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Comparative Analysis of Posture Controllers
for Tracking Control of a Four-Wheeled Skid-
Steered Mobile Robot in Case of Non-Zero
Initial Position and Course Errors

Maciej Trojnacki, Przemystaw Dgbek

Abstract— The paper is concerned with the problem of trajectory tracking control of a four-wheeled skid-steered mobile robot in case of
non-zero initial position and course (posture) errors. Object of the research, its kinematics and dynamics were described. Structure of robot
motion control system containing posture controller and drive controller is shown. Six solutions of the posture controller which allow
realization of tracking control as well as a methodology of controller tuning are presented. Effectiveness of particular solutions of posture
controller is benchmarked in the simulation studies. Evaluation of the analyzed solutions is carried out using the introduced quality indexes.

Index Terms— wheeled mobile robot, dynamics model, drive model, wheel slips, tracking control, posture controller, drive controller,

controller tuning, comparative analysis, simulation research.

1 INTRODUCTION

Tracking control, which is the kind of control where chosen
point of a robot has to move on certain desired motion

trajectory, belongs to important problems of control theo-
ry and robotics. From the point of view of synthesis of control
systems, wheeled mobile robots can be divided in two catego-
ries: robots for which in typical operating conditions there is
almost no wheel sliding on the ground during motion, and
robots with all wheels non-steered for which wheel sliding is
an inherent feature of motion (skid-steered robots). Examples
of the robots from the first category are Pioneer 2DX and Azi-
mut [8], whereas from the second category, majority of the
robots made by Industrial Research Institute for Automation
and Measurements PIAP [22].

In case of the skid-steered robots it is not possible to guar-
antee satisfactory accuracy of motion realization using the
wheel velocity controller only, because of the occurring wheel
slips. Better accuracy can be achieved using the robot mobile
platform velocity controller, and even better, using the robot
position and course, or posture, controller.

The task of this kind of controller is determination of con-
trol signals, i.e., robot motion velocities so as to minimize posi-
tion and course errors, that is the robot posture errors.

As far as mobile robot posture controllers are concerned,
the following solutions are usually used: back-stepping meth-
od [5], [6], sliding mode method [9] or switching control ap-
proach [15], robust control [11], adaptive control [14] using
artificial neural networks [1] or fuzzy logic [7] and various
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hybrid strategies.

In articles [18], [19] the problem of trajectory tracking con-
trol of a four-wheeled mobile robot with non-steered wheels
using various existing solutions of posture controller was con-
sidered in case of zero initial posture error. In those works
some modifications of the solutions of posture controller
aimed at removing certain limitations were proposed. Addi-
tionally, for each solution methodology of controller tuning
was described for certain assumed robot boundary velocities
and maximum posture errors. A comparative analysis of per-
formance of different controller solutions was conducted by
means of simulation studies.

The present article is continuation of the mentioned works
aimed at investigations of the analogous solutions of the posture
controller, but this time in case of non-zero initial position and
course error of the robot. Examination of this case is important
from the practical point of view, because it is likely that actual
initial posture of the robot will be different than desired posture.

2 FOUR-WHEELED SKID-STEERED MOBILE ROBOT

The object of the research is a small four-wheeled mobile robot
with all wheels non-steered called PIAP GRANITE. The robot has
all wheels driven independently by DC servomotors with gear
units and encoders. The current design of the robot is shown in
Fig. 1a, and its kinematic structure is presented in Fig. 1b.

It is possible to distinguish the following main components
of the robot: 0 - body with frame for installation of the re-
search equipment, 1-4 - wheels with toothed belt pulleys, 5-6 -
toothed belts. The drive transmission in each drive unit can be
decoupled and also toothed belts can be removed which per-
mits obtaining various configurations of the robot drive sys-
tem. In this paper, the configuration of the robot with inde-
pendent driving of all 4 wheels is analysed.
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Fig. 1. Four-wheeled skid-steered mobile robot PIAP GRANITE: a — cur-
rent design, b — kinematic structure

The following symbols for the it wheel were introduced in
the robot model: A; - geometrical centre, r; = r - radius, 6; -
angle of wheel spin (i=1, ..., 4).

For robot localization and determination of its motion pa-
rameters the inertial measurement units [17], GNSS equip-
ment [12] as well as a 2D laser scanner and maps of environ-
ment [3] are used.

3 MODELLING OF THE ROBOT

3.1 Robot kinematics

It is assumed that robot motion is realized in Oxy plane of the
fixed coordinate system {O}. The moving coordinate system {R}
is considered to be rigidly connected to the robot. Position and
orientation of the mobile platform are described by the vector of
generalized coordinates:

Oq =[OXR7 OyR’ O(POz]T ) ¢y

where: %z, OyR are coordinates of the point R of the mobile
platform, and o(poZ =y denotes angle of spin of mobile plat-
form about z axis with respect to fixed coordinate system {O},
also named the course angle.

In turn, vectors of generalized velocities respectively in {O}
and {R} coordinate systems can be written as:

°4=["%. Ve %00l s Fa=[ Ve, Ve “00r] @

where: Vo, =%, Ve, ="Vs, ©©,,=°dy,-

If one makes assumption that "V, ~0 and motion is realized
in Oxy plane then vector of generalized velocities ° can be
defined on the basis of kinematic equations of motion in the
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where vector ®v = [“v, R, ]T contains respectively compo-
nent of velocity of the point R of the robot on the x direction of
{R} coordinate system and yaw rate of the mobile platform.

In case of plane motion of the mobile platform, velocity of the
point R depends on angular velocity "¢,, and radius of curva-
ture R: of the path according to the formula:

RVRXZR(bOZ Rz’ (4)
where Rvg, is the velocity of the point R motion expressed in
the coordinates of the reference frame {R} associated with the
robot.

