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Genetic Algorithm Based Optimal Design of a P1D Controller for
trajectory tracking of a Mobile Robot
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Abstract

This paper deals with the modeling and control strategies of the motion of wheeled mobile
robot. The model of the mobile robot has twe drving wheels and the azimuth and velecity are
dependently contralled by two PID controliers. The PIID controller is one of the earliest and
famous industrial controllers. It has many advantages: It is economic, simple easy to be tuned and
robust. The tuning of these controllers 1s governed by system nonlinearities and continuous
parameter variations. This paper deals with the optimal design of a PID controller for path
tracking of mobile robot by using genetic algorithms (GA). The designed controller is tested for
different paths.

Key words: Mobile Robot, Trajectory-Tracking Control, Simulink, PID Controller and Genetic
Alporithms,
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1. Introduction

Autonomous Tobots may act instead of
tuman  beings. The robots are able to
accomplish many tasks in dangerous places
where humans cannol enter, such as sites
where harmful gases or high temperature are
present, 2 hard environment for humans.
Cleaning robots and cargo delivery can work
automatically and save cosis by performing
various routine tasks [1.2].

The PIIY controlier has been used 1o
control ashout 90% industrial processes
wotldwide [3]. The main probiem of that
simple controlier is the correct choice of the
PID gains. To tune the PID controller, there
are number of strategies, the most famous,
which is frequently wused in industrial
applications, is the Ziegler-Nichols method
[4,5,6). Moreover, GA was another method
for tuning procedure. The advantage of tuning
with GA is the ability of choosing controller
pains which optimize drive performance
bazed on multi objective criterion without
wipping in a tocal minima solution [4].

2. PIDand GA

Despite the devclopment of more advanced
control strategies, the majority of industrial
conlrol systems still use PID contrallers
bocause they  are  standard industrial
components, and their principle is well
undersiood by  enginects, which is most
widely vsed conptrol structurc in the gontrol
industry, this is because PID controllers are
easy to tune, easy to implement, and available
at little cost [3]. .

Tt can pive a good performance for stable
linear processes. Sclf-tuning and adaptive PID
design  appreaches  can  overcome the
opetating point varying parameicrs {51

The controller output U in S-domain is
given by the following equation:

T s = [’ ]_ _ T._-i"" 1
L{.&)—Kl\l-k I}ST].-f-(Td._g,l’N'). El:s} {)
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Where.

Error (E) = reference (1} - actual (¥}

K: Proportional gain.

Ti: Integral time.

'Td: Derivative time.

N: Tilter factor to limit the noise gencrated
in the derivative action [5,3,7]. Fig.1 shows
the structure of P1D.

S

Fig.1 General Structure of PID control loop

A proportional controller (Kp) will have the
effect of reducing the rise time and will
reduce, but never eliminate, the steady-state
error. An integral contro) (K;} will have the
offect of eliminating the steady-state error, but
it may make the transicnt responsé WoTsc. A
derivative control (Kq) will have the effect of
increasing the stability of the system,
reducing the overshoot, and improving the
transient  response  [8).Note that these
correlations may not be exactly accurate,
because Kp. Ki, and Kd are dependent of each
other. In fact, changing one of these variables
can change the effect of the other two.

In this paper, we proposc a GA-based
optimal design of a PID comroller 0 solve the
control problem of a mobile robot, The
application of GAs can broadly be classified
into two distinct areas: off-line optintization
and on-line optimization.

Off-line optimization have proved to he
the most popular and successful.

On-line optimization tend to be quite rare
because of the difficulties associated with
using a GA in real-time and directly
influencing the operation of the system [01. 1t
operates on the principle of the survival of the
fittest. A constant size population of
individuals, each of them is represented by a
fixed number of parameters which are coded
in binary form (chromosomes); encode
possible solutions of a given problem. An
initial population of individuals {possible
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sohmions) is gencrated at random by using
trial and error method to obtain a good result.
The allowable range of variation for each
parameter is given. There are three main
operators that constitute the genetic algorithm
search mechanismn: selection, crossover and
rmtation. In every evolutionary step, known
a5 a generation, the individual of the current
population {or family) are decoded and
evaluated [10,11].

