torso 2 ctorso' 5%cfswing "e
a = mslllcfswmg 'a m5|2|cfswmg ' a - m5|3|cfswmg
- m5|4|cfswmg’ - I + I + I + I + Itorso

ay =ly+l,+l5,a5 =1, + 15,8, = 15,85 =l
d; =q +a, +a; +a, +a; +ag +a,

ay, =ad, +a;+a, +a; +a5 +ay

dy; =a; +a, +a5 +ay,d, =a, +a; +ay

Qg =85 + 85,85 =85 +85,,C :g/Ie

Then rewriting relation (15) in following form:

B o hohohonn] (6 gl [Q]
o | |hy e s by he hehy qz 4, G
& :I'El h, hs hy Ny hghy 4, |+ 4 +Q
o hy hy hs hy b hehy q3 q3 G
% hy h, hy hy hy hghy q4 q4 G
| %o | _hs1 R, s e s hsshw_ qz)rso G G qz)rso _Glor_

The known matrix components are extracted as below:
Y1 = COSE —@)Ciro + (G — Gor )G SINE, — ) —C; COSE, — A),
Yip = COS@z _(/7)qr0 + (qOr - qu)qO Sin((]z )
Y1s = €080 — )0 + (Gor — )G SING: — )

14 = cos@l, — )G, + (G0 —Us )G SIN@L, — )
Y15 =005@, —&)[20, + 20, + 0,1 +5iN@, —G)[G (G + ) -
Gr2(20, + 26, +0,) =G (G + G +G)]

16— COS@B‘ _ql)[zqro +2qr1 +qr2 +qr3]+Sin(q3 _Oﬁ)[qlr(qo +0ﬁ) -

G (200 + 2+, + ) — G (G + €+, + )]

17 =C0S@, — ) [20, +20,, + G, + Gz +Gg]+
sin@, — &) [, (G +h) — Gy, (20, + 26, +---
Gp +05+0y) — 0o (Gp +Cy +Gp + 05 +0y)]
Yig = COS(% _qz)[2qr0 + qul + 2qr2 +qr3] + (2% + 20& e
2Q2 +q3)5in(q°> _qz)[qu _q3r]

19 = COS@A _qz)[quo + 2qr1 + quz +G5+ qr4] + (2% + 20& -
Zqz +q3 +q4)5in(014 _qZ)[qu _q4r]
Yi0 = oS, —0s)[20,, + 20, + 20, + G5 + 0, ]+ (20, +2¢, +- -
ZQZ +ZQ3 +q4)5in(q4 _%)[q4r _der]
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2q2 + 2% + q4)sin(q4 _q3)[q4r - q3r]

Yia1 = ir COSC oy = (7/2) —0) +-

SINCOhorso = (77 2) = )8 (Gor + Chorsar)

Yia2 =[28r0 +20y1 +8rz + 81 10rs0] COSCOhorso = (7/2) =) +- -
SIN(Ghorso — (7/2) = ) G torso(20 + 26 + G + Grorso) + (G + )G =
qu (qO + ql + qZ + qtorso)]

Yi1s =[28r0 + 20y + 20 + 1070 COSChorso + (7/2) +0,) —

(Gar + G orso) SINGhorso (71 2) + ) [205 +26; +20, +Corsol

Y114 = Gro COS—(7/ 2) + Utswing _ﬂfswing) —Go(Go +++

Gy, towing) SIN@— (771 2) + U ging = Brsuing)

Yias =200 + 20, + 0, + s +Grs +

Gy 1swing] COSCh — (77 2) + Ugying = Brswing) —

[(Zqo + 2q1 + qz + q3 + q4 + qf ,swing)qr, fswing + qu (qo + q.‘l) - (qo + Cﬁ e
0y + 05 + 0 +0¢ aing)GrolSINGL = (7/ 2) + Asgging = Brswing)

Yize = [20 + 20, +20,, + 03 + 8y +--
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24, +d; +0, +; swmg)(qrz +0, fswmg)SIn( ~(=12) *+ Qtswing — ﬁfswmg)
Yaag =[2io + 20,y +28,, + 20,5 + 0y +

o fswing]cos(% —(712)+ Utswing ~ ﬂfswing) —(20, +29, +20, +20; + ¢, +--
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Y119 = qro +qr1’ Yi20 = qrzv Vi1 = qrsv Y122 = qr4’ Vi3 = qr,fswing' Yioa = qr,torso