3.2 Dynamics model of the robot
In this work, dynamics model of the PIAP GRANITE robot
which includes wheel slips, developed in [16], will be used.
This model will be employed in simulation-based research of
posture controller.

Normal components of reactions of the ground can be deter-
mined from relationship:

"Fe = Ma ((Facy, /(2U)F gy, I(@N)(r+72,) + (17 4+ Pxg,, 1(2L))), (5)

where actual plus and minus signs depend on the considered
wheel.

On the assumption that the robot wheels neither move nor
rotate backwards, the current value of longitudinal slip ratio is
determined from the formula:

i R

Ry _ -
_{0 for "v,,=0 and v, =0, ©)

(v, ~Fv,, ) Imax("v,,,v,) for other

Aix? Yoi

VAix and Voi '

R

where v, =6,r, and v,, are respectively velocity at the

wheel circumference and longitudinal component of velocity
of wheel geometric center.

Current value of the lateral slip angle is determined from the
formula:

_ 0 for RVAiy=0, (7)
P latan2(fv,, [fv,, ) for vy, 50,

where "y, and Ry ny are respectively longitudinal and lateral

velocity of the geometric center of the i-th wheel.

In turn, the current value of the tire adhesion coefficient on
longitudinal direction for wheel is calculated using Kiencke tire
model [13] modified in [16] to the form:

2p,0,

for |A KA,
form: u, = ;sz Y A l<h, 8)
%% | [cosCe,) O] . . a, ki +by,sgn(h;) for [A >4,
°d=| °yg |=|sin(Cg,,) 0 |:R¢RX }’ where ), denotes the value of longitudinal slip corresponding
°®s, 0 1 to the value of maximum tire adhesion coefficient p, and sgn()
is a signum function.
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Knowing the lateral slip angle it is possible to calculate cur-
rent value of the adhesion coefficient on lateral direction for
wheel using the following approximate relationship (as com-
pared to H.B. Pacejka model [10], [21]):

“’iy :_uymax Sin((’“i)l (9)

where [yma denotes maximum value of adhesion coefficient on
lateral direction.

Longitudinal and lateral components of ground reaction
force for the wheel depend on current values of the adhesion
coefficient on that directions, according to relationships:

§ Faix = Hix § Fai’ i FAiy =My § Fai - (10)

Then, it is possible to calculate values of accelerations on lon-
gitudinal and lateral direction using equations:

RaCMx :Z RFAix I'mg- RaCMy = Z RFAiy /mg- an

4 4
i=1 i=1

For the robot mobile platform, it is also possible to deter-
mine angular acceleration ®{,, resulting from the dynamic

equation of its rotation about Rz axis, that is:

*¢o, = (_(RFAlx+RFA3x)(VV 12="y e ) + (Frpt Fag )W 1 247y, ) + (12)
+(RFA1y+RFA2y)(L/2_RXCM ) _(RFA3y+RFA4y)(L/2+RXCM ))/ IRZ'

where Iz is mass moment of inertia of the robot about the Rz
axis.

Then, one can calculate by integration the value of angular
velocity of the robot mobile platform about this axis, that is
Ry, as well as values of velocities v, and "V, and finally

values of velocities of characteristic points A..

It is also possible to determine angular parameters of wheel
spin, i.e, 6, and 6, for driving torques t; acting on the driven
wheels based on the equation:

6, = (1, ~"Fud ="For f.500(8))/ 1, (13)

where: |y - mass moment of inertia of the wheel about its
spin axis, f; - coefficient of rolling resistance.

3.3 Drive units model

It is assumed that: each of the robot drive units consists of
identical DC motor, encoder, and transmission system, robot
drive units are not self-locking, mass moments of inertia of the
rotating elements of DC motor, encoder and gear unit are
small in comparison to mass moments of inertia of the driven
parts of the robot (wheels), that is why they are neglected.

The model of the it drive unit is described by dependences:
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electromotive force constant, k, — motor torque coefficient, ng —
gear ratio of the transmission system, 1y — efficiency factor of the
transmission system.

4 POSTURE CONTROLLER

4.1 Desired motion and errors

In the control of posture of the robot, one assumes that motion
of the robot is realized based on the desired vector of its posture
(i.e. position and course), which has the form:

qu :[OXRdl ode’ O(POZd]T’ (15)

where: ®Xgg, Ode — desired coordinates of characteristic point R
of the robot in the {O} coordinate system in (m), o(pozd =Yg —
desired course of the mobile platform with respect to z-axis of
{0} coordinate system in (rad).

Desired trajectory of robot motion can be also represented
in the form of vector of desired generalized velocities
OVy =["Vgg, ®®p,4]", which corresponds to the vector of desired
generalized coordinates °q,, where: YVgy, “0og = © P, — Te-
spectively desired linear velocity of the characteristic point R
of the robot in (m/s) and desired angular velocity of its mobile
platform in (rad/s), in the fixed coordinate system {O}.

Moreover, it is assumed that “Vgg = "Vgy and °@g,e="Pos,
that is, as a result of the fact that the robot moves on a hori-
zontal plane and values of the linear velocity and angular yaw
velocity are independent of the chosen reference frame.

The errors of robot position and course in the moving {R}
and in the fixed {O} coordinate systems can be determined
from the relationships:

Tec | [ cosCoy,)  sin(ey) O
Rqe = Rl:"L = _Sin(o(POz) COS(O(POZ) 0 Oqe1
e, 0 0o 1
_OeRx OXRd _OXR
oqe _ oeRy _ ode _oyR , (16)
L oew Qo P,
where "e., fe , "e, are respectively longitudinal position er-

ror in (m), lateral position error in (m), and course error in
(rad).

