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Motion planning for non-holonomic mobile robots using the:-PID
controller and potential field

Yingchong Ma, Gang Zheng, Wilfrid Perruquetti and Zhaop€&ig

Abstract— This paper proposes a motion planning approach In this paper, we propose to use the robuBID controller
for non-holonomic mobile robots. Firstly, motion planningusing  for robot motion planning. The desired direction is gereat
i-P1D controller is presented. Then we improve the old poterial by a new potential field function to improve the performance

field function to produce smooth repulsive force. Finally a ew f obstacl id Th tential function is defined
repulsive function of robot orientation and angular velocty is of obstacle avoidance. 1he new potential function IS detine

proposed to improve the performance of obstacle avoidance. DY taking into account the robot orientation and angular
The effectiveness and the robustness of the proposed method velocity besides the position and linear velocity, andatise

are shown thereafter via several simulations. criteria is added to the original potential function to dease
oscillations. This method only needs the online measure-
l. INTRODUCTION ments of the robot velocity and information of obstacles.
Robot motion planning has been studied for many years, The outline of this paper is as follows. Problem statement
and there are many different studies using different ags given in section 1l. Robot motion planning usirig?ID

proaches for motion planning problems [1], such4s[2], controller is described in section Ill. The new potential
D~ [3], artificial potential field [4], visibility graph [5] and functions are defined in section IV. Simulation results are
methods based on optimal control problem [6]. detailed in section V.

Artificial potential field is proposed by Khatib [7] and has
been widely studied because of its simplicity and intengsti
mathematical analysis [8], [9]. The basic idea of this ap- Generally speaking, the total force generated by potential
proach is to fill the robot workspace with attractive potehti function can be used for controller design. A common way
field caused by the target and the repulsive potential field to set a positive linear velocity for the robot and design a
caused by obstacles. There are also some extensions for #&mgular controller to make the robot orientation convenye t
potential field method. Moving obstacles are considered ithe angle of the total force. While this method is not robast t
[10]. In [11] the velocity of obstacles and target are takethe disturbances in the system, therefore the first cortioibbu
into consideration, and the unreachable target with olesta®f this paper is to propose an robug®ID controller to track
nearby problem is discussed in [12]. Although the basithe desired velocities.
idea of potential field approach seems easy, there exist somdn robot motion planning problems, the potential forces
situations that the avoidance of obstacles can not be aahievneed to change smoothly to achieve good tracking perfor-
and oscillatory movement is also an important issue. mance. Moreover the original potential field approach has

As for non-holonomic mobile robots, the design of feasiblsome drawbacks. In Fig. 1, the direction of the total force
trajectory joining the starting position and the target & n S:.ro; * imposed on the robot pass through the obstacle
straightforward because of the non-holonomic constraintenter, thus the robot can not move away from the obstacle.
Both open-loop and close-loop methods are designed [13h [11] another force is introduced in the direction of the
However open-loop methods are not robust to the disturbaneelocity. However as seen in Fig. 2, when the direction of
in the system. Closed-loop methods of non-holonomic mdhe velocity passes through the obstacle center, the ralmot ¢
bile robots have been studied, but according to Brockettisot avoid the obstacle. This motivates us to think whether
theorem [14], there exists no smooth feedback control thate can introduce a force in the direction perpendicular ¢ th
stabilizes the given configuration. This means that thesclasobot direction when the robot is approaching the obstacle.
of the controllers should be extended to take into accouiiherefore we take the orientation and the angular velocity
time-varying or non-smooth controllers [15]. of the robot into consideration to propose a new potential

function, which is the second contribution of this paper.
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Yy Obstacle [16] is as follows:

{ y } = [GTG]AGT{ o } 3)
However, if the initial condition of the robot is differentithy
the reference, this approach can not converge the velarity t
the reference, since the proposed controller in [16] cannot
guarantee the asymptotical convergenge:— v, , and
Y Obstacle ¥ — vry. In order to ensure the convergence, an intuitive
Stotar V solution is to consider the dynamics #fandjj, and design
Robot a controller to maker andy track the desired velocity,. .
ando, .