The three operators are implemented
itcratively, cach lteration produces a new
population of solutions {generation). The
genetic algorithm  continues to apply the
operators and evolve generations of solutions
until a near-optimum selution is found or the
maximum number of possible generations is
produced. Fig.2  shows the algorithm
flowchart. From simulation results, the near-
zero errors for Azimuth and Velocity can be
achieved  with  appropriatec  controller
parameters toning based on GAs.

Tiicial
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1o Population

F

3. Dynamic Model

Mobile robots have rececived a great deal of
tesearch in recent years. A significant amount
of research has been published in many
aspects related 10 mobile robots. Most of the
research is devoted to design and develop
some contrel techniques for robol motion and
path planning [12]. A large number of
researchers such as [13-15] have used
kinematic models to develop motion eontrol
strategy for mobile robots. Their argament
and assumption that these models are valid if
the robot has low speed, low acceleration and
light load [12}.

However, dynamic modelling of mobile
robots is very important as they are designed
to travel at higher speed and perform heavy
duty work. This paper uses dynamic model
and conlrol strategy for wheeled mobile robot
on two wheels and a castor. The mobile robot
considered here is shown in Fig.3. It consists
of a vehicle with two driving wheels mounted
on the same axis, and a front passive wheel
for balance. The two driving wheels are
controlled independently by moitors. Let the
maobile robot be rigid movine on the plane.

M aximum
Filness?

Chatimuat,
Sehin

Cicate new Generation
(Feprodustion,
Crossover, Muration)

Max nwmber
of Generation
cxcended *

Fig.2 The genetic algorithm flow chart
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Fig.3: Model of mobile robot

We assume that the absolute coordinale
system OXY is fixed on the plane. Then, the
dynamic property of the robot is given by the
following equation of motion [16]:

DOLO A, siell bt bl 5 21 e
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Mvyv= D, + D, )]
For the right- and lefi-wheels, the dynamic
property of the driving system becomes

Iw;?;:JF cq;,. =ku,—rD,; ..D
(i=r,l)

Where each parameter and variable is
defined as Tollows:
i,; moment of ineriz around the C.G. of
robot
M - mass of the robot
Dy, I left and right driving forces

! : distance between left and right wheel and
the ¢.g. of robot
0: azimuth of the robot
v : velocity of the robot
1.: moment of inertia of wheel
¢ : viscons friction factor.
k : driving gain factor.
t . radius of wheel
@ ; rotational angle of wheel.
1t; : driving input.
On  the other hand, the geometrical
relationships among variables @, v and ¢ are
given by

rg =v+18 - (5)

rg, =v-186 . (6)

From these cquations, defining the state
variable for the robot as

I
[v & e }
The manipulated variable as 4 = [, , &,

., and the ouiput  vanable

y=[v E'Ir vields the following state
equation:

X

]T

as

x = Ax + Bu
y = Cx

~ (7
. {B)
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a, 0 0 bl bi
A=10 0 1 , B= 0 0

0 0 a, b, —b
O = {] 0 ﬂi\ Where

o0 1 0

26 gLl
R VALY 1r*+21.0°
kr kri

l5‘5'1 — 3 . bz Y 7

M 420, 1r? 421}

The mobile robot physical parameters are
given in Tablel:

Tablel: The values af known physical
parameters of the mobile robot

N Parameter | “value | Unit
T N . Y
M e | Ke
L e om
| no. | eoes | Kgm'
e | ees | Hes
|.\. . - JE P
| k. | 5

To simulate the above mohile robot model,
we use the State-Space block in Matlab
simulation environment as shown in Fig.4d
with 4th order Runge-Kutta-Gill method with
an integration step 1[ms]. The velocity and
azimuth of ihe robot are controlled by
manipulating the torques for the left wheels
(Up) and the right wheels (U;).

2010 J‘J‘;IL .1.' 4;&.?1.1] B el ---
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Fig.4: Block diagram for the mobile robot
madel in Matlab/Simulink environment

4. GA-Based PID Controller Tuning

Genetic algorithms have been utilized in
roboetics for both path planning and the design
of behavioral controllers [Y]. A= a
mathematical means for optimization, (GAs
can naturally be applied to the optimal-tuning
of PID controllers. With reference to a step
input signal for velocity and deviation line
with slope (-5) for azimuth, the role of the
PID controller is te drive the output response
within the user's specifications. Obviously,
the parameter settings of the PID controller
should be fine-tuned so as to meet as high
requirerments as possible. Optimization of PID
controllers  firstly  necds  design  the
optirnization goal, and then encode the
parameters to be searched. Genetic operator is
running until the stop condition is satisfied.
The decoding values of the last chromosome
are optimized parameters of the PID