In Fig. 2, robot desired and actual postures as well as pos-
ture errors are illustrated.

It is assumed that ®vg = ®v, = ®v, , that is motion in the ty
axis direction with velocity "Vq, can occur, but Vg, | <[ Vg, |.

It should be noted that because of kinematic constraints:

O . — . — O, — O, — — O . —
®o, = Poymin= 0 fOr ["Vg| = Vrmax and Vg = Vgpin = 0 for |~ @y, | =

di, : . : i .
o (U —k,nyB; = Ryii )Ly T =MgNgKyis (14)  Pomax
where: uU; — motor voltage input, i; — rotor current, L4, Ry — re-
spectively inductance and resistance of the rotor winding, k. —
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Fig. 2. Desired and actual postures and errors of posture of a robot

4.2 Structure of analyzed control system

A schematic diagram of the robot tracking control system con-
taining posture controller is shown in Fig. 3. Note that the pos-
ture controller apart from the position and course errors °q
requires also desired generalized velocities °v4 to be known.

Desired
posture and
velogity
of a robot

Drive u
controller

Posture s
controller

[rF R,
4d | Posture qe
= a1Tors

Mobile
robot

f o

Fig. 3. Schematic diagram of control system of robot motion

The control signal vector us = ["v,, Ro)S]T contains general-
ized velocities of motion of the mobile platform expressed in
the robot coordinate system {R}, that is, linear velocity of char-
acteristic point R in (m/s) and angular velocity of the mobile
platform in (rad/s), which have appropriate values so as to
minimize the posture errors. In a sense, it is a modification of
the desired generalized velocities vector as a result of the oc-
currence of posture errors.

4.3 Velocity limits for posture controllers

It is assumed that each posture controller should generate max-
imum velocities respectively equal to Vgnax = émax r/ 2, and ®gmay =
Vsmax / W. The assumed velocity Vgnax corresponds to half of the
maximum velocity of longitudinal motion of the robot equal to
Vemax = 1.525 m/s in the analyzed case.

As far as (g, and ogm are concerned, if the wheel slips

were absent during robot turning, it would be possible to as-
sume Qo = 2 Vemax / W and ogmax = 2 Vgnax / W. Maximum angu-

lar velocity of turning of the robot is chosen on assumption that
longitudinal slips of wheels can be as high as 50%, which follows
from the fact that in the analyzed case robot wheels are not
steered. The chosen maximum velocities Vg and g to be
generated by the controller guarantee possibility of realization of
those velocities for their arbitrary combination, on assumption
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r/iwW

max

that for actual robot velocity of turning holds ¢, = 0
(rad/s).

4.4 Selected solutions of posture controllers

In the present work the selected solutions of posture controller
are considered with their modifications proposed in [18]. The
modifications were aimed at solving problems occurring in
case of non-zero initial and final errors and in case of prob-
lems associated with large course error.

Finite values of errors of longitudinal position, lateral posi-
tion and course are assumed. Also it is assumed that the course
error is in the range of (-, ) (rad).

The control signal of posture controller can be determined
based on the following solutions modified as mentioned before.

1. Solution based on work of Y. Kanayama et al. [6]:

[P ke e lsanCun,) I+ vy (e ],
1 - .
: R(’Osl O(p01d + kL OVRd ReL + kO OVRd fu)(ReO)

where: kg (s7), ki (m2), ko (m™) — chosen positive parameters.

17)

2. Solution based on work of M. Cao [2]:

! = "V, _ Ke "er [gn(Vig ) [+Vey , ((e5) ,
P Ron | | %P +k, M6 [ tanh(k, "e,)|san(*Ve,) |

where kg (s7), k, >0 (s), 0 <a <1 (-) - chosen positive param-
eters.

(18)

3. Solution based on work of J.H. Lee et al. [9]:

ke e, %Py, 15aN(°Vay ) [+ gy f, ((eg) +
s 1590y, ) fanh(k,s,) )

. oo o. oo
° Py +kLmode +Ko ﬁ(ovm fm(Reo))+

+k,, [sgn(°vg,) [tanh(k,s,)

where: ke (<), ki (m?2), ko (m2), ks (s7'), k, (s7!) are chosen
positive parameters, sat() is a saturation function, Sv:ReF’
s, ="e, +atan(°vy, "e ) and

oo. Re, oo. Vg
0Vey 1+ (Cvg,te )2 0%, 1+ (v te)?

(20)

4. Solution based on work of K. Wang et. al. [20], whose origi-
nal form was proposed by Z.P. Jiang and H. Nijmeijer [5]:

Ke ReF |Sgn(OVRd ) |+OVRd fv(Reo)
. , (21)
O(Pow + kw F{eo |Sgn(Ode) |+

+koVeq e | f,(Feo) /(Mo H"eomi)
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where ke > 0 (s), ky, > 0 (s), ko > 0 (m?) are chosen positive
parameters.

5. Solution based on work of Z.P. Jiang et al. [4]:

ks tanh(k, “e ) [sgn(“Ve, ) [+°Vg, f, (Fe)

0. o o .(22)
(POZd + kw tanh(km eO) |Sgn( VRd) |+

ko Vg e | 1, (o) (e e )(1+"ef +7¢0)

where ks (m/s), ky, (s), ko (=), ky (m!) and k,, () — chosen posi-

tive parameters.

6. Solution based on work of J.M. Toibero et al. [15]:

VRdmax fv(Reo) | Sgn(ode) |

k 4 o
Rvse Fd+dmin 4
usG = R(D = OV
o (o) ¢k, tanh(k, "eo) [san(*ve,)|
+d._.

min

(23)

where kg (=), ky (s') — chosen positive parameters, dpin — as-
sumed position inaccuracy of the robot.

