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This paper examines the side brush control technologies for a novelty
semi-autonomous road sweeper design. This study proposes a side brush
structure and offers a brush control solution to improve working efficiency
and reduce abrasive brush. For the mechanical system using a
parallelogram mechanism, the direction of movement when raising and
lowering the brush is always parallel to the road surface. The modeling of
the side brush mechanism shows that this is a nonlinear system. Therefore,
the Sliding Mode Control(SMC) was proposed and established from the
dynamics equation. The Lyapunov theorem demonstrates its stability.
Besides, we also consider the proportional-integral-derivative (PID)
controller to evaluate the responsiveness of the linear controller for a
nonlinear system. Finally, the parameters of the controllers are optimized
by a genetic algorithm to consider the response of the sliding mode control
compared to the PID controller to control the road sweeper side brush
with different references.
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1. INTRODUCTION

Nowadays, street sweepers are widely used to clean
highways and industrial areas, etc. Most road sweepers
use a device called a broom to sweep waste and use a
unit to clean the dust suction or a conveyor to pick up
the garbage. Usually, two rotating brooms are mounted
on either side of the road sweeper to get rid of the debris
near the side of the road. A long roller brush is placed at
the rear of the vehicle or chassis to remove debris from
the center of the road. A side brush sweeper consists of
various crucial parts, which include load cell sensors to
measure the force of the brush on the street, mechanical
systems, a hydraulic cylinder, direction valves, etc.

The main components of the road sweeper, such as
the side brush, main broom, cylinders, etc., must be
included. The devices will be connected to a control
panel in the cabin, and the driver must regularly observe
the scan results to adjust accordingly, requiring the
driver to have experience but also potentially dangerous
when unable to concentrate on driving[1].

Previous studies have shown that side brush sweep
about 80% of road debris in the region of the curb.
Under the street sweeper, a roller brush removes the
remaining 20% of the debris. Therefore, The design and
automatic control of the road sweeper side brush are
very important. It helps the street sweeper operate
efficiently and reduces the complexity of the work for
the driver [2], [3].
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In previous studies, the influence of road surface
roughness on the brush system was not considered when
designing the control system. Moreover, The mathe—
matical model of these studies is a linear model with
vertically mounted components that increase the height
of the mechanism, which is difficult to install on an
actual road sweeper. Some other studies use the
linearization method of the side brush system, thus only
considering the relatively small working area of the
brush system.

We develop an automatic brush control system that
is adapted to different road surface conditions through
the control method of brush penetration or brush
pressure. So as to control the sweeping force, the
appropriate downward pressure can be used. As
necessary for the sweeping conditions, the pressure
should be changed. In order to achieve the above
objectives, this study has proposed a mathematical
model of the side brush based on the previous studies on
the finite element model of the brush. Based on the
mathematical model, the study uses the sliding mode
controller and PID controller to examine the respon—
siveness of the controllers to different road profiles.
Road profiles are generated using the C class of road
profiles defined by ISO 8608 standard, sinusoidal road
profile, harversian road profile, and sine half-wave road
profile [4],[5].