Y5, =0

Ya1 =C08G, ~ )00 H2Lh +6,16,SING, ~¢) +G COSE—0, +)
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(Cor = )b SING, —9). Y5 =COSG — ) o +C]+[Go +20, 1 Gy + -
4)SinG, —qb). Yo =C0SG: — ) Bo +0h J+[G — G 1 G +G)sinG, —ap)
Yo7 =€054, —0) [ +0},]+(G +0) G, —d, Ising, —a)

Yog =C08Gs —0p) [l + 20, + 20, +0fs ]+ @0 +26, +20, +---

0) @, —Ch)—(G +6, +6G +5) Gy +6hr +6)SING— )

Yoo =C0SQ, —Cp) 2o +20), +20], +0fs +0, ]+ @ + 20, +26, +-

O +0,) @b — ) —(Cp 0+, +05+6) G+ +Ch)SINGL —C)

Y210 =COSQ, —Cp) [ X +20f + 2 +25 +0, ]+ @ +20, +20, + -
205 +0,) @ — ) 5INQ ~ ), Y211 =[Gio +611COSGgrs—(7/ ) —) +---
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G torsd SIN€Gors—(7/ ) —01)
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Yo13 = [quo + qul + quz toee Y318 :[quo + qul + quz + qus + 2qr4 + Qr fswing]' -
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G)Sinl, — &) —C; C0S6l, —4),Yy5 =0, Yy =0, Y, =C08€, — ) Ko + 6l Vos =0
Yao :COS(]4 _qz) [qro +0, +qr2]1y4‘10 :COS@ _0(5) [qro +0, +4,, +qr3]v

Yaue =[20s0 + 20, +20,, +Urg + Uy +--
Cir,fswing] COS(qZ - (7[/ 2) +q fswing ﬁfswing) t+ee
[(Go +0, +0, +G, +0q, +qf,swing)(qr0 +0,, +0, ) — (20, +26, +20, +--

03 + 04 + 95 sing) Gr2 + Gr. 1sning)1SIN 2 = (77 2) + Agping = Brsuing) Vi = Yar2 = Yazs =0 Yaze = tho O8O — (/2 + Qyging = Bowing) b oy ++-
Y17 =[20r0 + 20051 + 20, + 205 + 0y +--- G touing SINQ— (71 2) + Urgying— Bioning Yos = o+

Ur 1owing] COSW3 — (71 2) + Utguing — Biowing) — (26 + 26, +20, +-+ 1) €086, — (7/2) + Ugguing— Bisuing) — (G + )Gy +---

24, +q, + qf‘swing)(Qr3 + qr,fswing)sm(% —(712)+q fswing _ﬂfswing) 0 tswing SINCL — (77 2) + Utgying = Brswing

Ya18 =[2G, +20,, + 20, + 20,5 + 20, +- Yazs =[Gro + G +0,,1c08€, — (7/2) + Aigying = Brswing — [+

G tsning] €05 — (71 2) + Usgying — Biswing) — (24 + 20 + 26, +-+- G+ %) Gz + G wing 151N — (77 2) + Aising = Biswing)

205 + 20, + At suing) (Gra + Gr 16uing) SINCs = (77 2) + Atsing = Bioving) Yarr =[ho + 0 + 0z + €08l = (7/2) + Gisuing ~ Browing =+

Ya19 =00 Y20 =bro + i + G20 Vo1 = Grss Yoo = b (G &+ G+ )G + G ing 191 = (7/2) + Gising = P

Va1 =[2ro + 20y + 2, + 205 + 20+
qr‘ fswing] COS(]4 - (7[/ 2) + qfswing_ﬂfswing) +[(q) + ql + qz + q3 e

y2,23 = qr,fswingl y2,24 = qr,torso

Ya1 =0, Y5, =0, Y55 =C0OS(d; — @) + (20, + Gy, +-+ d, + qf,swing)(qro +0y +0, +03) = (G + G + G + G +G)Gy —

qzr)qo Sil’](q3 -p)+ (qm + 0y + 0y + qu)(QO + Ch)sm(qs - ql) +e (2q0 +2(ju +2q2 + 206 +2q4 o