Pafentl 1a b e ld & L8 lgih

i
Parent2 L2434 & 5. |7 8

controller. To obtain the ulptimalh colitro}ler,
the following implementations of the genetic

algorithm are used,

{Child1 -l aTb 74 {4 )% FealT 8§

2. Representation of Parameters

For most applications of genetic algorithma
to  optimize problems, the real coding
technique is used to represent a solution to a
given problem [17]. In this work, real valued
representation is used. This i3 for many
reasons; the first is that the wvalues that deal
with are regl, then to prevent encoding of the
{floating, point values with a binary encoding

Basrah Joumal for Enginecring Science/No. 1 J'EUI G

and this need more genes, the sccond, is the
precision, the third; are the processes of
encoding and decoding take much time. Each
chromosome represents a solution of the

problem, it consists of eight genes. © vector
- [Kpr Kdr Kir Krﬂr Kpl' K:ﬂ KII Km‘]j lt‘

represents { , and ) for PID_Azimuth
contreller gains (right torque) with right
scaling gain () and { , and ) for
PID_ Velocity controller gains (left torque}
with left scaling gain (). It must be noted
here that the searching area of each gain
{gene) must be specified {0 to 100) with 10
orders precision for floating point value.

i.Crossover

Crossover allows an improvement in the
gpecies in terms of evolution of new
sotutions at random on each parent and then
, complementary fraclions from the two
parents are linked together (o form a new
chromosome[10,11].

There are several functions of ¢rogsover
(Scattered, Single point, Two point,
Intermediate, Heuristic Arithmetic and line)
[18], by experience for each type to obtain
the minimum fitness, the scattered crossover
is best, so, the scattered crossover will bhe
nsed here.

This is to create a random binary vector
and selects the genes where the vectoris a |
from the firsi parcni, and the genes where
the vector is a O from the second parent, and
combings the genes to form the child [19].
For example, if pl and p2 are the parents.

And the binary vectoris [1 1001 68 0 0],
the function returns the following child:

ii. Mutation

The mutation operator alters a copy of a
chromosome remtroducing values that might
have been lost or crealing totally new features
[10,11].

There are several functions of mutation
(Gaussian , Uniform and Adaptive Feasible),
by expenence [or each type to obtain the
minimum fitness, the Adaptive Feasible

200 73 2.4t £ gl 50




mutation is best, so, the Adaptive Feasible
mutation will be used in this paper. Which is
randomly  generates directions that are
adaptive with respect to the last successful or
unsuccessful generation.

The feasible region is bounded by the
constraints and inequality constraints. A step
length is chosen along cach direction so that
linear constraints and bounds arc satisfied
[19].

iii. Fitness Function

Fitness function decides whether a
chromosome  will contribute to the mext
generation [10].

To evaluate the controller performance, the
Mean Square Error (MSE) is used as a
fitness function [201:

Foe = =3 (£(K))’ ()
7 g

Where » represents number of samples, e} is
the error lor each Azimuth and Velocity as
following in the equations.

PN LA RTIGE

USE _ Acimuth = —
LA

MSE _ Velocity =1:Enl(vd{KJ—v{K})’

MSE  Towl = MSE _Azimeth + MSE _ Velocity

Where vy, pg are the desired veloeity and the
desired azimuth, Tespectively. ¥, ¢ are the
actual velocity and the actual azimuth of the
robot, respectively.

Minimization of this MSE ensures that the
system reaches its final stalc quickly as well
as steady state error is small, in this paper, ithe
MSE_Totat will be used as fitness function.

iv.Sclect Probability

The selection procedure depends on the
vahe of the fitness function. Individuals with
low-fitness have a better <chance of
reproducing, while bhigh-fitness cnes will
disappear [10,11].

To maintain a reasonable differential
hetween  rolative  fitpess  ratings  of
chromosomes and to prevent a too-rapid
takepver by some super chromosomes, there
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are several functions for selection (Siochastic
Universal Sampling, Remainder, Uniform,
Roulette and Tournament), by experience for
each type to obtain the minimum {itness, the
Stochastic Universal Sampling selection i
best, so, the Stochastic uaiform selection will
usc in this paper.