2. RELATED WORKS

In [2], research by Peel (2002) developed a design for a
vehicle that sweeps roads semi-autonomously. How—
ever, the waste identification and control system still
needs to be created. Two brush types flicking brush and
cutting brush have been given in his study. Besides,
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theoretical steady-state modeling can determine the
axial load, torque, and tine deflection geometry of these
two brushes. In 2005, Wang [6] developed a Finite
Element (FE) to study how debris interacts with brush
tines through theoretical and experimental methods. The
side brush parameters mentioned in his research as
brushing force, tilt angle, and rotational speed. A pro—
portional-derivative (PD) controller was wused to
improve the sweeping efficiency. Wang et al. [7] stu—
died a mathematical regression model to summarize the
FE model's results. The method could be used to predict
features of different brushes under various operational
variables. Useche et al. [8] evaluated the effectiveness
of two-type tine brush, cutting and flicking (F128),
under different operating conditions. Moreover, proper
brush penetration, sweeper speed, and brush angle
values for debris types were studied. Determine coeffi—
cients of friction for cutting and F128 brushes studied
by Useche et al. [9]. This study investigated the effects
of the brush force in the cutting brush and the F128
brush. Useche et al. [10] presented an experimental
method to determine suitable values of Rayleigh
damping coefficients of tine brush and clusters brush.
The effectiveness of the side brushes in removing
different types of debris is studied by Useche et al. [11].
The experiment using a brushing test rig considered two
different brush types, cutting and F128.Useche et
al.[12]evaluated the dynamics of a novel free-rotating
oscillating brush based on the authors' analytical model.
Useche et al. [13] investigated the dynamics of the flic—
king brush of a mathematical model when the brush was
rotated freely. The dynamics and modeling of brushes
are considered in research by Useche et al. [14],
including the removal of fouling, post-CMP (Chemical
Mechanical Polishing), street sweeping, etc. The FE
model defines values of the normal contact stiffness, K,
and Integration Time Step (ITS)[15]. In research [16],
the dynamic FE model was developed to investigate
how a cup-shaped brush's dynamics and performance
are affected by brush oscillations. In research [17], The
performance of two types of side brushes: a cutting
brush and an F128 brush, was studied. Besides, their
work developed the nonlinear FE brush model. In
another study [18], a dynamic model of cutting brush
was considered with the tine brush modeling as
cantilever beams. The research by experimental tests
[19] investigated the ability of the brush to remove the
different debris kinds and various sweeping parameters.
Wahab et al. [20] presented modeling a bristle of a
brush for street sweeping by two FE models. In the first
one, the bristle ends following a specific circular path
under a specific time function. In the others, inertia
loads are applied when the same bristle end is
completely restricted. Peel et al. [21] developed a
technical identification of different street surfaces and
debris by vision processing. Yang et al. [22] conducted
experimental research on the cleaning performance of
the street sweeper. Moreover, the mathematical models
were established with three main parameters driving
speed, disc brush speed, and roller brush speed.

3. THE SIDE BRUSH SYSTEM OF THE STREET
SWEEPER
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3.1 The side brush road sweeper operation desc—
ription

For most street sweepers, two rotary side brushes are
mounted on both sides of a sweeper to remove the
debris near the curb, as shown in Figure 1. At the same
time, a roller brush is mounted beneath the chassis to
clear the street center of debris.

This paper presented a design for the control system
of the side brush mechanism. A hydraulic motor powers
the rotating brush. In this research, the brushing force or
brush penetration of the automatic side brush is
controlled by a hydraulic cylinder and load cell.

a) Mechanical sweeper b) The side brush

Figure 1. The mechanical sweeper and the side brush [23]
The basic components of a side brush are given in

Figure 2. The arm joints are parallelograms that help
keep the brush direction parallel to the road surface.

Mounting
column

‘ Arm joint ‘ ‘ Hydraulic motor

Rotaring
cylinder of [
side brush

N

Brush penetration
control cylinder

i

.
Figure 2. The basic components of the side brush

Road

The measurement of the brush penetration is shown
in Figure 3. The vertical height difference between a
theoretically undeformed brush's lowest point and the
road surface upon which the brush is deformed can be
describeA=0d as the result when the brush is
stationary and only touching the road surface.

zL‘

L=

Figure 3. Definition of brush penetration [2]

It z. is defined as the vertical distance between the
road surface and the brush origin, then Figure 3 may be
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used to construct an expression that connects the plane
of the road to the point origin of the brush [2]:

z,=R,.sin B+ L.cos(p—p)—A (1)

where L is the length of the tine, R,; is the largest mount
radius, B is the assault angle for the brush, @ is the tine

mount's angle, A and is the brush penetration.

3.2 The kinematics of side brush

The side brush is considered to be a simple mass-
damping spring [6]. Since only the brush mechanism is
evaluated at the operating position in Figure 2, it is not
necessary to consider the side brush's mounting column
and rotating cylinder. Therefore, the stitching and joint
diagram of the side brush mechanism can be presented
in Figure 4.

Figure 4. The side brush schematic

The kinematics schematic in Figure 4 shows that:
6, +6, =90 (@)
6,+6,=0 3

where 6, is the angle of link 1 (OB) from the Ox axis 6,
is the angle of link 2 (BC) from link 1.