In this case position and course errors are defined in form of
the vector:

E:FTZW%fﬂwfzJﬁwﬂﬁm{

R R O (0] (o]
o Poza = Po: Poza = Po;

(24)

For all above solutions it is assumed in the present work
that f, =sech(k,e,) and f =tanh(k,"e,)-

4.5 Drive controller

Having control signal us = [RVS, RwS]T containing generalized
velocities in (m/s) and (rad/s) respectively, the control signal
for motors of driven wheels in (V) can be determined using
the relationship which results from robot kinematics:

u, k |1 -W/2
u= =saf| — Sat(us’usmin’usmax)lumin’uma\x !
u ril wj/2

r

(25)

where u; and u, are control signals for respectively left-hand
side and right-hand side wheels of the robot, the parameter k, =
1 Vs, and us = {Us1, Usp, Ugz, Usg, Uss, Uss} iS a control vector from
one of the earlier described solutions of the posture controller,
Usmax = [Vsmax, (Dsmax]Tr Usmin = [Vemin, _035max]Tr Umax = [Unmax, umax]Tr Umin
= [Upin, Umin]', the sat() function is saturation function, Up, = 0 and
Vomin = 0.

4.6 Posture controller tuning methodology

During posture controller tuning it is assumed that for any
time instant t, the following conditions are satisfied:

|OVRd| S Vsmax S VRmax and |O¢0zd | = |o('00d| S smax S (bozmax’

(26)

0 -
|OVR| S Vsmax and | (p02| = |O(DO| S ®smax, (27)

that is, desired and actual both linear velocities of the point R
and angular velocities of the robot body should be smaller than
the certain assumed limits, respectively Vmax and ®gmax.

It is assumed that tanh() function occurring in solutions no.
3, 5 and 6 should saturate for *r rad argument value. After
assuming that maximum absolute values of longitudinal posi-
tion error and course error are respectively equal to "€pmax =
1 m and Reomay = /2 rad, the gains k, and K, for the analyzed
solutions of controllers should be respectively equal to @ and
2. Values of the critical errors "erma, €omax should be chosen
for a given object in such way that the controller does not gen-
erate errors larger than critical. Therefore, they should not be
too small, to avoid exceeding the limits easily.

During choice of the remaining parameters for posture con-
troller it is assumed that the controller should generate maxi-
mum velocities of Vgna OF Wsmax fOor minimum or critical posture
errors respectively equal to Reemin = 0, Rermn = 0, "eomin = 0 and
Rermax = 1 M, "elmax = 1 m, Reomsx = m/2 rad. Moreover, it is as-
sumed that in case of their exceeding, the controller should
still generate maximum velocities Vgnax OF ®gmax thanks to use of
the saturation function. The case when maximum errors are
assumed too large leads to situation where controller gains are
relatively small, and as a result the controller is less effective,
that is larger tracking errors are generated.

5 SIMULATION RESEARCH

The main part of the present work are simulation studies
aimed at evaluation of several solutions of the posture control-
ler in case of non-zero initial position and course error, for the
controller parameters chosen according to the proposed meth-
odology.

5.1 Desired trajectory and robot parameters

It is assumed that robot motion consists of three phases: accel-
erating with maximum acceleration armax Over the distance of
I;, steady motion with constant velocity vg, and braking with
maximum acceleration (deceleration) agn., over the distance of
In. The desired path of motion contains straight line segment
of length L,, circular arc of radius R, and the second straight
line segment of length 2 L. As a result of turning with maxi-
mum angular velocity equal to wg,y = Vr/R,, the robot should
turn through the angle of @;max.

For the simulation, the maximum values of desired linear
and angular velocities are assumed respectively equal to vg, =
0.3 m/s and ®¢, = Vry/R,, maximum acceleration during accel-
erating and braking phases agmax = 0.7 m/s?, maximum angular
acceleration ggmax = m/4 rad/s? and length L, = 1 m.

In the simulation the following three cases of robot motion
are considered:

IJSER © 2015
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1. soft turning to the right with radius R, =1 m and angle of ro-
tation @omax = 2/3 @ rad, with non-zero initial posture, that is,
°q(0) = °qo = [-0.5m, 0.2 m, 7/6 rad]",

2. soft turning to the right with radius R, = 1 m and angle of ro-
tation @omax = 2/3 @ rad, with non-zero initial posture, that is,
°g(0) = °qo = [-0.5 m-0.2 m~w/6 rad]’, where the difference
against case no. 1 is in signs of the Oyo and o(poZ coordinates,

3. rapid turning to the right with radius R, = 0.5 m and angle
of rotation @gmsx = © rad, with non-zero initial posture oq(O)
=°qo = [-0.5 m,-0.1 m, w/3 rad]".

In all above cases, zero initial conditions concerning robot
velocities are assumed.

Lengths of acceleration and braking distances, I, and I, re-
spectively, are determined for the given velocity profile based
on Vg, velocity and maximum acceleration agmax.

Next, based on the knowledge of vg, and g, velocities,
armax and egmax accelerations, the L, length and characteristic
time instants are determined.

For the simulation studies the following values of the basic
design parameters of the PIAP GRANITE robot are assumed:

e dimensions: L = 0.425 m, W = 0.553 m (where: L = AjA; =
AAL, W=AA; = AsA,, see Fig. 1b), rj =r =0.0965 m,

e masses of the components: m, = 40 kg, m; =1 kg,

e robot mass center coordinates: "Xcy = -0.04 m, RyCM ~0m,
Rzem =0.14 m,

¢ mass moments of inertia: lyy = 0.01 kg m?, lg, = 2.8 kg m?

e parameters of drive units: Ly = 0.0823 mH, Ry = 0.317 Q,
ke = 0.0301 Vs/rad, k, =0.0302 Nm/A, ny = 53, ng = 0.8,
0, =15.807rad/s, 0, =0, Upax =32V, Upin = 0.

Moreover, the following environment and tire-ground con-
tact parameters are assumed: g = 9.81 m/s?, p, = 0.85, us = 0.75,
fr =0.03, A, = 16.5%.

The desired motion paths and time histories of desired veloc-
ities and accelerations of robot motion are illustrated in Fig. 4.

5.2 Quality indexes

In order to compare in a comprehensive way accuracy of real-
ization of motion by the robot for the analyzed solutions of
posture controller, the following quality indexes were intro-
duced during the simulation studies:

e maximum posture errors of the robot:

R _ R R _ R 28
eFmax - tl;?(JaXU(' eF |>’ ReLmax =‘LT<]O§§(|R8L |)’ eOmax - 220%(' eO I)’ ( )

e square root of integral of the squared error for each robot

posture error:
0 0 0

¢ integral of absolute error multiplied by time for each robot
posture error:
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Fig. 4. Desired paths of robot motion and time histories of desired veloci-
ties and accelerations: a — soft turning to the right with radius R, = 1 m and
angle of turn @omax = 2/3 T rad, b — rapid turning to the right with radius
R, = 0.5 m and angle of turn @omax = 1 rad

All above quality indexes have units analogous to the pos-
ture errors. The first quality index enables finding the maxi-
mum posture errors. In case of the second index, average er-
rors in the assumed time interval are obtained. The third qual-
ity index is designed so as to determine the average errors as
well, but this time in the averaging process the time plays a
key role, that is the errors occurring closer to the final phase of
motion are more important than initial errors, which allows
for assessment of how the analyzed controller solution deals
with reduction of errors with time.

5.3 Values of controller parameters
For simulation studies, maximum (boundary) values of con-
troller parameters calculated according to the methodology

2% , o1 , 2% , (30) discussed earlier are adopted. Values of those parameters are
Qr _T7-£ (e [DdU" Q :FJ‘: (Fe.1pdt” Qo _T7£ ("eo [1)dt summarized in Table 1 for the first desired motion trajectory
where T is the analyzed time period of robot motion. and in Table 2 for the second trajectory.

IJSER © 2015

http://www.ijser.org


http://www.ijser.org/

International Journal of Scientific & Engineering Research, Volume 6, Issue 10, October-2015

ISSN 2229-5518
TABLE 1

ASSUMED VALUES OF POSTURE CONTROLLER PARAMETERS
FOR THE FIRST MOTION TRAJECTORY

Posture

controller ke ke ko ks ky
No. 1 0.4627 1.3090 2.2883 - -
No. 2 0.4627 - - - 0.8611
No. 3 0.0218 0.0467 0.3633 0.2163 1.0192
No. 4 0.4627 - 0.1000 - 0.6750
No. 5 - - 0.4729 0.4627 1.0492
No. 6 2.7221 - - - 1.1811

TABLE 2

ASSUMED VALUES OF POSTURE CONTROLLER PARAMETERS
FOR THE SECOND MOTION TRAJECTORY

Posture

controller ke ke ko ks ky
No. 1 0.4627 0.8040 1.7933 - -
No. 2 0.4627 - - - 0.6217
No. 3 0.0218 0.0934 0.7267 0.2163 0.6592
No. 4 0.4627 - 0.2000 - 0.4720
No. 5 - - 0.9529 0.4627 0.7192
No. 6 2.7221 - - - 1.1811

It can be noticed that in case of the posture controller solu-
tion no. 6, for constant “Vegma value and various ooy values,
the controller parameters do not change for the analyzed de-
sired motion trajectories.

In all simulations f, = sech(k, Reo) and f, = tanh(k, Reo) func-
tions with parameter k, = 1 are adopted. Moreover, for the so-
lutions no. 3, 4 and 5 parameter 1 = 0.1 is assumed, for the solu-
tion no. 2 parameter a = 0.5, and finally in the case of solution
Nno. 6, dyin = 0.1 m.

5.4 Comparative analysis of posture controllers

For the earlier discussed controller solutions and the adopted
robot motion trajectories, simulation studied were carried out.
Quality indexes obtained for particular simulations are shown
in Tables 3-5.

In the case of the first desired motion trajectory and non-zero
initial position and course (and in consequence non-zero pos-
ture errors), that is, for °q(0) = °qo = [-0.5 m, 0.2 m, 7/6 rad]" (Ta-
ble 3) the solution no. 5 was the best in general, and it yielded
the lowest values of the "ermay, eimax, Er, Eo, Qf and Qo quality
indexes and low value of the E, index.

In turn, the lowest value of the Re ., index was obtained for
solution no. 3 and of E_ and Q, indexes for the solution no. 1. In
general, the worst results were obtained for the solution no. 4.
The largest spread of the obtained quality index values is asso-
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TABLE 3
QUALITY INDEXES OBTAINED FOR PARTICULAR CONTROLLERS
IN SIMULATION STUDIES, FOR THE FIRST MOTION TRAJECTORY
AND NON-ZERO INITIAL POSTURE °q = [-0.5 m, 0.2 m, 7/6 rad]"

i € Fmax f eLmax i €omax EF EL EO QF QL QO
(m) (m)  (rad)  (m) (m)  (rad)  (m) (m)  (rad)
0.5634 0.4693 0.5236 0.4596 0.2404 0.2387 0.4457 0.0861 0.1462
0.6284 05083 0.5236 0.4976 0.2914 02517 0.4896 0.1284 0.1662
05364 0.4232 0.5236 0.4043 0.2454 0.1667 0.3559 0.2143 0.1016
0.6454 05430 0.5236 0.5168 0.3251 0.2790 0.5144 0.2060 0.1875
0.3330 0.4232 0.5236 0.2205 0.2555 0.1447 0.1792 0.1777 0.0467
0.7707 0.6047 0.5236 0.2640 05201 0.1714 0.2397 0.5635 0.0742

Uk N~ A"

For the second desired motion trajectory and g, = [-0.5 m,
-0.2 m~n/6 rad]’ unquestionably best results were obtained for
the solution no. 5 of the posture controller, which is clearly
visible in Table 4. As far as the Re, error is concerned, good
results are for solution no. 3, whereas concerning the Re: error,
for solution no. 2. The worst results were obtained again for
solution no. 6. However, it was observed that in this case bet-
ter accuracy of motion realization can be achieved by increas-
ing minimum position error dp,. It follows that in this particu-
lar situation important is the fact that initial position error d(0)
is larger than dn,. However, this fact is not important in the
next analyzed case.

TABLE 4
QUALITY INDEXES OBTAINED FOR PARTICULAR CONTROLLERS
IN SIMULATION STUDIES, FOR THE FIRST MOTION TRAJECTORY
AND NON-ZERO INITIAL POSTURE °g = [-0.5 m,~0.2 m,—/6 rad]"

P = eFmax = eLma>< R eOmax EF EL EO QF QL QO

€ m (M (ad (m) (m) (ad) (m) (m) (rad)
1 05016 0.4678 05851 0.3601 0.3037 0.3545 0.3412 0.2041 0.2487
2 04619 0.6059 05236 0.2851 0.4008 0.2484 0.2223 0.2606 0.1681
3 0.4979 04232 05236 03122 0.2730 0.1938 0.2430 0.2165 0.1172
4 04691 0.6367 05236 0.2880 0.4094 0.2849 0.2305 0.2166 0.2032
5 0.3330 04232 05236 01619 0.2674 0.1627 0.1062 0.1775 0.0678
6 1.6210 09296 05236 0.7111 0.6441 0.1700 0.7921 0.7076 0.0739

For the third desired motion trajectory and zero initial condi-
tions the best results were obtained for the solutions no. 6 and 5
of the posture controller, which is illustrated in Table 5. The
worst results were obtained for solutions no. 4 and 1. When it
comes to the Rev error, good results are obtained for solution no. 3.

TABLE 5
QUALITY INDEXES OBTAINED FOR PARTICULAR CONTROLLERS
IN SIMULATION STUDIES, FOR THE SECOND MOTION TRAJECTORY
AND NON-ZERO INITIAL POSTURE °q = [-0.5 m,~0.1 m, 7/3 rad]"

. . . . . R R R
ciated with solution no. 6, that is some of the indexes are good P "€ Cimax  Comsx EF = Eo Qr Q. Qo
Co . . c
and the majority is the worst. For all solutions the maximum (m (m) (ad) (m) (m) (ad () (m) (ad)
course error is equal to the initial error (/6 rad), so this error is 1 0200 06725 10472 05254 03815 06347 04942 02865 045%
q T y 2 07828 06339 10472 04965 03252 05673 04475 01779 03897
made smaller by all solutions of the posture controller. 3 07293 04510 1.0472 04149 02820 04360 02863 0.1766 0.2287
4 08532 07345 10472 05530 04188 06723 05235 03174 05198
5 03924 04684 10472 02666 02629 03762 02014 01441 0.1453
603936 03830 1.0472 02533 0.1839 0.3567 0.1968 0.1091 0.1339
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In order to choose the optimal solution of the controller for
desired motion trajectories and non-zero initial position and
coure errors, a total score for each solution was calculated as
total sum of the individual quality indexes for particular con-
troller solution divided by the number of performed simula-
tions (Table 6). According to this measure, the solution no. 5 is
optimal. The second best one is the solution no. 3. The third best
solutions are both the solution no. 1 and 2, for which similar
scores were obtained. The worst alternatives are the solutions
no. 6 and 4. In the same table are presented for comparison the
results obtained in the work [19] for the case of zero initial pos-
ture. It can be noticed easily that in case of non-zero initial pos-
ture the solution no. 6 performs much worse than in case of zero
initial posture. In the other cases the differences are not so pro-
nounced.

In case of positive value of %%po and, in consequence, the neg-
ative value of the initial error “er arises the problem of how the
robot should behave in such situation, that is, if it should: move
backwards or wait until the desired coordinate “Xgq is greater
than ®xgo, or turn through 180° and then move forwards, etc.
Therefore, additional assumptions for the considered controllers
should be introduced, possibly complemented with additional
controllers responsible for realization of the preferred robot be-
havior.

TABLE 6
TOTAL SCORES FOR EACH CONTROLLER SOLUTION
CALCULATED BASED ON ALL SIMULATIONS

Posture controller No.1 No.2 No.3 No.4 No.5 No.6

zero initial
TOTAL posture [19] 3.39 2.92 191 3.61 1.37 1.18
SCORE  non-zero initial 3.05 3.84 327 421 261 4.32

posture

Motion paths of the characteristic point R of the robot for all
analyzed solutions and cases of robot motion are shown in
Fig. 5. Conclusions from their analysis are similar to those
from the analysis of the obtained quality indexes.

At the end, , in Figs. 6-14 are presented time histories of ve-
locities, posture errors and control signals for selected solu-
tions of the posture controller for the considered robot motion
cases. The results were selected for presentation according to
the rule that for each motion case, two best solutions are pre-
sented and the worst one.

In Fig. 6 results of the simulation studies for the first desired
motion trajectory, for °o = [-0.5 m, 0.2 m, 7/6 rad]” and using 5%
solution of posture controller are illustrated.

Because of the initial position error, the robot moves at first
with larger velocity (Fig. 6a), and because of the initial course
error it executes a turn to the right (Fig. 6b). During motion
gradually robot posture errors are reduced, however after the
planned turn is finished and the course error Reo is eliminated,
further reduction of the Re, error is inhibited due to the limita-
tion of the adopted control law for the robot angular velocity “ws.
a) b)

\

- - 1 2 3 2 -1 0 1 3
Fig. 5. Motion paths of the point R of the robot for particular solutions:
a, b — for the first desired motion trajectory and °qgo = [0.5 m, 0.2 m, /6 rad]',
¢, d — for the first desired motion trajectory and °qgp = [-0.5 m~0.2 m—n/6 rad]',
e, f— for the second desired motion trajectory and °qo = [-0.5 m~0.1 m, 7/3 rad]"

a) b)

%y, (rad/s)

Reo (rad)

fer (M) ——FeL (m

0 4 8 12 16 20
Fig. 6. Time histories of velocities, errors and control signals for the first
desired motion trajectory, °qo = [-0.5 m, 0.2 m, 7/6 rad]" and the posture
controller solution no. 5
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As shown in Fig. 7, quite good results are also obtained for
the posture controller solution no. 3.

In Fig. 8 results of simulation studies for the analyzed mo-
tion case for solution no. 6 are shown.

For this solution unquestionably the worst results are ob-
tained considering the Re_ error, which is not reduced by the
controller. After the motion is finished, large negative "er error
remains and towards the end of motion the control signal v,
attains the value close to maximum, that is "Vgnax.

a) b)

w,, (rad/s)

Fig. 7. Time histories of velocities, errors and control signals for the first
desired motion trajectory, °qo = [-0.5 m, 0.2 m, 7/6 rad]" and the posture
controller solution no. 3

a) b)
RV, (M/S) %y, (rad/s)
0.2 —pm——mm oo

fer (M) —-—FeL (m)

0 4

8 12 16 20
Fig. 8. Time histories of velocities, errors and control signals for the first
desired motion trajectory, °qo = [-0.5 m, 0.2 m, 7/6 rad]" and the posture
controller solution no. 6

In the next three figures are shown results of simulation
studies for the same desired trajectory of motion, but for initial
posture °qo = [-0.5 m,—0.2 m,~t/6 rad]". In Fig. 9 results for so-
lution no. 5 of the posture controller are presented. This time
during robot motion significant changes in linear velocity can
be noticed (Fig. 9a). As previously, the course error “eo is re-
duced to zero, whereas the Rer and Re, errors are reduced but
not completely eliminated. The control signals RV, and R, do
not exceed the assumed boundary values.

In the case of posture controller solution no. 3, changes in
linear velocity can be noticed and it can be seen that in certain
phases of movement it is smaller in comparison to the desired

550

velocity (Fig. 10a). It can be observed that “er and "¢, errors
are not completely eliminated and have quite large maximum
values, while at the end "¢, error is close to zero (Fig. 10c).
This time, the worst results for the solution no. 6 were ob-
tained (Fig. 11). This controller eliminates mainly the course er-
ror feo (Fig. 11c), but poorly deals with the other types of errors.

a) b)
Vg, (M/5) %y, (rad/s)
04T === DR DR D | 04—TR-""- DR D D DR |
03-fF---- Moo Fooo- o o 02-H-5--- Fe--- e ro---- e |
| | i | | i i i i i
02— ===- T T T [ i 07 - T D S R
01-ft----- e e e ‘r———t—(—)l 0.2 —f----- oo r----f ro---- L———E—)l
| | | | S) | ; | AT
0 i i i i 0.4 i i i i i
0 4 8 12 16 20 0 4 8 12 16 20
—fee(m)  —Fe (m) Feo (rad)

@ —fr-r-r-r-

0 4 8 12 16 20 0 4 12 16 20
Fig. 9. Time histories of velocities, errors and control siTgnaIs for the first
desired motion trajectory, °qo = [-0.5 m~0.2 m~/6 rad]' and the posture
controller solution no. 5

a) b)

RVgy (M/s) %y, (rad/s)
04 -—--- [ [ T [ | 06—----- [ D [ [ |
03— === s Fe--- Fe---o- pes--- i 04— nr-=- T T T T |
| — | 02N oo Lo [ Lo Lo i
o / """ o rTTT T - Tl — i ol L o G
i i i i i ; | ; ‘ i
01—f---- e ro---- Fo--- " f—\——‘ Py R AN Lo/ O Lo i
i i i i t(s) : I . i i t(s)
0 e
0 4 8 12 16 20 0 4 8 12 16 20

0 4 8 12 16 20 0 4 2‘3 12 16 20
Fig. 10. Time histories of velocities, errors and control signals for the first
desired motion trajectory, °qo = [-0.5 m,~0.2 m~n/6 rad]’ and the posture
controller solution no. 3

a) b)

Ry (MIS) %, (rad/s)

05— ----- oo e 06— ----=—==-=m=--m—- Se---- S ‘
0.4 — == ====- nhb 0.4 A==~ [ [ [ |
[ i i T 02—\ -~p =" oy i i |
P} [ L 0l L. [ .
| | ; | |
PP [ L 02N/ ol [ |
i i i DT AY
0 o 041 9
0 4 8 0 12 16 20
c) d)
—Ree(m) —FRe,(m) Reo (rad) — R, (rad/s)

0 4 8 12 16 20 0 4 1‘3 12 16 20
Fig. 11. Time histories of velocities, errors and control signals for the first
desired motion trajectory, °qo = [-0.5 m,~0.2 m~n/6 rad]’ and the posture
controller solution no. 6
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In the last three figures are shown results of simulation
studies for the second desired trajectory of motion and for
initial posture °qo = [-0.5 m-0.1 m, w3 rad]". In Fig. 12 results
for solution no. 6 of the posture controller are presented. This
time during robot motion linear velocity after reaching maxi-
mum value gradually decreases (Fig. 12a). The course error
Reo is reduced to zero, whereas the Rer and "e, errors are re-
duced but not completely eliminated. The control signals "V
and "o do not exceed the assumed boundary values.

a) b)

Vg, (M/s) %y, (rad/s)
05-—T----- [ [ [ [ | 017 N\ T T [
04— e e e e IR P | R Nooobo
03—t/ —- [ — CoC T T— Lo ) | | | | i
as - e
01—--——- [ [ [ oo -0.6 - Fom - P e !
i i i i t(s) i i i i t(s)!
0 i i i i 087 i i i i i

0 4 8 12 16 20 0 4 8 12 16 20

0 4 8 12 16 20 0 4 8 12 16 20
Fig. 12. Time histories of velocities, errors and control signals for the se-
cond desired motion trajectory, °qo = [-0.5 m,~0.1 m, 7/3 rad]" and the pos-
ture controller solution no. 6

In the case of posture controller solution no. 5, quite good
results are also obtained. As previously the robot linear veloci-
ty after reaching maximum value gradually decreases (Fig.
13a). It can be also noticed that the posture errors time histo-
ries are similar to those obtained for solution no. 6 (Fig. 13c).

a) b)
RVg, (M/s) %y, (rad/s)
05— ----- [ [ [ i | 0T ="7- [ D T T
04 e [I— [ [ [ | | | i | |
| ; I | | ootz L L [ L i
03 —7---- Tt D Ty o | : i | | | |
02—F---- i i i [T i 0.4 —F--- LN R S [ R |
PP [ [ [ | S i i i i |
i i i i t(s) I | ! ! t@)!
0 f f f f 0.6 f f f f f
0 4 8 12 16 20 0 4 8 12 16 20
c) d)
—Ree(m)  —-Fe.(m) Reo (rad) — R, (rad/s)

0 4 8 12 16 20 0 4 8 12 16 20
Fig. 13. Time histories of velocities, errors and control signals for the se-
cond desired motion trajectory, °qo = [-0.5 m,~0.1 m, 7/3 rad]" and the pos-
ture controller solution no. 5

This time, the worst results were obtained for the solution
no. 4 (Fig. 14). This controller eliminates the course error “eq
(Fig. 14c) relatively good, but deals much worse with the other
types of errors.

a) b)

Vg, (M/s) w,, (rad/s)

04— ====- [ N [ [ | 07" [ I [ T
0372 o == e A | 02 =T f----- F-=- Fo---- e
02—~~~ e i : : : : : !
01-tf---- Y SRR R 04 T e
‘ ‘ ‘ e ‘ ‘ T
0 i i i H— 06 i i i i |
0 4 8 12 16 20 0 4 8 12 16 20
<) d)
—Ree(m)  —Fe.(m) Reo (rad) Ry, (mfs) — R, (rad/s)

0 4 8 12 16 20 0 4 8 12 16 20
Fig. 14. Time histories of velocities, errors and control signals for the se-
cond desired mation trajectory, °qo = [-0.5 m,~0.1 m, 7/3 rad]" and the pos-
ture controller solution no. 4

6 SUMMARY AND FUTURE WORKS

In the work, results of comparative analysis of various solu-
tions of posture controller for tracking control of a four-
wheeled skid-steered mobile robot in case of non-zero initial
posture (and as consequence non-zero initial posture error)
were presented. The research was conducted for two variants
of desired trajectory of motion and for three various initial
postures.

After comparing the results for the considered solutions of
the posture controller in the case of zero initial posture, dis-
cussed in the work [19], and for the case of non-zero initial pos-
ture which was analyzed in the present work, the largest differ-
ences are noticed for the solution no. 6. In this particular case,
the performance is the best for zero initial posture, but the worst
for the non-zero one.

Because for non-zero initial posture, the best results were ob-
tained for the solution no. 5, and for zero initial posture this
solution was the second best ([19]), this solution appears to be
the best so far.

In case of the controllers which perform very well for zero in-
itial posture and very poorly for certain non-zero initial condi-
tions, that is, in case of non-zero initial posture errors (e.g. solu-
tion no. 6), a different approach should be followed that would
additionally involve planning the auxiliary trajectory of motion
from the initial robot posture to the correct posture on the main
desired motion trajectory.

It should be underlined that the obtained results of robot
tracking control with the analyzed solutions of posture con-
troller depend on the introduced modifications and the adopt-
ed values of parameters. Therefore the presented conclusions
are probably not definitive. Further investigations involving
more advanced tuning of controllers, possibly using some al-
ternative approach, are necessary and may lead to different
quantitative results of comparative analysis of the controller
solutions than presented in this work.

Directions of future works will also include development of
new solutions of the posture controller as well as empirical
investigations of posture controller solutions with the real ro-
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bot aimed at conducting analogous comparative analysis, in-
cluding the same solutions of the posture controllers as in the
present work.

It is also well worth to analyze the following cases:

e the robot in the initial time instant has positive value of
the ®xgo coordinate, that is the "er error is negative, and
as a result controller operation strategies can be different:
robot either moves backwards, turns 180° and moves
forwards or waits until the desired coordinate “Xgy is
greater than “Xgo;

e the robot in the initial time instant has non-zero posture
and auxiliary motion trajectory is generated which
guides robot to the main desired motion trajectory;

o the desired motion trajectory includes changes of robot
course without changing position (e.g., the robot moves
along a straight line, stops and pivot turns towards de-
sired direction).
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