The stochastic uniform, lays out a line in
which each parent corresponds to 2 section of
the Yine of length proportional to its scaled
value.

The algerithm moves along the line in
steps of equal size.

At each step, the algorithm allocates a
parent from the section it lands on. The first
step is a uniform randem number less than the
step size [18,19].

v. Termination Condition

Maximum generation termination method
is used to decide whether the termination
condition is salisfied or nol.

6. Simulations resulis

The block diagram ef the mobile robot
control  system  using Matlab/Simulink
environment for the closed loop system model
with two PIDs controllers is shown in Fig.5,
one PID controller used for control of velocity
and another for control azimuth of mobile
robot. The veloeity and azimuth of the robot
are controlled by manipulating the torques for
the left- and the right-wheels.

The velocity emrar e, and the azimuth error
co are considered as the inputs, and the
driving torque required for controlling the two
wheels  u, and u, are considered as the

output. Here, the input devistions ev and ey
are defined by

&=V Y L (10)
eﬂ--—-&d—ﬂ

Where va , 0q : are the desire velocity and
the desire azimuth, respectively. v, &: are the
actual velocity and the actual azimuth of the
robot, respectively.

ZOLO L3450 30nh] it p olnl! § St
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The summaries of pgenetic algorithm
parameters chosen for the tuning purpose of
PID controller gains are shown in Table 2.

Fip. 5: Simulation model of system control
using two PID controllers inm Matlab/Sinulink
environment

To simulate the mobile robot madel, used
the reference velocity vy given as 1 [mfsec)
and the reference azimuth to create circular
trajectory is represented by the following
equation:

& =(2xx){m)x f{)rad] (11

Where m (slope) = -3, fity=t { =0, 1, 2
...5 sec}, the simulation of reference azimuth

is camied out by using simulink blocks as
shown in Fig.6.

.

i ﬂ“}
{-2pip/{m)*u

{1

Azimuth

/

Ramp

Fig.4: Block diagram for desired azimuth
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Table2: GA Parameters

CNo, ] - Parameters. I Description 5|

T Chrnmu;sﬂme Real encoding !

: encoding — o R

' Beneraltons |

SrL No. of 20 {19 randormly and 1 by |

3 chromosomes in : :

. . Trial and Ertor ) :

et E8Ch generation SRR |
g 4. No.of varigbles in | 8 , -

1 each clromosome |
: T&E initial |

.=l chromosome [KpR .
5 & KdR KiR KuR (20,2 80,2,532,2.9,1.33.02] -
L Kpl Kdl, KiL

S I 3" 5) FS S — :
i:_6__| _ Fimess function | Mean Squire Error (MSE)
! ) J Selection method Smchasncl_!nwarsal :
] . Sampling
!__.E;.!__C;mzq&tsr.rnith?@_hl_._._____. Scattered :
|_J'!'-..E.J-...M.Lllﬁ!i@.ﬂ..@iﬂlﬁ!-i;_____.....#.dépti?c_ﬁc%ﬂlle o
|. 10, | Termination | Numberof generation |

When the GAs parameters in table? are used
by Matlab optimication tool of GA, it displays
a plet of the best and mean values of the
litness function at each generaticn, When the
algorithm siops, the plot appears as shown in
Fig.7, the points at the bottom of the plot
denote the best fitness values (dote points),
while the points above them denote the
averages of the fitness wvalues in each
generation (star points). The plot also displays
the best and mean wvalues in the currem

generation muncrically at the tap. ,
oo [ O ECEE R Y FNipen’ . 00GT —_
Teraes woven D
| I+ &gy -2 tmmen]
o - - -
5 i S PP B R, S
i e
!
pa—
ot e Bt T L T S S Ty VY
E__I = [="] L) R L‘_ﬂm f =3 a i’y e aa I'

Fig.7: MSE vs. generations for PID
controller tunad by GA
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* B of Azimrusk

