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Abstract

The main contribution of this paper is to present and discusses a new approach for
development of a kinematics model and control strategy for a nonholonomic Wheeled
Mobile Robot WMR.

Dynamic model is involved, the linearization of the model is also presented, and
stability analysis is discussed. Extensive simulation results for the proposed controller are
presented.

.-

Lot il s Sl fasall bl paa )l Libliag i je (o8 S o) D] i ) Lot L]
) .&lass Jlsa <515 nonholonomic -/ saLadl)

geilii Ll Conl] Gpaniad Ayl i) Jilad 4iilio aiy il fosalls Seilaindl o pall Condl (anai
£ pall el i

40



Journal of Engineering and Development, Vol. 12, No. 3, September (2008)  ISSN 1813-7822

1. Introduction

Robotics is one of the most exciting emerging fields in modern science. Robots and
other automated device have the potential to improve our economy, health, standard of living
and our knowledge about the world we live in . During the last decade, there has been a
considerable increase in the research devoted to autonomous mobile robots. The most
fundamental ability for a mobile robot is the ability to move around its environment safely.
The robot must know where it is (localization), where it wants to go (mapping), and how to
get there (path planning and obstacle avoidance). Each of these component technologies has
challenged the robotics community for decades. Evolution Robotics provides breakthrough
technologies that enable low-cost and reliable navigation in realistic environments, such as
homes and workplaces 2. The term nonholonomic planning was introduced by Laumond & to
describe the problem of motion planning for wheeled mobile robots.

There are many types of moving systems for WMR and every type have its own
kinematics equations. One of the easiest examples is the like simple car; car cannot drive
sideways because the back wheels would have to slide instead of roll. This is why parallel
parking is challenging. If all four wheels could be turned simultaneously toward the curb, it
would be trivial to park a car. The complicated maneuvers for parking a simple car arise
because of rolling constraints .. The second type is classic three-wheeled vehicle, which uses
a single controlled angle and speed wheel to move to a desired position and orientation .
The third type is differential configuration wheeled vehicle. The differential configuration use
independent velocities in both wheels left and right to move in the 2D plane to a specific point
and specific orientation !. Another type is a four-wheel drive mobile robot in which each
wheel can turn freely around its horizontal axis, and its direction can be freely controlled as
well ©],

2. Wheeled Mobile Robot Modeling

From the idea that the differential drive WMR cannot move in the direction along the
axis, this is a singularity, and differential drive vehicles are very sensitive to slight changes in
velocity in each of the wheels. Differential WMR is also very sensitive to small variation in
the ground. From all a new nonholonomic WMR which we named Roc was modeling and
implemented as illustrated in Figs.(1) and (2). In this model extra wheels are added in
addition more than the differential wheels (groups 2). Groups 3 are used for support and make
the error slightly scarce, for the notation, this group working as a coaxial to minimize its
effect in the rotation. Groups 1 are the most important for steering the robot when it comes
out from the trajectory; also it helps the robot in the rotation.
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X

Figure (2) Roc WMR implemented

2-1 Kinematic Model
Assume that (P) represents a point in the space having (n) generalized coordinates, and
q a vector of (m) actuation variables (for n>m), and assume p and ¢ are the respective

derivatives of such vectors, then the jacobian expression in the form (Zhao and Bennet °!):

D=F(D)+ D GM0)i0i wrrererererereeeerereeeerereeeeetees et s e s senns 1)
i=1
cos0 0
PD=]SINO [VA[ Q[0 toevrrereiiieieieneieeeneeeeeneeeenessescecnssscncsencnsnsenenns 2
0 1

where,
v: is the linear velocity of the vehicle, and
@ : is its angular velocity.
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These equations can also be changed to the form of equation (1) as:

The new joint coordinates for the wheels according to the WMR that illustrated in
Fig.(1) is:

I I

v 2 2 uj
o]7|-n, Elon@sin@] r, , Rlsgn@)sin(@)] |y, ] @
d, d,/ d, d,/

where,
a : is front steering angle of constant value.