For this, let us consider the following dynamics deduced
Fig. 2. Drawbacks in potential field method based on robottipasand  from the system model (1):

Fig. 1. Drawbacks in original potential field method basedadot position

linear velocity
{ z } =Ga @)
: . : : . where
In this paper, thé-PID controller is used since it is robust G { cos —vsinf } 5)
to the disturbances and noises in the system. We regard the sinf  veosd

direction following problem as a desired velocity trackingang g — [4,w|” being the new control input. The following

T, S1 _
problem, since;»* = g* = tanf,, wherev,, andvy, are  gection is then devoted to using the robutiD controller
desired velocitiés on andy axis respectively, an, and g achieve the tracking task.

S, are the component of the total for&,:,; on = andy
axis respectively. Thus, if one can make the robot velsitieC. ;-PID controller
on x (which is equal toi) andy (which is equal toy) to

’ The i-PID controller was proposed in [17], and it exhibits
trackv, , andv, , respectively, then one can ensure the robot
L ’ ' robustness to the unmodeled dynamics and disturbance in
moving with the desired anglg,.

. . . . _ the system [18]. Let us briefly present the basic idea of this
In fact, this new interpretation by tracking desired velypci contr)(gller (18] YR
hﬁs an Ilmpor:ant tadvfantgg:e it C?}” take into zlicc?unt ng Generally speaking, this method locally approximates the
physical constraints of robots, such as maximal velocity system model by a local model with an unknown term, and

S S1
Example j'gcz’ru g fs S Ura ? Ktsvlrfw’lz’j"?eret‘[{ I_ﬁs_; '15 the unknown term can be estimated by the measurements of
hown and deduced from potential field function the input and output of the system, then a so-calk®iD

one can set the deswed velocme = , = Ymy .
SR = Umy: Ure = I, controller can be deduced to realize the control goal.

Where v,y = Vmazy/ 1+K2 If K, < 1, one can define In this paper the system model (4) is approximated by
the desired velocities as. , = vmg, vry = Ksvmz, Where the following local model over a small time interval =
[— % In both cases, we can always ensure that thigy, tx+1], with k € ZT:

physica constraints are satisfied. Then the velocity frack il o

problem is described in the following. { i } = PO +ale,y.2,9)a) ©)
wherea(z, y, ¢, y) is a non singular 2 dimensional matrix

B. Robot model which should be well chosen in order to achieve the control

Let ider th icvele-t bil bot wh é;oaI.F(t) € R? represents all unknown terms including dis-
et us consider the unicycle-lypeé moblie robot whos urbances, which can be estimated by using the information
kinematic model under the non-holonomic constraint of pur

) — : 6t 4, a(z,y, ¢,y) and the output of the system.
rolling and no slipping can be described as follows: For the above continuous local model over tifigone can
@
]
0

vcos d estimateF (t) by discretizing it. Denotd; as the sampling
vsing time period, so that at each stép=t/7, we have

wherev andw are linear and angular velocity respectively, [ Z: ] = Fi +alz,y, &, 9)ak )

andy represent the location of the robétjs the orientation

of the robot with respect te-axis.
In [16], a simple controller is obtained to track the desired F, = { Tk } — oz, y, &, )i ®)

velocitiesv, , andv,, by using pseudoinversion. From (1) Yk

we have _ where[iy, %] anda, are measurable signals at tirhelf

{ r } = G(6) { v } (2 it assumed thaf’, is small enough such thaf,_, — Fj,

then thei-PID controller can be designed as follows:
whereG(0) = [ Zf;g ’ } thus the controller proposed in = o (2, y, 4, 9) (Feo1 + ex) )