Fie.(8) illusiwates the response for azimuth,
error of azimuth, wvelocity, and error of
velocity for PID controller tuned by Genetic
algorithr
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: :__ . ______? — —Mt.ul Cum fﬂﬂed -by GA
e '.: - In order to transfer the azimuth (&) and
] velocity {¥v) of mohile robot into the
P trajectory, we use the following equations
! . “-Ii—.”“-?.“"_ [21]:
) ....... ...... ...... x = veos( 0 (12}
" DL— .|_= =l ': 1 I : : _1 '| L ]
1| as 1 1E 12 ﬁm.:f“ﬂ 7 @5 4 4E 5 o=y sm( g)
Curgu sesuits for the i velncey g FID Curtelr wned oy 64 The x-y transducer block transfer Veloeity
- v and Azimuth ine (Xe, Yc) coordinates in
7 S G S P et Mattal / simulink is illustraied as shown in
' : e : Fig.9, lig.10 shows the circular trajectory
i f-" when applied the x-y transducer block,
. R -
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o et b s il s i Sp Fig.9: A simulink ntodel of transducer blocks fo

Tivetpoe) ' transfer from velocity and azimuth inte (Xc, Yo
coordinates
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Table 3 illustrates the Mean Square Error
for each the inifial gains (first iteration)
;which is obtained by using trial and error
(T&E) tening method, and the finial iteration
of gains by using penctic algorithm method,
this table has the percentage imprevement
between them { T&E and GA), the percentage
improvement represented by the following
equation:

(((fF_ valne - New value\ (O value)y= 106 {13)

Table3: Mean Square Error's (MSE's} values for PID
_controller tuned by GA with percentage fﬂ'}?ﬂ"’f’m?ﬂ_{ .

; Ghiﬁs by trsiil and error {initial gains)

eainel202.8.0.2.5.32.2.9.1.33.0.2]

MSE_Azimuih |

MSE \-’elnclty !
- BOBE05 ] 5. 74E-02

Gins by GA (finial iteration of GA)

MSE_Total
n2 “575_. L

e [ I
24412 Qddii M4'E PRLIL

Distewa Xin)

 MSE_Azimuth |

_ Percenlage lmpmmment betwcen trlal and Error and (u\ .

gain=|70.5000 2.8000 957000 650000 96.6250 “

0.5250 47,3300 4, 9453]
MSE VE].[H‘.‘I‘I N

2.30E-07 480E03 |
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Fig 190: Circular trafectory and x-y errors
when used PID controller tuned by GA
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MSE_Azimuth¥%o

. _MSE _Veloeity% |
]

_91.64% |

RN

99‘?1?“ e e j e

In order to test the robusiness of PID
controller, applied this controller for tracking
several different puths as follows:

1} Circalar trajectory tracking

1) Line trajectory tracking

3) Wave trajectory iracking
The test is done with and without loading.

a} Without loading

1) Cireuiar irajectory tracking: the
reference velocity is given as 1 [m/sec] and
the reference azimuth is represented by Eg
{11).

2} Line trajectory tracking: the reference
velocity is given as 4.243 [m/sec] and the
reference azimuth is 0.7854 {rad] (45%) o
artive a farget point (15, 15))in Fig.11.

3) Wave trajectory tracking: the reference
Velocity and Azimuth is sine wave with
amplitude = -1 to 1 and frequency = 3
[rad/sec} as shown in Fig.12.

Tabled illustrates the MSE for wave and
line tracking.

20040 FL W st 2l o ylali § ol als

_ MSE_Total
00048

_ MSE_Total%
91.65%
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= ur:T aprlm-nra TKLIL r=-n] Erﬁlrn#er nard t-;w-
'| b} With Load
The disturbances will be represented by
| another mass added to the initial mass {MUE)
T 7 as follows:
'i M1= (MO+0.1 MOj = (200+20) =226 Kg
I M2= (M0=0.2 MD) = (200+40) =240 Kg
1 M3= (MO+0.5 M0} = (200+100) =300 Kg
| The mass of the mobile robot is changed
fom 200 Kg to 220,240 and 300Kg, the
1L simulation is performed for each all previous

Duatare s Firnd
.y Line Teze by Tracke Jsing P oo dee luned by G
L T " T H

paths. Table3 jllustrates the MSE for all paths
with dlﬂ"erent luadmg
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7. Conclusions

The paper deals with the medeling and
control strategies of the motion of wheeled
mobile robots. The rnodel of the vehicle has
two driving wheels and the angular velocities
of the two wheels are independently
controlled. This paper has suggested a fine-
tuning technology for optimal design of a PID
controller for a mebile robot based on genetic
algotithms, The designed controlier is tested
for different paths. Simulation results show
good performance for the designed control
structure. Also it shows good rabustness.
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