The steering inputs angular velocities:

and, the two outputs:

Xy = XAHTC0SO trveniniiiiiiiiiiiiiiiiiiiiiiiiii i e aae (7)
X, =Y HISINO cviiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiii it e aae (8)

The sign function is used to indicate the application of the front steering angle « , to the
right (-) or to the left (+).

Now, to get the jacobian matrix substituting equations (5), (6) and (4) into equation (3):

r,coso r,cos®
i : 0 : )
/| = LALL LALL Rl [T 9
Y 2 2 G)'R:| ®)
o1 |-, L Hlsgn@)sin@)] r, r[sgn()sin@)]
| d, d,/ d, d,/ ]

Taking the time derivative of equations (7) and (8):
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. do «

X X=Isin®—=1 r1 o _ysing]’

= & |- 2 SRR (10)
v+ Icosea 0 1 IcosO

Substituting equation (9) in to equation (10)

r,coso r,coso
- 2 2 _
%] _[1 0 —¢sing r,sin® r,sing T ... (12)
x,| [0 1 /sin@ | 2 2 @,
-, r/[sgn(a)sin(a)] L' r’[sgna)sin(a)]
| d, d,/ d, d/ ]

The forward velocity can be obtained by simplifying equation (11):

r,cos@

2 H 2 H
_/sin® _—r2+ r.[sgn@)sin@)]| r, Cose—fsine i+ r [sgn(e)sin(a)]
d, d, d, d/

N_ / [m} . (12)
X, rzSine+£cose[—r2+ rZ[sgn a)(sin(a)]} rzsme+€cose{ o, rf[sgn(a)sin(a)]} o,

1,8in® ( 5
2 d, d 2 d, d,/
2-2 Dynamic Model
This subsection is demonstrated the control task to solve the stabilization problem for a

simplified dynamic model of the robot with saturation on the control torques. More precisely,
consider the following dynamic extension of the WMR:

X=VvVCcosO T
y =vsin@

0=0 D TP (13)
® = U,

V=Ur, ~/

where,

U, and u;, : are generalized torque-inputs subject to the constraints:

Uy S UL g weerreeeesmeeemiiieeiiee ettt (14)
U o] S Uy veeeesnseeeesmnesennnesisieesisneesesineesenneesenneeessneesensnesonn (15)
Lo (o J N (16)
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with; u, ., >0 and u,,. >0 arbitrary positive constants.

with; «,(t,60,%,y) and a,(t,60,X,y). Introduce two new variables @ and v as:
T=O— 0 (1,0,X,)) tenininiiiiiiiiiiiiiiirir e a7

V=V =0, (1,0,X,Y) cerininiiiiiiiiiiiiiiiiniirreecrararars s s e e (18)

Consider the positive definite proper Lyapunov function candidate for system (13)
1 2 1 —2
Vz(t,X)=u4|0g(1+V1(t,9,X,y))+Em +§v .................................... (19)

where,
X=x",0,v)" =(X,Y,0,0,v)" and

H, > 0 is adesign parameter.

Therefore, we choose the time-varying control laws as:

(84 pk, cost)
1 + Vl(t, X) ..........................................

un, =-h, (@)+a,

p,(xcos 0+ ysin®)(1+ 2u, (0 + p,k, cos t)k’ cos t) 21)

Ury ==, (V) +a, - 1+ V,(t,x)
1\G

where,

s >0, us >0 are design parameters and

h g h us Corresponding set of saturation functions and

k! dk, (x*> +y?), and
S

s

a, = 90, + o0, o+ %0, cose+%sin9 V ttteeerneeenereeeeneeneneenenesnnn (22)
ot ot OX oy

a, = 0o, + 0a, o+ 90, cos0 + 90, SINO [V cevreneeinieieneeeeeeneeerneenennnn (23)
ot ot OX oy

and,
1 2 2 2 1 2 1 2
Vl(t,x)=§(9+u1k1(x + y“)cost) +5x +Ey ................................. (24)
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3. Linearization

The functions of kinematics equations of model (9) are:

D I T ) (25)
N TR T - ) (26)
ST I R o ) (27)