(qOr + Q1r + qu + %r)(% + ql + qZ)Sin(qa - qz) - C; cos(q3 - ﬁ) qf.swing)qr‘ fswing]smql _(ﬂ'/ 2) +qfswing_ﬂfswing)

Yaa =€08(ds = 90 + (Gor — G )Gy SIN(A, — ), Y5 =0 Yo =Ya20=Yaz1 =00, Yazo =g + Gy + iy + g + Gas -

Ya6 = c0s(d; — G,)[Gyo + Gpo] +[G — s, 1(Ci + &) sin(Q; — ;) Yoo = qr fowing Ya,24 =0

Y37 =€08(0, — O)[0ro + ra] + (G + G[Gy — Gy ISiNCQ, —0) .

Yag = €08(05 — G)[Cro + Gy + Cro] + (Go + Gy +G,)(Azr — Gsr)SIN(G — ) Y51 = Y52 = Y53 = Y54 = Y55 = ¥56 = ¥57 = Y53 = ¥5.0 = ¥510 = Y511 = Y512 = Y515 = 0
Ya9 = €0s(dy — G )[bro + ey + Gro] + (G + G, + 4,)(dr — Gy ) SiN(0, — ) Yo14 = Gro COS@—(”/ 2)+qfswmg7ﬁfswmg)+qO(Qr1 +0py +Cg +

Y10 =C€08(0y — 03)[20,o + 20y, + 206, + 20,5 + G, ]+ [(2d, + 26, + - Ga)Sin—(z/ 2)+q1swing_ﬂfswing)+0;COS@_(”/ 2+ igning—Brouing)

2qZ + 2% + Q4)(q3r - qzir) - (QO + Q1 + qz + qs + qA)(QOr + Q1r e
dr + Gar)ISiN(Ay — Gs), Ya11 = Ya1o = Vara =0

Ya1s = G COS(@ — (7 /2) + Ufswing — :stwing) = o (o, +-+

g, fswmg)Sin((ﬂ —(z12)+ Qswing — ﬂfswing)' Va5 = (Gro + -+

Y515 = (qu +qr1) COSOA _(77/ 2) +qfswing_ﬂfswing) +(Q0 +ql) (qu t+ee
qu + qr3 + qrA) Si nq - (”/ 2) + qfswing_ﬂfswing)
Y516 = [qro +qr1 +qr2] COqu _(7[/ 2) +qfswing_ﬂfswing) +[(q0 oo

0,1) C0S(0, — (71 2) + U ung — Brung) — (o + 6)(Gy +--- G +8,) o + G + G +6)18ING, — (71 2) +Urging= Bisuing

G, ing) SN ~ (71 2) + Qying = Broing): Yo =[tho +tha + - Yoar = o+ + o + Gs] €086 =(7/2)+ isuing g+

0,21008(0, — (7/2) + Qgguing — Bsuing) — (0o + G + 8, )€y + -+ (G +0, +Cp +05) Gro + 0y + G2 + 00 )ISINC —(7/ 2) + Utging = Bisuing

Ay, tsuing )1SIN(A, = (71 2) + Ugying = Brswing)s Yaar =[20r0 + 20, + -+ Ys16 = [Gro + 0y +0ro + 8 +00]COSC, —(7/ 2) +Aigying= Biswind + -

20, + 203 + ey + e, 1ouing105(0s = (71 2) + Usgying = Brswing) + (G + 0, +Cp +05 +Cu) o + Gy 8o +0rs) SINGL —(77/ 2) +Aging = Bising

[(4p + G, + A, + 05 + Gy + ¢ ging)(ro + Gry + Grp +Grs) — (24, + -+ Va1 = Y520 = Y521 = Y522 = 0 V.23 = lrg + Uy + 0z + G +0rg + 0 toming Y520 =0

20, + 20, + 20, + 0y + Gs guing)Ga - mmmmmmeeen
qL fswing )]Sin(qa - (7[/2) + qfswmg - ﬂfswmg)
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Y61 = Y62 = Y63 = Y64 = Yo5 = Yo = Y61 = Y8 = Y69 = Y610 = 0