w

then it yields



where wherepy is the influence range of the obstacle, dkg, is
e = { Z: } +Kp{ Z:Z,Z } +Kz/ { 2:21 } 10) a positive constant. o
" " T ™Y However one can notice in (14) that Wzo (¢) changes
and K, and K are usual tuning gains. The determinatiorfrom positive to negative in one step, this will introduce a
of a(z,y,,y) and the calculation of’;, are exhaustively sudden change in the value of repulsive potential function
discussed in [19]. Due to the limit of pages, we just recall’,.,(P,v). When considering the repulsive force, i.e. the
that Fj, is calculated as derivative of this repulsive potential, it will result indgquent
6 1 i, o, ) oscillations in complex environment, which is not expected
= f/o (26 - 1) { J } ds + 6a(z,y, &, y)/o (6% —d)adé (11)  for controller design. To overcome this problem, we mujtipl
the original repulsive potential function byos6,, where
04 = |0 — Orol|, andé is the orientation of the robobizo
is the angle of the vectango. The newU,.,(P,v) is as

whered € [0,1]. For more details on the determinationcof
and Iy, please refer to [19].

IV. POTENTIAL FIELD FUNCTION follows:
. . . Urep(P,v) =
A. Attractive potential function 0, if Pa(P,Py.) — P > po or Viro <0
The reference for the motion controller used above is (15)

generated from potential field functions, let us firstly defin Kpu (W - i) cos O,
the attractive potential field function. Like other poteiti if 0 < Pa(P,Pops) — P < po and Vro >0
field methods, it is defined as a function of relative distancehich guarantees the repulsive potential function redoce t
between the robot and the target: zero smoothly whileVzo (t) becomes negative. Moreover a

Untt(P) = Kast|[Prar — P(1)]2 12) new repulsive potential function based on robot orientatio

- and angular velocity is presented in the following to improv
where P(t) and P, denote the positions of the robotthe performance of obstacle avoidance.

and the target at time respectively,| P, — P(t)]] is the
Euclidean distance between the robot and the targetikapnd
is a positive parameter.

Let us define that if a maximum deceleratioh,,.. is
applied to the robot to reduce its angular velocity, the angl

) . . ) traveled by the robot before angular velocityt) reduces
Therefore the desired attractive force is defined as t zero is-y g ye)
negative gradient of the attractive potential functionhwit ' 0w) = w(t)?
respect to the robot position: " 2Bmas
AUatt (P) Then the repulsive potential function of robot orientatzon
= —2K4tt||Ptar — P(t)|IngrT . '
oP as angular velocity is defined as follows:

wheren g is the unit vector pointing from the robot to the v,.,(6,«) =
target. 0, if VRo <0or Py > pg or g > 6o

(16)

Satt(P) = —=VpUast (P) = —

; ; ; (—Ko1(8a — 0(w))? + Ko2)(po — Pa(P,Pobs))? (00 — 0a),
B. Repulsive potential function if Vro > 0 and Py < pe and 0(w) < 04 < 0o

Co_nventional!y, th_e repulsive function is defined as a | g2 (), — py(P,Poy.))2(00 — 04)°,
function of relative distance between the robot and obstacl if Vro > 0 and Py < pg and 64 < 0(w)
In this paper a new repulsive function makes fully use of
the position, velocity, orientation and angular velocifittte ~ Wherep, is a positive constant describing the influence range
robot is presented to improve the performance of obstactd obstacle onl,.,(0,w), andpy > po, 6 is the influence
avoidance. angle,Ky; and K- are positive constants. As shown in Fig.

According to [11], the repulsive potential function of3, the direction ofv,(t) is out of the influence angi), thus
robot position and linear velocity is considered as followsUrep(6,w) = 0. In the second case, the direction of(t)
Define P;(P, P,;,) as the distance between the robot ands in the influence anglé, but out of the range of(w),
an obstacle, aniizo (t) = v(t)"ngro as the velocity in the the potential function is of paraboloidal profile. In thetlas
direction from the robot to the obstacle, wher&) is the case, the direction of;(¢) is inside anglé(w), the potential
robot velocity andn o is a unit vector point from the robot function is defined as the maximum value of the parabola.
to the obstacle. Define,, ., is the maximum deceleration  one can notice that in (17\ps — Pa(P, Pobs))2 makes
of the robot, thus the distance traveled by the robot beforﬂqe value OfUTep(g w) change smoothly when robot reaches

an

Vro reduces to 0 i, (Vro) = (amd 9d)
potential function is defined as’ makes the value of/,.,(0,w) change smoothly whe#,
Urep(P,v) = reaches and exceeds the influence angle. The smooth change
0, if Py(P,Pops) — Pm > po or Vro <0 of U,(0,w) is very beneficial for tracking.
(14)

K 1 1 The new repulsive potential function is defined as
pv (Pd(Pvpobs)*Pm - R) ’
if 0< Pd(P7 Pobs) — Py < po and Vro >0 UTEP = UT@P(P7V) + UT@P(97W) (18)
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Fig. 4. Vectors for defining repulsive force

Thus the corresponding repulsive forBg., is defined as
the negative gradient of the repulsive potential functiothw
respect to robot position and velocity. Singg U (6, w) = 0,
we have

Srep = Srep(P, V) + Srep(6,w)

19
= _VPUrep(P7 V) - varep(P7 V) - VPUrep(Gyw) ( )

vectorng,,, . Thus we have

NoroL

Vplro = — === (26)
Py(P,Pops)
Therefore
Vpby = Vpl||6 — broll 27
If 6 > 60ro, we obtain
Vply =Vp(0—0ro) = _—2roL (28)
Py(P,Pops)
If 8 <0gro, we have
ngy
Vply =Vp(Oro —0) = —BoL (29)
( ) Py(P,Pops)

However one can notice that wheh > 6ro, ng,,,
—nroy, and whend < 0ro, ng.,, = ngroi, thus one
can obtain that

The robot velocity in the direction from the robot to theWe also have

obstacleVgo can be written as

Vro(t) = v(t) nro
T Pobs - P(t)
O 1B — PO

(20)

=v

then the gradients oFro(t) with respect to velocity and
position are calculated as

VvVRro(t) = nro (21)

Vro(t)nro — v(t)

VeV, t) =
pVro() = =B ]

(22)

For clarity, as shown in Fig. 4, deno¥&o (t)nro. as the
velocity component perpendicular ¥z (t)nro, which is
given in the following equation:

Vro1 (t)nro1 = v(t) — Vro(t)nro (23)
where
VioL(t) = \/V(t)? = Vo (1? ”
HEOLHRO =0
thus equation (22) can be written as
—Vro1nRro L
VpVro(t) = — 0= 2= 25
PVRo® = e, P )

Denoteny,,,, as the unit vector perpendicularig;o, and
Oro — Oro1 = 7/2, wherefro, is the argument of unit

Nnro.L
Vplyg= ————— (30)
Pd(Pv Pobs)
Therefore we have
Srep(P,v) =
0, if Pd(Pv Pobs) — P > po or VRo <0
(31)
S'repl + S'rep27
if 0< Py(P,Pops) — Pm < po and Vro >0
where
—Kpy cos Oy Vro
Srep1 = P <1 + nro 32
e (Pd(P7 Pobs) - Pm)2 Amax ( )
and
S ) Kp'uVRO VROL COSs Gd n
= RO L
rev a’mal‘Pd(Py Pobs)(Pd(P7 Pobs) - P’m)2 (33)
. 1 1 nro.l
+ Kpysinlyg | ——————F— — — | —————
Py(P,Poys) — Pm po/) Pa(P,Pops)
STep(07 w) =
0, if Vro < 0 or Py(P,Poys) > po or 04 > 6o
Srep3 + Srepa
if VrRo > 0 and Py(P,Pops) < po and 0(w) < 04 < 6o
Sreps + Srepé,
if VRo > 0 and Py(P,Pgys) < pg and 04 < 0(w)
(34)
where
Sreps = —2M?H (0o — 64)*nro (35)
- 29, — g, BROL
ST5p4 = 4K91MH (9d 0(0.)))(00 9d) Pd(P7 Pobs) (36)
2772 NRroL
+2M*“H (00 ed)iPd(P, Pobs)
and
Sreps = —2Kgo H(00 — 04)*nro 37)
Nnro.L
Sreps = 2K2, H?(0g — ) ——2= (38)
er 02 Pd(Pv Pobs)

where M = —Kp1 (04 — 0(w))? + Koo and H = pg — P4(P, Poys).

The relationship among the repulsive reference velocity

components is shown in Fig. 5. The repulsive forSgs,:,
Srep3 andS,..p5 are in the opposite direction efro, which

keep the robot away from obstacles. The repulsive forces

Srep2: Srepa @NAS,.cps are in the direction ohro 1, which

drive the robot for detouring. One can see that because of the

new repulsive functio/,..,, (¢, w), another force is generated
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Fig. 7. Robot trajectory withFig. 8.  Repulsive force of original
original Sycp (P, v) Uprep(P,v)

45 *  Target 12
Trajectory with old potential function
4 Trajectory with new potential function|

v

|
iR

Fig. 6. Situation with the connection between the robot dmdtarget and . . L o . .
the robot velocity pass through the center of the obstacle Fig. 9. Velocity tracking in X and Y direction with origina ., (P, v)

to repulse the robot away from the obstacle, shown as the The second simulation is made using the original repulsive
red arrow in Fig. 5. When there are multiple obstacles, thiéinction of [11] in comparison with our new repulsive

repulsive force can be calculated by function. Although the robot is able to avoid obstacles (Fig
_— 7), there are many unexpected oscillations in the generated
S, - Z S . repulsive force (Fig. 8), which eventually result in osill
e = e tions in the generated references (Fig. 9), this is detrtaden

for velocity tracking. And one can see that there are also

any oscillations in the generated controls (Fig. 10).

The last simulation is shown from Fig. 11 to Fig. 14, where
both new repulsive force$,.,(8,w) and S,.,(P,v) are
Stotal = Satt + Srep (39) imposed on the robot to avoid obstacles. The robot trajgctor
is shown in Fig. 11, the forces generated by the potential
field function are shown in Fig. 12, and we can see that the
forces change smoothly without sudden changes. Velocity
tracking results are shown in Fig. 13, it is clear that rafese

In the simulation, parameters are set as follows: maximuielocities also change smoothly, the controller is ablegok
linear accelerationu,,., = 2.0 m/s?>, maximum angular the velocity references. The control inputs calculatedhzy t
accelerationf,,.. = 1.0 rad/s, obstacle influence range i-PID controller are shown in Fig. 14. One can see that with
for Uyep(P,v) : po = 0.3 m, obstacle influence range for both repulsive forceS, ., (¢,w) andS,, (P, v), the robot is
Urep(8,w) : po = 0.6 m, time windowT = 3 s, influence
angledy, = w/4. K, = 50, K; = 100, K = 0.04,

K,, =038 and Ky = Kgp = 0.8, '

where n.,s is the number of obstacles in the sensor, an
S,ep.; is the repulsive force generated by tjié¢ obstacle.
The total force can be obtained by

and the total forceS,,; is used for motion planning.

V. SIMULATION RESULTS

=
. .y _ | sgn(cosf) —sgn(sinb) ™ R N s
a(z,y, &,7) = sgn(sinf)  sgn(cos®) ) . TV J" [ o P
N PRI, -

wheresgn(o) is the sign function which extracts the sign. -

The first simulation is made in which the connectior?‘; |/ 2
between the robot and the target and the robot velocity pa : " B
through the center of the obstacle. As we can see in Fi .
6, with the classical potential function defined in [11], the
robot stops in front of the obstacle. However with our new
potential function, the robot manages to avoid the obstactey. 10. Linear velocity control and angular velocity cartwith original
and arrive the target. Srep(P, V)

5 N/
W

ulor vlosi
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Fig. 11. Robot trajectory with bot8,c, (0, w) and Sy.cp (P, v)
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Fig. 12. Repulsive forc8,, (P, v) andS;ep (60, w) with both S, (6, w)
andS;¢p (P, v)

Fig. 14.

Linear velocity control and angular velocity camtwith both

Srep(0,w) and Syep (P, v)
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