After taken the Tailer series of equations (25),(26) and (27) and using the linearization
procedures ") for the kinematics equations of model (9), a set of three transfer functions are
obtained:

X X(s) As-B

—— D D T titttttereieieiiiiietarirarara sttt s e st e anans 28
+ w+a (S) SZ ( )
S Cs+D
Floo = ye) _ T eeteeeerrttieeeeeerrrrr———eeeeerraar————eeerrrrrreeeens (29)
@, () S
0(s) a,+a,+a
Fo.a(S) = =B BB eeveseeseestessetesaesseessesaasaeas 30
m+a( ) m+u(s) S ( )
where,
o+a & @, isthe angular velocities of @, and@ including a effects, and,

A =804 0, ceiieiiniiiiniiiriiiieeeieeeeeeeetetieaeteaetneeetnaanenatneaasnaasnns (31)

S e T - Vot P - T D (32)

O T - PN (33)

D =3,8,5 + 31,85, F Q0855 ceverurenenenrnereeeenencaeeeeesnrncassesesncaseesesnenns (34)
and,

r, . r, .
a,, = B2 GIN04 ZE2GIN0 | cvovreeeeeeeeeeeeeeeeee oo (35)
2 2
r2
Ay = Ecose ............................................................................ (36)
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Ay, = r—zzcos D e e e e e e aaans (37)
a, = (m;rz cos 0 + m;rZ Cos 9) ..................................................... (38)
S (39)
a, —%sine .............................................................................. (40)
8y = (% —[Sgn(a)sm(a)]J .................................................. (41)
a,, [d—z [sgn(oc)sm(oc)]] ..................................................... (42)

( mR ! [sg n(a)COS(Ot)]) .......................... (43)

4. Stability Analysis

The system stability is studied in to two phases: first for the angular velocities @ only
(a =0), and the second for the coupled of @ in addition with the corrected steering angle « as

illustrated in Fig.(3). The nominal values that are used for stability analysis:

+ Robot parameters: r, =0.04m, r, =0.06m, d; =0.13m, d, =0.17m and ¢ =0.22m.

+ Angular velocities: @, = variable rad/sec, @, =variable rad/sec
+ Moving conditions: @ =0.174533rad .
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Figure (3) Stability responses a) when « =0 b) when « =1.22rad
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From Figs.(3.a.1) and (3.b.1) it can seen that the system in the X-directional channel is
under damping, and its very slow convergence to the unity step. Critical damping appears in
Y-directional channel; see Figs.(3.a.2) and (3.b.2).

The WMR model as a result of stability needs controllers to compensate and improve its
performance and to make it faster. Proposed conventional PID controllers are added to get a
good steering and accurate conformer trajectory. The controller gains proposed for the
X-directional channel are: k, =30,k; =0.005 and k, =13, and for the Y-directional channel

are: k, =5,k; =0.0002 andk, =15. The resulting performance is depicted in Fig.(4).

Fy Fy

T+a o+a

(@ (b)
Figure (4) Stability responses a) when « =0 b) when « =1.22rad

5. Simulation

In this section, the proposed controllers in closed-loop with the WMR channels are
simulated with Matlab7-Simulink environment. To test controllers’ ability the WMR follow a
path. It can be seen from Fig.(5-c) that the robot is following the paths and achieving a good
accuracy. Mention here that the steering commands error was indicated by vision sensor and
that is not the paper subject.
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Figure (5) WMR following paths a) actual path b) following without controller
c) following with controller

6. Conclusion

In this paper, a new kinematics model for wheeled mobile robot are developed, and
derived. The kinematics model is derived under a nonholonomic constraint of pure rolling and
nonslipping. A dynamic model with input saturations is considered. Linearization done and
stability analysis tested and compensated by proposed PID controller to improving the system
performance. Simulation and experimental results demonstrate the powerful of this develop,
where the WMR is moved in the direction along the axis exactly like the actual path, and this
demonstrate the important of adding the front steering wheels (groups 1) in addition with
differential wheels (groups 2). The most important contribution of the paper is to use a front
wheels as steering in addition with differential drive wheels supported by coaxial wheels.
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