Yo11 = o COSEGorso— (771 2) =) =0 (G +G12) SINC oy (7 2) —0) -

G, COSE—Chorso™ ), Ys10 = [0 + 0] COSE e (7/ )~ ) — -

(6 + %) G +G2) SINCOhorso=(7/ 2)=01), Yo = [Ghro +0s + 04121 COS G+ (7 2) +Gp) +---

[(00 +G +q2)(aor +0y 7Lqu)]Sin(’norscfr(”/ 2)+qz)vye,14 =Yo15 = Y616 = Y617 = Y618 = Yo10 ="

Y620 = Yo21 = Yo20 = Yo.3 = 0 Yoou = Oro +0y; +0, +qr,torsn

With aid of the needed breakpoints in gait cycle and
subsequently trajectory planning of the robot in combined
moods which contain three phases, two level ground
(horizontal plane) and either declined or descending
surfaces by using mathematical interpolation, especially
VANDERMONDE Matrix strategy and designing
software for simulation of the robot in single or combined
manners and using the stated adaptive control process, the
user’s desired parameters can be obtained easily. More
details are in submitted references [1].

4 Simulation Results

As stated above, implementation from the designed
software, simulations for four cases, in three phases of
trajectory planning, are represented. The used robot’s
specifications are listed in table (1). As can be seen from
the table, the robot’s inertial and geometrical values have
been chosen symmetric and equal whereas one can selects
the different properties. Here, just stick diagrams for four
slopes: _—12 °,-8°,5°,10 ° involved in the second
phase, are displayed in figures (5) to (8). Using the ZMP
formulation [1], the obtained diagrams are calculated
relative to fixed coordinate systems which are assumed at
the bottom of the support feet in each gait.

5 Conclusions

After trajectory planning of seven link biped robot on
combined manner and designing software to simulation of
the robot in MATLAB/SIMULAINK environment and
extracting the kinematics and dynamic parameters, then
using the adaptive control process for the known systems
with the above cited relations, the robot required joint’s
torques to trace predefined path over the trajectory have
been obtained. Note that in the simulations the robot walk
with nominal gait conditions and Moving ZMP where the
fixed type and uninominal walking process can be found in
given references [1].
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Table 1 - The simulated robot specifications

ISh. ITi.. ITo. an Iab

af
0.3m 0.3m 0.3m 0.1m 0.1m 0.13m
mSh. mTh. mTo. mFo. Ds Tc

57kg | 10kg | 43kg | 3.3kg 0.5m 0.9s

Td Tm H ao Lao Xed Xsd
018s | 04s | 0.16m | 04m | 023m | 0.23m
ggs ggf Hrnin H max Ishank Ilight
0 0 0.60m 0.62m 0.02kg —|| 0.08kg —
Ilorso I foot
1.4kg —m? | 0.0lkg —m?
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(d) (d)
Fig. 5- (a) Stick Diagram on A=-12°, (b) The Moving  Fig. 6- (a) Stick Diagram on 1=-8", (b) The Moving
ZMP on seven steps, (c) Joint’s torques: __: Swing shank ~ ZMP on seven steps, (c) Joint’s torques: __: Swing shank
joint, --: Swing ankle joint, ...: Supp. hip joint, .-: Swing  joint, --: Swing ankle joint, ...: Supp. hip joint, .-: Swing
hip joint, (d) Joint’s torques: __: Supp. ankle joint, --:  hip joint, (d) Joint’s torques: __: Supp. ankle joint, --:
Supp. shank joint Supp. shank joint
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(d)
Fig. 7- (a) Stick Diagram on A=+5",
ZMP on seven steps, (c) Joint’s torques:
joint, --: Swing ankle joint, ...:
hip joint, (d) Joint’s torques:
Supp. shank joint

(b) The Moving
__: Swing shank
Supp. hip joint, .-: Swing
__: Supp. ankle joint, --:

: \,

(d)
Fig. 8- (a) Stick Diagram on A=+10",
ZMP on seven steps, (c) Joint’s torques:
joint, --: Swing ankle joint, ...:
hip joint, (d) Joint’s torques:
Supp. shank joint

(b) The Moving
__: Swing shank
Supp. hip joint, .-: Swing
__: Supp. ankle joint, --:



