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Abstract—This paper proposes a new trajectory generation pensive than other methods based on global information about
method that allows full control of transient behavior, namely, the task space. However, at least two important weak points
time-to-target and velocity profile, based on the artificial potential should be singled out: local minima and transient control
field approach for a real-time motion planning problem of robots. . - L . o
Little attention, in fact, has been paid to the temporal aspects of With regard to .the first prpblem, itis asimple Observat'c_m that
this class of path planning methods. The ability to control the When the attractive potential to the goal and the repulsive one
motion time to the target as well as the velocity profile of the from the obstacles are equal, the gradient vector of the potential
generated trajectories, however, is of great interest in real-life field becomes zero and the robot falls intaleadlock Many
applications. In the paper, we argue that such transient behavior methods have been proposed to overcome this problem. Con-
should be taken into account within the framework of the artificial . . Y
potential field approach. nplly, quns and We|ss [5] propo;ed a method using Laplace’s
differential equation based on the idea that the deadlock problem
is completely solved when one can define a potential function
which does not include local minima structurally. In fact, some
potential functions of this kind have been proposed [6]—[8].

|. INTRODUCTION The other disadvantage is that it is difficult in the artificial po-

EMARKABLE developments of human-shaped robotlential field framework to regulate the transient behavior of the
R have been achieved with the latest progress of roboggnerated trajectories such as the movement time to the target

technology in recent years [1], [2], so that a friendly feeling of&
human toward the robot is practically realized from a cosme

Index Terms—Artificial potential field, human-like movements,
time base generator, trajectory generation.

nd the shape of the velocity profile. For example, even if the
tential function without local minima is used, it is difficult to
point of view. It has been expected that the robots will be ab iMale the movement “'T'e required for reac“'f_‘g beforehand.
oreover, the velocity profile of the generated trajectory cannot

to cowork and coexsit with a human at home or a Workspage ; . . L .
. - € adjusted as required since it is determined by the shape of the
in the near future. However, no matter how similar to a human

being in appearance the robot is, it is very difficult to cowor?memlal field. Hence, although one of the most crucial winning

. ) : o eatures of the APFA is real-time applicability, it is difficult to
with a human in daily activities if it cannot act or perform a . .
. . use the generated trajectory for the control of the robots in real
task with human-like movements.

. ime. Quite likely, the scarce consideration about the transient
The purpose of the present paper is to develop a method for, " .
: R . i behavior of the planned paths was motivated by the fact that
generating a bio-mimetic trajectory of robots which has ch

- : ; e deadlock-free requirement was the overwhelming concern
acteristics of human movements by introducing the mecham%nthe field. For this problem, there have been some studies on

of human hand trajectory generation into the Artificial PotentieH1 . : ; :
. . e time-optimal trajectory planning to the target [8]-[10]. In
Field Approach (APFA) [3]-[13] which has been often used f hese studies, the movement time is regulated by using the spa-

the trajectory planning of the robots. The final goal of this stu Yal trajectory, generated beforehand, as a parameter. Therefore
is to control the robot with human-like smooth movements. ’ ’ '

e > whenever the space trajectory is renewed by changing the task
In the APFA, a target position is represented by an artn‘mg

. - ; ace condition, the planning of the movement time has to be
attractive potential field and obstacles by corresponding repyliyone Also, the previous studies do not consider regulation of

sive fields, so that the trajectory to the target can be associafgd velocity profile to reach the target point.
with the unique flow-line of the gradient field through the initial Recently, Morasset al. [14], [15] proposed a two-dimen-

position and can be generated via a flow-line tracking procésgyna| trajectory generation approach for modeling human
This approach is suitable for real-time motion planning OfrOboFéaching movements. In this method, the hand trajectory is

since the algorithm is simple and computationally much 1ess &¥anerated by synchronizing the translational and rotational

velocities of the hand with a scalar signal generated by a time
Manuscript received February 6, 1999; revised August 17, 2000. base generator (TBG). The TBG generates a time-series signal,
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In this paper, a new trajectory generation method is proposed ¢ £ &
by introducing the TBG into the APFA. The method can regu-
late the movement time from the initial position to the goaland  x* | Feedback | x
the velocity profile of the robot, in which the generating tra- < A “|controller| ~ Robot system
jectory has the characteristics of human-like movements; i.e., - 4
the velocity profile is bell-shaped. Remarkably, the method can
take advantage of a variety of potential functions developed By, 1. Bjock diagram of the proposed control system.
people working in the field (particularly, the functions which are
dgadlock-free), because itis a property of the propqsed mecg bstituting the designed controllél given in (3) into the
nism that the temporal' structure; of the planned path is rggula& e derivation of the potential functioiy yields
through the TBG and is rather independent of the specific type
of potential function. Vy = -XTK.X <0 4)

The paper is organized as follows: Section Il describes the
APFA and points out its general problem. In Section lll, theshere
basic principles of the proposed method, including examples
of the TBG’s, are explained. Then the method is applied to a K. =diag (0, 0,..., 0, kn, knt1,-- -, k2n) -
multi-joint redundant manipulator and a unicycle-like vehicle in ) ) . .
Section IV and Section V, respectively. It is shown from com!N€ potential functioVx given in (2) does not have any local
puter simulations that the method can regulate in a smooth wEjnimum so tha#’y = 0 except at the equilibrium poid{ = 0
the spatio-temporal structure of the trajectories. and has the minimum valugéy = 0 atX = 0. Thus,Vx is
controlled to the equilibrium point by means of the feedback
control lawF'x given in (3). Moreover, substituting (3) into (1)
the following linear system can be derived:
Let us consider the following dynamic linear system with a

Y

Il. ARTIFICIAL POTENTIAL FIELD APPROACH

drift part: T+z+ Kgxr=0 (5)
1% — PX + QFy 1) Where
“ K, = diag [ 1, ™2 Fon
where d — g kn+1 5 ]{:n+2 sy an .
p— |:0n+n In+n:| Q= |:0n+n:| _ Obviously, the system given in (1) is asymptotically stable under
Ontn Ongn |7 Iin the designed feedback controllEx . However, it can be con-

) cluded that it is impossible to regulate the convergence time and
X = [r1,., @, B, d0]T = [o7, 37]0 € W2 isthe e dynamic behavior of the system as hoped [18].
state variable vectof’xy € R™ is the input vectorp,,+, €
R™*" is the zero matrix and,,,, € R"**™ is the unit matrix.
In this section, in order to clarify the purpose of this study, we

attempt to design the feedback control & to stabilize the _ . .
system (1) toward the equilibrium poidf = 0 by using the  In this section, the proposed method based on the APFA with

I1l. TRAJECTORY GENERATION METHOD USING
TIME BASE GENERATOR

artificial potential field approach (APFA). the TBG [16]{19] and the time scale transformation [21] is
The potential function with quadratic fori can be defined €xplained in detail.
when the target is set & = 0 as Fig. 1 shows a block diagram of the proposed control system,

wherex* is a target point. The TBG generates a nonincreasing

. 1 function £(¢) with a bell-shaped velocity profile satisfying
(ka? + kosit}) = SXTKX Q) ¢(0) = 1 ande(ty) = 0.

N | =

Vy = Z
1=1

)
where K, = diag(k1, k2,..., kan) underk; > 0 (i = A. TBG
1,..., 2n). Based on the potential function defined by (2), a The TBG was originally defined for a model of human move-
feedback control law which stabilizes the system asymptotirents [14], [15]. Morasset al. derived the TBG with a bell-
cally can be designed as shaped velocity profile in order to represent the feature of the
end-point trajectory.
Fx =-K)X 3) In order to illustrate the operation of the TBG in the control
loop, theterminal attractor conceps used. This special kind of
where attractor was introduced by Zak [20] into a nonlinear neural net-
kkl 0 el 0 work model and it was shown that a system with a terminal at-
”0“ B ) tractor always converges to the equilibrium pointin a finite time,
Ky, = kny2 Lngn| - where the sufficient condition to have the terminal attractor is

: : . that the Lipschitz condition of ordinary differential equations is
0 0 U violated at the equilibrium point.
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The dynamics of the TBG is defined as follows: IR vz 1(5) ﬂ
. § ARY T el
€= 0(¢) = —(6(1-9))” (6) 0s SO\, T =
SN
where~ is a positive constant which allows control of the con- AR NG
vergence timeé; andg is a constant which determines the be- 0 05 10 15 20¢I[s

havior of the TBG, with) < < 1.0. From (6) it can be seen

that¢ has two equilibrium points: a stable orie£ 0) and an 15 &0 sl
unstable one{(= 1). Consequenth\§ always converges stably /’ e
to £ = 0, when an initial value of is chosen ag(0) = 1 — ¢,

. o .  =1.0[s]
with a very small positive constantThen the convergence time =y =15[s]
t¢ can be calculated as ——— 4 =20]s]

ty 0 2(1 _
tf = / dt ~ df = I (1 ﬂ) (7) Fig.2. Change of(¢) depending on the convergence timewith the constant
Jo #(&)  (2-2p) power paramete = 0.5.

wherel'(-) is the gamma function (Euler’s integral of the second 1.0 =025
kind). Thus, the system converges to the equilibrium poiat0 & — —-B=050
in the finite timet ; if the parametety is chosen as 05 —-—p=075

(1 -p3)

T T2 —28) ® 0
f 0 025 05 075 1.0 ¢][s]

This means that the equilibrium point is a terminal attractor.

The velocity signaE’(t), which is null fort = 0 andt = ty, o 22305 073 LD b

has a bell-shaped profile with the maximum absolute value at 1.0 NI ,///
t = t;/2: |£(ty/2)] = v4~P. With regard to the acceleration £ — B=025
profile, the following form can be derived as 20 \J — — -B=050
3.0 —-—B=075
TE 21— 26 E(1 - ) ©
dt? 7 Fig. 3. Change of(t) depending on the power parametewith the constant

and it can be seen that the condition for the existence offyVergence time; = 1.0[g.

bounded acceleration at the equilibrium point is given by the

inequality1/2 < 8 < 1. Then, the jerk of(¢) is derived by specified convergence timg in the actual time scale and to
differentiating (_9) design the asymptotic stabilizer for the time scaled system by

.\ means of the APFA.
d>§ 3 2 382 The time scale compression with the TBG can be realized by
— = —?p{(26 - 1)(1 —26)? — 2¢6(1 — 1-6))% _ . ; . ;
dt3 76— 1) 3 (A-OHO -0} (10) the time scale transformation [21] with the virtual time scale

. . . - . . whose infinite time corresponds to a specified finite titpeof
which gives the following more restrictive condition for havin P b I

. . Yhe TBG in the actual time scale. Then, the relationship between
a bounded jerk2/3 < 8 < 1. Figs. 2 and 3 show the Changesactual timet and virtual times is given by P

of £(t) generated by the TBG depending on the parameiers
andf. In Fig. 2, the time histories of(¢) and£(t) are shown ds ) (11)
depending on the convergence tifye= 1.0, 1.5 and 2.0 [s] ar ¢
under the parametefs= 0.5 ande = 1.0 x 10—, All trajec-
tories converge to the equilibrium point at the specified time
Moreover, Fig. 3 shows the time histories{df) depending on
the change of the power parametes 0.25, 0.5 and 0.75 with
ty = 1.0 [g] ande = 1.0 x 107, The time history of (¢) can be 13
regulated through the power parametavhile the convergence a(t) = _pg (12)
time remains constant.

In summary, by Se|ecting two parameters of the TBﬁdnd Wherep isa pOSitive Constar.]t. From (11) and (12), the virtual
13), a family of time-varying signalg(¢) can be generated. Notetime s can be represented with respect tas follows:
that, from the point of view of real-time implementation, it is

where the continuous functiar(t) is called a time scale func-
tion [21]. In order to compress the time scale of the system with
the TBG, the time scale functiar(t) is defined as

t
possible to use any scalar function of time satisfying the prop- s = / a(t)dt = —plu (). (13)
erties of¢(¢) described above: half period of the cosine function, 0
a look-up table etc. The parameter can regulate the transformation of the time axis.

i The compressibility of the time axis becomes larger near the

B. Control Law With the TBG Based Method specified time ag decreasing, while it becomes uniform in all
The basic idea of the proposed method is to compress a tithe time ag increasing. Generally, the stability and dynamic

scale of the controlled system with the TBG according to thgroperty of systems do not change in any time scale when a
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strictly monotone increasing function with respect to the actutine scale transformation for the feedback contralfigrcan be
time is used as the time scale function. It is obvious that virtuebnsidered as the compression of the virtual time scale. This
time s given in (13) never goes backward against actual timeimplies that the state variablg is converged to zero by the
so that virtual times is used as a new time scale in time scalfeedback control law’x given in (21) at the specified timg.
transformation of the original system (1) in order to derive the Substituting the feedback control laity into the original

proposed controller. linear system equation given in (1), the following second-order
The system given in (1) can be rewritten in the virtual timdifferential equation can be obtained:
scales as
N\ 2 . .
d dX dt 1 . . 2 [ € 3 EYL
_X:__:—X 14 = — - K( -1 - - X. 22
ds© T At ds  a() a8 r=-r (5) Wr{(p )<5>+(£ i@

Applying the state and input transformation with the new stafe (22), Euler’s equation with respecttand¢ can be de-
variable? and the new inpufy, defined as

rived as
v :[1/}17-"71/}n71/}n+1>-~-;7/}2n]T dz dz
T €55 —(p— )¢, + Kqp?z = 0. (23)
s b dé de
=T m (15)
al\t
d 1 1 Since the nonincreasing functigrconverges to zero at finite
v = <—> T+ -~ Fx (16) timety, the necessary and sufficient condition to converge
s \a(t) a?(t) i; andi; to zero at the specified timg is given depending on
to the system (14), the new linear system in the transformed tifh discriminant of the characteristic polynomial of (23), =
scale is obtained as follows: 4ki/ky4i — 1 as follows (see Appendix A):
i\IJ = PV + QFy. a7) (1) if D,, > 0thenp> 4(1 — ),
ds (1= B)

The next step is to design the feedback control law which can (2)if =1 < Ds; <Othenp>

stabilize this time scaled system (17) asymptotically in the vir-
tual time scale by means of the conventional APFA. The potefiherej2 = —1. Then, with the controlleF'y, each element of
tial function with quadratic forn¥y, for the time scaled systemthe potential functiorVy, reached zero at; in the actual time

(17) can be deﬁned as fOIIOWS: scale (See Appendix B)
n "4 Thus, it can be concluded that the feedback control #aw
Vo = Z V., = Z Z (kiw? + kngitp? ) (21) designed by the proposed method can regulate the dynamic
. i 4 2 [ n+1 . )
im1 im1 behavior of the robot and the convergence time to reach the goal.
B 1\IlTK v 18 Since the maximum torque until the robot reaches the goal po-
) er (18) sition can be computed with the TBG dynamics beforehand, it

is also possible to cope with the torque limited problem by ad-

Designing the feedback control lait, based onl/y with the justing the movement time to the goal.

APFA as

Fg = —K,U (19) IV. TRAJECTORY GENERATION OF A MULTI-JOINT
REDUNDANT MANIPULATOR
the time-derivative of the potential function in the new time

. A redundant manipulator which possesses extra degrees of
scale yields

freedom to execute a given task has a desirable feature that may
d lead to more dexterity and versatility of robot motions. Research
(20) activities on the resolution of redundancy have been increased

in terms of how to determine a manipulator configuration that is

The time scaled system s stabilized asymptotically in the Virtughsyrained to generate a specified end-effector trajectory from
time scale by means of the designed feedback contrélier e injtial position to the target positioet by optimizing var-

given In (19). , , i ) ious secondary criteria such as singularity avoidance, obstacle
By inverse time scale transformation from virtual imeo  ,04ance and various measures of dexterity [22]-[25]. On the
actual timet for the designed stabilizdry with (15) and (16), wher hand, a force/torque relationship of the manipulator has
the following fe(_adback control law’y for the original system been pointed out by Khatib [26]. He pioneered the use of the
(1) can be obtained as null space on the force/torque transformation in order to control
) a(t) the internal joint motion of the redundant manipulator. In this
Fx = —a”(t)Kaqz — (a(t) - @) (21)  section, the general approach described in the previous section
is applied to the on-line spatio-temporal path planning problem
The infinite time in the virtual time scale is corresponding tof the end-effector with significant advantages of redundancy
the finite timet ¢ in the actual time scale. Therefore, the inversky utilizing the force/torque relationship.
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h—' Coordinate transformation J%

\ 2 End-effector F Teffecior .

* =0 feedback controller a4
. ¥ [Manipulator—4>
. anipulator
M © Joint £

2y, r feedback controller r tjoim

) Fig. 5. Block diagram of the feedback control system for a redundant

y manipulator.
w
X, . . . .
w where7* is an arbitraryn dimensional vector; an@ = I —

JTJT e < defines the mapping to the null space associated
with .J7. Consequently, the total joint torquefor a redundant
manipulator can be recomposed from (26) and (28) as follows:

Fig. 4. Ann-joint redundant manipulator.

A. Dynamics of Redundant Manipulators

The joint space motion equation of andegree-of-freedom T =Teffector + Tjoint
manipulator whose end-effe(_:tor_is operating in thedimen- —JTF 4+ Gr*. (29)
sional task space, as shown in Fig. 4, can be expressed as
. . In this paper, the feedback control lal for operating the

M(q)q+h(q,q) +9(g) =7 (24) end-effec?orpto the target point andr* for contrpolling c’;c\]ddi-
whereg € ®" is the joint angle vectorM (¢) € R™*" is the tional freedom of motion of_a manipulatorgr_e designed with the
nonsingular inertia matrixi(q, ) € R" is the nonlinear term proposed me_thod, respectively. The total joint torque composed
including the joint torque due to the Coliolies and Centrifugégf those designed controllers allows a redundant manipulator
force;g(q) € R™ is the joint torque due to gravity; ande K" tq perform a given task by utilizing arm redundancy efficiently.
is the joint torque vector. On the other hand, the dynamics of it 5 Shows the block diagram of this feedback system of the
end-effector can be written in the operational space as [26] fédundant manipulator.

M.(q)7 + ho(q,q) + 9.(q) = F (25) B. Derivation of the TBG Built-In Controller

The two dynamic equations in the joint space (24) and in the

wherexz € R™ is the current end-effector positioh; € R™ is : . . S
the end-effector force vectof, () = (JM~'(q)J7)~" € operational space (25) can be rewritten into the following linear
e\4) = q system with the state variable = [z, ¢, 1, ¢]T as

Rrmxm s the operational space kinetic energy matrix;

J € ®™*" is the Jacobian matrix; and also d_ o1 01 [F,
he (0.4) =T"h (0.4) - Ma(a)d i’ [0 o} ar H H (30)

0u(a) =T g() B =M () {F = (holq.d) + 920D} (3D)

; r =M (q) {7 ~ (h(a. ) + g(a))} (32)

T =(My(@)TM ™ (q))" .

. where 0 € R(mtm)x(min) is the zero matrix and
When a manipulator possesses extra degree-of-freedom to £X=" 1,4 1) x (m+n) ; . :
; : o eR is the unit matrix.
ecute a given task, i.emp < n, the joint torque of redundant . : . : : .
) ) i .. _The system given in (30) can be rewritten in the virtual time
manipulators can be decomposed into two elements: the joint

torqueT.g..1,r € N" to operate the end-effector and the join?cales as follows:

torqueT;.in: € R™ to control the additional freedom of joint i\p |0 I v+ 0] | Fs (33)
motion with redundancy of a manipulator. In this case, there ds |0 0 1 s
exists the following force/torque relationship between the joint
torquer.g....» and the operational forck: where
. . T
T X
Teffector = JOF. (26) U= [rll)l-/ 11)27 111137 ¢4] = |:$7 q, %7 $:| (34)
On the other hand, the joint torque,;,; always satisfies the d 1 ] 1
following condition given b s=— | = | i+ 5 F (35)
g g y ds \ a(t) a(t)
jTT"oint =0. (27) :i L ] —1 36
! = \aw ) T E™ (36)

This equation implies that the joint torqug,;,,, must lay in the ) ] ) ) ) .
null space associated with the matd¥ so as not to produce As previously defined in the relationship between actual time

any acceleration at the end-effector. The general solution; and virtual time given in (13), stability of the time scaled system
for this condition given by givenin (33) is the same as the original system in the actual time

[21]. Hence, there exists a feedback control law to stabilize the
Tjoint = GT" (28) time scaled system asymptotically.
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The potential function with quadratic forrﬁf(%ecm for the  With the new system (33) and the above (43), the time-deriva-

control of the end-effector to the target positiohin the virtual  tive of the potential functio’;;, , in the virtual times can be

time scale can be defined as follows: represented as
/s 1 * * 1 d / 8 s d
Vi = 5 01 =0 Ka 0 =)+ s Kaws @1) 78, =™ (Kar+ 052 ) + K0, ().
i i g i i : (44)
Whe.re[.(i = diag(ky, k3, . .., k,,) underk,, > Ow(z =1,2). Designing the feedback controllet with the nonincreasing
Designing the feedback control laky based oV, . as scalar functior((s) in the new time scale as
Fy = —Ky MK (¢1 — ¥f 38 s
2 { 1 (1/)1 1/11) + 1/)3} ( ) Te = _K3—1 <’l/14 4 <(5> gfi > (45)
/ . 2
we have the time-derivative of the potential functigfy. . in
the new time scale as follows: we can have
d 4 d¢(s)
d . dip Ly all? .
% Vve;g’ecmr :1/)3T {Kl (djl — 1/)1) + KQ%} dSVY]oznt ||l/}4|| + ds QS (1/12> S 0. (46)
= — |los])* < 0. (39) This indicates that the potential functidf)’. . is stabilized to

the equilibrium point by means of the feedback controtlein
By inverse transformation of time scale from the virtual time the virtual time scale.
to the actual time for the controllerF’; with (34) and (35), the  Then, we define the nonincreasing functi¢fs) in the new
controller F; in the actual time is derived as time scale as

F, = —az(t)KglKl(a: —x") — (a(t)K21 — @> . (40) ((s) = kce_ZS/p- (47)

a(t
() Through the inverse time-scale transformation from virtual time
From (31) and (40), the feedback control I8 for control to actual time for the controller, with (34) and (36), the feed-
of the dynamic behavior of the end-effector can be obtained laack control lawr; in actual time is derived as
follows: a(t)

— (a(t)Kgl - ﬁ) i~ k€005 52

wherek, is a positive constant. From (32) and (48), the fol-
Fc}wing feedback controller? can be derived as

(48)

The end-effector of the manipulator is controlled to the targ
position at the convergence timgby means of the joint torque
Tefrector €QUiValent to the feedback control I given in (41). ¥ = M(q): + h(q,q) + 9(q). (49)

For a redundant manipulator, however, the joints may continue

to move although the end-effector arrives at the target po¥ihen the joint torque™ (49) is selected as* in (28), the joint
tion since the designed controllé* can not control the extra torquer;,»+ to control the internal joint motion of the redundant
freedom of joint motion directly. For this problem, we utilizemanipulator can be computed.

the null space on the force/torque transformation [26] to control The total feedback control law (29) composed of the de-
the internal joint motion. Here, the potential functivfy,,, to ~ signed controllers given in (41) and (49) can lead the end-ef-
derive the feedback controlleg in the virtual times is defined fector to the target position at the specified timeand may

as attain the desired posture by utilizing the redundancy of the ma-
1 nipulator effectively without altering the configuration of the
Vioint = 5" Katpa + ((5)Qs(¥2) (42) end-effector.

where K3 = diag(k3,k3,...,k3) underk? > 0; Q.(¢2) is C. Computer Simulations
the differentiable potential function in the virtual time scale; The proposed trajectory generation method is applied to
and((s) is a positive nonincreasing scalar function. The firad redundant manipulator with the TBG given in (6). Fig. 6
term on the right side of (42) is used in order to dampen tiséiows the simulation results with a three-joint-planar ma-
redundant joint motion when the end-effector arrives at the gaapulator. The initial posture of the manipulator 4$0) =
and the second one is used to realize the desired posture of{the-117/12, —x/3]7 [rad and the target position of the
manipulator); corresponding to the minimum of the potentiagnd-effector isc* = [0.0,1.5]* [m] with the convergence time
function Q,(v2). It should be noted that the potential functiort; = 5.0 [s] underp = 8.0, a = 1.0 and the gairk; = 1.0.
Qs(1b2) can be maximized under the negative nondecreasife gain matrices(;(i = 1,2,3) in the potential functions
coefficient function{(s). Differentiating the potential function are set as; = diag(0.25,0.25), K, = diag(1.0,1.0) and
Qs (1) with respect to virtual time yields K5 = diag(1.0,1.0,1.0), respectively. The computer simula-
tions were executed with the Appel method for the manipulator
0Qs _ <a¢2>T 9Qs

dynamics [27] and the link parameters of the manipulator as
0s Os shown in Table I.

= 1/’4T8QS

(91/)2 (9’(/12 ) (43)
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1.5 -1.5 L5 -1.5 -1.0 0.5 0.5

s x[m] x[m] x[m]

(a) Case 1 (b) Case 2 (c) Case 3
Fig. 6. Motion profiles of the three-joint planar manipulator generating trajectory with the different positive fur@tiops(: = 1,2,3).
TABLE | 04 e

LINK PARAMETERS OF ATHREE-JOINT PLANAR MANIPULATOR 03 - idd Sheel.

E L, eeee- Case 1

link 1 link 2 link 3 502+ _,-’ — — —Case?2

length [m] 1.0 15 0.5 N = Case 3

0.1+ ¥__

mass [kg] 0.8 1.2 0.4 SN~ -
center of mass [m] 04 0.6 0.25 0 0 1* 2 = ‘; ;‘ 5

moment of inertia [kgm?] | 0.06666 0.22500 0.00833 t[s]

Fig. 6(a) shows the generated trajectory with the potential
function Q(q) set at

Q1(g) =0 (50)

which means that arm redundancy is not utilized. On the other
hand, the joint angle control of the first joint and the maximiza-
tion of the manipulability [24] are considered as a subtask in 4 {1
Fig. 6(b) and (c), respectively. In these cases, the potential func- (b)

tionsQ(q) are given as

Fig. 7. Time histories of the positive functi@p; (¢) (i = 1,2, 3). (a) Case 2

Q) =3 (4} — 0 (1))” 1y TOC=ee
Qs(q) =Vdet/JT (52) of the manipulator did not move any longer after the specified
timet; = 5.0 [g in all cases.
where the target angle of the first joig} is specified ag; = Next, a trajectory generation of a four-link-planar manipu-
57 /6 [rad. For the maximization of)3(q), we use the negative |ator with link parameters given in Table Il is simulated in the
nondecreasing functiofy s) polar coordinate task space, where the origin is sef at
B ae/p [0.0,0.4]" [m] [see Fig. 9(a)]. Thus, the task coordinates of the
((s) = —hee (33)  end-effector consist of the angfebetween a vector from the

,ﬁ’é’éntp to the current end-effector’s position and the distance

betweenP and the current position of the end-effector. The ini-

1t_iaI conditions of the manipulator arg0) = [0 [rad, 0.2 [m]]

3 dq(0) = [0,7/6,7/3,7/3]T [rad. Also, the target position
he end-effector is set at* = [27 [rad, 0.2 [m]]T with the

instead of (47). It can be seen that the generated trajecto
are influenced by the corresponding potential functigig)
defined above. Also, the third joint of the manipulator is ou
stretched while the end-effector reaches the target position
Fig. 6(a). In contrast, the end-effector reaches the target posit - : i
without any singular configurations by utilizing the redundanc e_cn‘led convergence timg = 5.0 [g]. . . .
control of the manipulator corresponding to local optimization_F'g' 9 _sh_ows_ the generated _spath-_temporal tragectorles
of the potential function€(q) in Fig. 6(b) and (c). Fig. 7 shows with _maximization Of. the n_1an|pulab|lltyQ3(q) rdeflnred

the time histories 06),(¢) andQs(q). It can be seen that each?y (52) under the gain matricek; = diag(0.25,0.25),

potential function in Fig. 6(b) and (c) is optimized much bettef > = diag(1.0,1.0), K5 = diag(1.0,1.0,1.0,1.0). It can be
than other cases, respectively. seen that the circular spatio-trajectory (dotted line) is generated

Fig. 8 shows the time history of the end-effector position without any singular configurations and the joints do not move

velocity ¢ and the squared sum of the joint angular velocit)?fter the specified time; = 5.0 [5].

It should be noticed that all generated trajectories of the end-
effector in Fig. 6 completely coincide with the one depicted in™
Fig. 8(a). It can also be observed that the end-effector reache@€ontrol of a mobile robot with nonholonomic constraints has
the target position along the smooth trajectory and that the joimeceived a great deal of attention [28]. For closed loop control

TRAJECTORY GENERATION OF AUNICYCLE-LIKE VEHICLE
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Fig. 8. Dynamic behavior of the manipulator generating trajectory: (a) end-
effector position, (b) end-effector velocity, and (c) squared sum of joint
velocities.

on the basis of a kinematic model of a mobile robot, Samsé&ig. 9. N i int p 0 !
ectory in the polar coordinates: (a) stick pictures, (b) potential function, and

squared sum of joint velocities.

[29] and Pomet [30] proposed a feedback law using perioo[@J
time functions and showed that a mobile robot with two driving
wheels can be positioned at the given final configuration for any
initial condition. Although the smooth time-varying feedback of
this approach can assure the stability of the system, slow conver-
gence is a practical defect. Then, Canudas de Wit and Sgrdalen
[31] proposed a piecewise smooth feedback law using a discon-
tinuous controller and proved the exponential stabilization of the
mobile robot. Also, Badreddin and Mansour [32] showed that a
special selection of the polar coordinate system representing the
position and orientation of the mobile robot allows us to derive
a smooth stabilizing control law without contradicting the well
known work of Brockett [33]. Casalinet al. [34] derived the
effective closed loop control law in the framework of the Lya-
punov stability theory, which can assure the global stability. In
this section, the trajectory generation method using the TBG is
applied to a unicycle-like vehicle, that is a mobile robot with
two driving wheels.

A. Model of a Unicycle-Like Vehicle

Fig. 10 shows a unicycle-like vehicle, whexg, denotes the
world coordinate system (for a planar task space) dpdhe

Potential function
v
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/ ;
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Motion profile of the four-joint planar manipulator generating

TABLE I
LINK PARAMETERS OF AFOUR-JOINT PLANAR MANIPULATOR
link i (i=1,...,4)
length [m] 0.2
mass [kg] 1.57
center of mass [m] 0.1
moment of inertia [kgm?] 0.8

Fig. 10. Unicycle-like vehicle.

The kinematics of the vehicle can be described by the fol-

moving coordinate system fixed to the vehicle with the origin gbwing relationship between the time derivative of the general-
Y. set between two wheels amd axis oriented as the directionjzed coordinate vector = [T, Yuos e]T and the linear and the

of motion of the vehicle. Thus, we can choose the followingngular velocities of the vehicle = [v, w]T

generalized coordinates of the vehicle: positiaf), (y.,) and
orientation anglé of 3. with respect to%,,.

T =G(z)u (54)
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where

cosf 0
G(z) = |sinf 0 (55)
0 1

and the following kinematic constraint must be satisfied [it can
be easily derived from (54)]:

Ty SIn 6 — 7, cos 6 = 0. (56)
Fig. 11. Coordinate transformation.

B. Derivation of the Control Law In order to derive the control law which can stabilize the

Our purpose is to derive a control law that automaticallgystem to the target, we can write, first, the relationship between
drives the vehicle from the initial configuration to the targetz/dt anddz/dt
configuration. Without any loss of generality, the origin of the

world coordinate systerx,, can be set at the target position, dz _ 9F(z)dz _ J(x)d_x (62)
with the z,,, axis directed as the desired final orientation of the dt Or dt dt
vehicle (see Fig. 11). where
The piecewise smooth feedback control law proposed by
Canudas de Wit and Sgrdalen [31] uses the family of circles 2w (@0 +102) 7y (e ) 70

that pass through the origin and the current position of th’éx) =
vehicle and contacts with the, axis at the origin as shown
in Fig. 11. In the figuref, represents the tangential directiorsubstituting (54) into (62), we have the relationship between
of this circle at the position: belonging to[—=, 7). Their dz/dt and the system input
control law is based on the idea that the arc length from the
origin to the current position should be decreasing and the dz — J(2)G(x)u = B(x)u (63)
current angular orientation of the vehicle should agree with the dt
tangential directiod . In our approach the distanedrom the where
current position to the origin is used instead of the arc length.

Let « denote the angle between the tangential directicand
the current angular orientatighwith the intention of designing
a control law which can eliminate this kind ofientation error
together with the correspondipgsitional errorfrom the target

Zyw (wa + y'w2)_1 _wa (37'w2 + ywz)_l 1

Blz) = [Zb’; ﬂ (64)

bi(x) = (2% + 902) " * (2w 000 + yy sin ) (65)

denoted by the distance The following coordinate transfor- ba(z) =2 (z.,° + yw2)_1 (Yw cos ) — x,8inf). (66)
mation fromz = [14,, yu, )7 to z = [r, |7 is then introduced
[31]: It can be found that the number of state variables is reduced to
the same number as the system input.
Ty Yo ) =V Tw? + Y2 (57) Then, by the time scale transformation for the derived system

(58) given in (63), the system can be rewritten in the virtual time

Ty Yw, 0) =€ + 2n(e)mw
(T Y, 6) () scales as follows:

where
%:%%:B(z)us (67)
e=0— 0, (59) N y
04 =2arctan 2(yu,, Tw ) (60) where
1
andn(e) is a function that takes an integer in order to satisfy Us = E“ (68)

a € [—m, 7). Also, atan2(-,-) is the scalar function defined as
atan2(a, b) = arg(b+ ja), wherej denotes the imaginary unit For this time scaled system, the following potential function can
andarg denotes an argument of a complex number. As a resuie defined:
the current state of the vehicle can be represented by
1 7k 0
V=-x z (69)
" (T, Yu) 20 L0 ha
2 = F(m) — N (z 117;} w 0) (61)
wr g wherek, andk, are positive constants.
and the target configuration of the vehicle is transformed to By designing the feedback control laws based on the po-
z; = [0, 0]X. As a result of such coordinate transformatiofential functionV” as
z = F(x), the target configuration of the vehicle can be ex- 1 =
pressed as; = [0, 0]7. us = —5B(x)""2 (70)
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the time-derivative ot in the new time scale yields — —w
d X0 Xd
—V=-V<o. (71)
ds Fig. 12. Generation of a straight trajectory.

Through the inverse time-scale transformation from virtual time
s to actual timet for the designed feedback controller with
APFA, we can derive the following control law for the original
system (63)

20 25 30 rls

) pré e ——=10]s]
———4=201s]
u=—a(t)B}(z)z = 2 of (72) —-—-Z:s.o 6l
2 —b2 v+ 1)2—5
under the assumption of defx) # 0 except at the target posi-
tion. —— t;=1.0[5]
Substituting the control law (72) into the system (63) yields K :.___.Z:ig %
X, -
d g 10 S
= o= pre (73) \.- AR
dt 2¢ 0 - ~ ~
: 0 05 10 15 20 25 30 1tIs
da b _ pag 74
dt 20+ W= 2¢ ) (74) Fig. 13. Straight trajectories with a bell-shaped velocity profile generated by

the proposed method of coordinated speed-steering control.
Solving the above differential equations, the dynamic behavior

of the system state can be given b
y gV y Fig. 13 shows the time histories ©f, andz,, generated by the

P =roP/? (75) proposed method for the initial position of the vehicte (=
@ =agt?/? (76) [—-10 [m], 0 [m], 0 [rad]T) and the bell-shaped velocity TBG
defined by (6), where three different convergence times were
wherer, anday are the initial values of anda, respectively. used {; = 1.0,2.0,3.0 [s]) and the power parameteps= 2
It can be seen that thdistance error- and theangular error. - @andg = 0.75. It should be noted that thg, coordinate and the
decrease by the(2)th power of¢ under the control law (72). orientationd of the generated trajectory are always zero. It can
Moreover, the time derivation of the potential functigrwith ~ be observed that the proposed method can naturally generate a

the derived feedback controller (72) in the actual time sca#éraight path of the vehicle with an easily controllable transient
yields response via the parameters of the TBG.

2) Generation of Curved Trajectoriesrigs. 14 and 15 show
the results generated by the proposed method of coordinated
speed-steering control for several initial conditions located at
different points on a circle with a 10 [m] radius: the initial ori-
entation anglé, is 7/2 [rad in Fig. 14 and O [rad] in Fig. 15,
respectively. The TBG given in (6) parameters gre= 1.0 [,

V = VoeP (78) P = 2,8 = 0.75.

It can be observed that the control law (72) becomes
whereV, = V() is the initial value ofV. Thus, it should be singular when the ternb,(z) goes to 0. From (65), it is
noticed that the potential function is “synchronized” with thelear that such singularity occurs in the case where the
TBG becausé’ is proportional to thesth power of¢. Since¢  orientation vector of the vehicle is orthogonal with respect
reaches zero af so must/: in other words, the robot is boundto the vector which joins the current to the target position.

av 13

— = =. 77

=PV ¢ (77)
Solving the above differential equation with respec{ td” can
be represented with the TB&Gas

to reach the target position of the vehicle exactly &t ;. We tested the property of the control mechanism in the
neighborhood of the singular configurations by carrying out
C. Computer Simulations a number of simulations with initial conditions very close

1) Generation of Straight TrajectoriesEirst of all, let us O Singularity. Some of them are included in Figs. 14 and
consider the case ab = [x.,0,0,0]7, i.e., the initial position 15: two trajectories starting from locations close to the
is on thez,, axis and the initial orientation i = 0[rad as @Xis in Fig. 14 ¢o = [10 [m], 1.0 x 10~ [m], «/2 [rad]*
shown in Fig. 12. andzy = [-10 [m],~1.0 x 107° [m], «/2 [rad]") and

In this case, it can be seen from (58)—(60) and the propos@d) _trajectories starting from points close to thg axis
control law (72) that is always zero, sincl, = 0 in (66) with N Fig. 15 o = [1.0 x 107 [m], 10 [m], 0 [rad]” and
ap = 0. As aresult, the vehicle moves in a straight line alopg  “o = [—1.0 x 1072 [m], =10 [m], 0 [faJ]T_)- In all cases, it
axis (y, = 0). Thus yieldingr = /2,2 = |z.,|, the position C€an be observed that the actual trajectories are repulsed from
of the vehicle is proportional to the (2)th power of¢(t) the singular configuration and the vehicle can arrive at the

target position in a smooth way without any forward/backward
| 20| = |zwo| €72 (79) oscillatory movement.
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Fig. 14. Trajectories generated by the control law when the vehicle is initially
located on a circle in the,, -y,, plane withd, = 7 /2 [rad. (The arrow denotes
the initial orientatiort,.).

-80 de Wit and Sprdalen
[mis)
127
Fig. 17. Regulation of transient behaviors with the different setsgef (
81 3.) where the initial position of the vehicle is, = [5v/2 [m], 5v/2 [m],
7/2 [rad]?.
4 .
¥, [m] O and using simple trigonometric relationsn(d = x,,/Ry and
4l cos = (Ry — yw)/Ro) the expression (66) of the gaba(z)
can be transformed in the following way:
-8 F
2 Ry — yw Ly 1
= by = (Fm e~ o) = =g @
-12 2 2 w w
12 8 4 0 4 8 12 Tw” + Yu Ro Ry Ry
%, (m] which indicates that the gain becomes a constant in this situa-

ion. A n n he vehicl roaches the tar lidin
Fig. 15. Trajectories generated by the control law when the vehicle is initialh/o S?CO sequence, t .e. ehicle approaches the ta geFS d 9
located on a circle in the.,-y., plane withd, = 0 [rad. (The arrow denotes ©N the C'!'CIe and reaChe_S itin the ple_mned convergence time.
the initial orientatiord,.). Here, in such a special case of circular paths, regulation of
temporal trajectories is executed by means of the following ad-
justed TBG as

, =" (1-¢)" (83)
1
,’ whereg; (i = 1,2) are positive constants under< g; < 1.
R4 When 3, = (s, the dynamics reduces to the TBG defined in
’ 6).
. (

Fig. 17 shows the time histories of thg, coordinate and the
linear velocityv with the parameter§s;, 32) = (0.5,0.75),
. _ _ _ (0.75,0.75), (0.75,0.5) under the initial configuration
Fig. 16. Generation of a circular trajectory. To = [5\/5 [m]7 5\/5 [m]7 7r/2 [rad]T. The outputs of the
proposed controller are compared with the results of the method
3) Regulation of Transient Propertied:et us suppose that by Canudas de Wit and Sgrdalen [31] (the fine lines). It can
the initial orientatiorf, agrees with the tangential direction ofoe observed that our method generates the smoother temporal
the circle passing through the initial position and the origin as trajectories with the different bell-shaped velocity profiles by

Fig. 16. From (58) and (72), it can be obtained that= 0 and changings;, which converge to the target in the appointed time
t¢, while the latter method tends to approach the target with a

progressive slowing down after an initial jerk.

w = —by(x)v. (80) With the change of the parametgrin (12), the dynamic
_ _ ) o _ behavior of the robot can be also regulated as shown in Fig. 18,
can be calculated as 5v/2 [m], 7/2 [rad]”. Asp is smaller, the robot approaches the

target more gradually and peak positions of velocity profiles
Ro— w02 + Yuwo? (81) move to the specified convergence timye On the contrary, as
°” 2Yuw0 p is larger, the robot moves to the target more quickly.



TSUJlet al.: BIO-MIMETIC TRAJECTORY GENERATION OF ROBOTS VIA ARTIFICIAL POTENTIAL FIELD WITH TIME BASE GENERATOR 437

m e pe10 ;1
p=20
------- p=40
Xy ———— The method by Canudas 6 r
de Wit and Sgrdalen
4| Yw
4 -
RS L
0 > 2
0 0.25 0.50 0.75 1.00 t [s]
(= 4
2 4 6 8 10,
xW
2 L

—— The method by Canudas
80 de Wit and Sgrdalen

- xw’ y w
[mv/s]

Fig. 18. Regulation of transient behaviors with the change of the parameter
p where the initial position of the vehicle is, = [5v/2 [m], 5v/2 [m],

7 /2 [rad]”.
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It should be noticed that, in the proposed method, the gener-
ating velocity profile of robots can be changed only by adjusting
the dynamics of TBG which is made to synchronize with the po-
tential function. Feedback gains in the designed controller and
the TBG parametersi(, p) are determined with consideration of 20
their influences on the stability and the response of robot motion
according to a task space and a given task for the robot. Future -40
research will be directed to establish a way to determine con-
crete values of the parameters. 60 eass]

4) Response to External DisturbanceAt first sight, the ©
proposed method might appear to be a kind of open loop control
if we consider that, as the consequence of the control law, thg. 19. Generating trajectory when the position of he vehicle is disturbed
resulting path is described by (75) and (76). However, this §§ternally at = 0.5 [s]: (a) spatial trajectory in the.,-y., plane, (b) temporal

. . Lo trajectory, and (c) velocity profile.
not the case, as it is clearly shown by the simulation illustrated
in Fig. 19, in which an external disturbance was applied during
movement, suddenly displacing the position of the vehiclbeecause of friction and modeling error of the system. It is nec-
after the vehicle starts from the same initial configuration @fssary to carry out experiments with a real robot.
Fig. 17,z,, coordinate is externally changed4g = 8 [m] at
time ¢ = 0.5 [g]. It should be noted that the large disturbance
which may not arise actually is given to the moving robot in
order to stress the robustness of the proposed method. It cam this paper, the trajectory generation method on the basis
be seen from the figure that the resulting trajectory, followingf the artificial potential field approach has been proposed. The
the disturbance but keeping the same control law, is still ablengethod has the built-in time function generator calledTimee
smoothly converge to the target in the planned time. Base Generatqdefined for a model of human arm movements,

In fact, the initial values, anda, which appear in (75) and by synchronization of the time course of the potential function
(76) are not computed explicitly in our method but are naturaked as an artificial potential field with the TBG. The method
consequences of the feedback control law, which is able to cooan generate a bio-mimetic trajectory for robots with a bell-
pensate the effect of the external disturbance. Accordingly, ev&maped velocity profile, which is the minimum jerk trajectory
if (75) and (76) are violated by applying the external distums Flash and Horgan [35] have proposed and can regulate the
bance, the proportional relationship itself is preserved and ttiansient response such as the movement time and the velocity
vehicle converges to the target position at the tisnepecified profile of the generating trajectory.
in the TBG. Then, the method was applied to the trajectory generation

From the simulation experiments, it can be seen that the groblem of the redundant manipulator and the unicycle-like ve-
signed controller with the proposed method has the robustnégde. It was shown that the proposed method matches other con-
for external disturbance under the ideal condition. In the casetdil strategies such as the utilization of the arm redundancy and
controlling a real robot, however, large torque beyond expecthe piecewise smooth feedback law for the nonholonomic ve-
tions would be generated in order to realize the desired motibitle. Also, it had been already shown that the method using

000 025 050 075 100"

VI. CONCLUSIONS
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TBG is effective for the obstacle avoidance problem [18], [19] B) if D,, = 0
as the previous methods [3]-[13]. .
The method proposed here can be utilize for coordination of Vi, = Ci{2=2pIn& + (pIn)*} &7 (B-3)
multiple robots since it can regulate the temporal trajectory asc) if—1<D, <0
well as the spatial trajectory of the robots. Future research will ‘
be directed to develop an algorithm of parameter adjustment 1+ D, 2 2\ 2y
with consideration of the torque limited problem and to analyzeVy, = Ci | ——— (—E”l + —
robustness of the proposed feedback controller against distur- IV D p p

bances including experiments with a real robot. whereC; = ky;/16(°z;)2. It should be noticed that the po-

tential functionVy, is composed of (TBG) in all cases. Thus,

the dynamic behavior of,, is directed by the TBG to con-

verge toward zero at the specified tieunder the conditions
Solving the derived nonlinear differential (23) with respeavith respect to the parametgrsincelim;.; £ = 0 and also

to each component of the system variable(i = 1,...,n), lim;.;{Ing = 0.

the dynamic behavior ofz; is represented according to

e -2) @4

APPENDIX A
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the discriminant of the characteristic polynomial of (23) REFERENCES
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