Link 1 (A)) is the coordinates of the centers of mass
(x1,z1) can be given as follows:

x, = A, cos6, 4
z, =4 siné, (%)

Link 2 (A,) is the coordinates of the centers of mass
(x2,22) can be given as follows:

x, =1, cosf, (6)
z, =1 sin6 + 4, @)

Link 3 (A3) is the coordinates of the centers of
mass (x3,z3) can be given as follows:

x, =1 cos@ +1, ®)

z, =1 sin@ +1, 9)

320 = VOL. 51, No 3, 2023

The symbols are given as follows: |OA4=4,
|BAs|=2a,; JAy, JA,, JA5 are the moments of inertia of
links 1, 2, and 3 relative to their centers of mass, 4, are
the coordinates of their mass centers, and y is the po—
sition disturbances.

From considering the triangle area(OMN)can be the
equation:

S = %OM.ON.sin(ﬁo +0) = %10.14.sin(ﬁ0 +6)) (10)

where f, is the initial angle of the angle MON.
The distance (MN) can be written by the formula:

MN:\/l§+l§—2cos((ﬂ0+91))lol4 (11)
3.3 The dynamic of the side brush

The system's kinetic and potential energies of link 1 can
be written by the following equations:

1 -2 1 .

Ki==m (46) +=J,6 (12)
2 2

B =mgA sin6 (13)

From equations (7), (8), the speed of the point 4,
can be determined as a function of the generalized
coordinates 0, 6,:

V=42 =(0hsing) +(0cosq) =047 (14)

From equations (6), (7), the system's kinetic and
potential energies of link 2 can be written:

K, szzVAzz +EJA2622 :Englzllz +E‘]A2012 s)
or
P, =m,gz, =m,g(;sin6, + 1,) (16)

It is easy to see that VA, = VA3, 65 = 0, from equations
(8), (9), (12), the kinetic energy, the potential energy,
and energy dissipation due to viscous friction of link 3
can be written:

K, = %mgféf 17

P, =myg(l;sin6, +1,)+

(18)
%KS (Isin, +1 tan g, - y)’

R, = %Db (116}1 cosg + 1391 (tan” 6 +1) _)',)2 (19)

where K, D, are the stiffness and damping coefficient,
and y is the position disturbances of road profiles. They
are representative of the brush's dynamic characteristics.
In research [6], the FE modeling results indicate that K
may vary from 1 kN/m to 50 kN/m when the side brush
operates under different conditions.

Let's formulate the mechanism dynamics equation
based on the second type of General Lagrange equation
[24,25]:
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d[aKj oK 6R+6P:Qi 0)

_ __+_ RN—
dt\ oq, ) oq, 04, 0q,
where K and P are the system's kinetic and potential
energies, respectively; ¢ is the generalized coordinate,
Ris energy dissipation because of viscous friction Q; is

the corresponding loading in each coordinate.
The kinetic energy function:

K =%(m1212 +m 7+ T, +J )0 +%m31126’12 1)
The first derivative of the kinetic energy function
with respect to the variable 6?1 :

oK .
% (m A7+ T+ +myl} +mil? )6, (22)

The second derivative of the kinetic energy function
with respect to the variable 6, :

d oK j
s = (A ey el s m )6 (3)
1

The first derivative of the kinetic energy function
with respect to the variable 6;:

XK _p (24)
o0

The first derivative of the potential energy function
with respect to the variable 6;:

P
a—=(mlgﬂbl +mygl, +m,gl, )cos O, +

a6,

K, (I,sin6, +1, tan 6, — y)[/, cos 6, + (25)

L,(tan’ 6, +1)J

The first derivative of the energy dissipation func—
tion with respect to the variable 01 :

R _ D, (16, cos 6, + L6, (tan’ 6, +1) - )

26, (26)
(£ cos 6, +1(tan’ 6, +1))

The total dynamics load can be written by the fol—
lowing equations:

= (mllf +J +d g+ myl? +m3112)6’1 +

D, (1191 cos @, + 1,6, (tan” 6, +1)—)'/)
27)
(Lcos6, +1L(tan> 6 +1))+ K, (I, sin 6, +1; tan 6, - y)

[/, cos 6, +1,(tan” 6, +1)J

From equations (10), (11), the moment generated by
the hydraulic cylinder can be written by the following
equations:

2Souv _ F lyd,.sin(B, +6,)

r=F
MN 2+ =2cos((B, +6)lyl,

(28)
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where F is the force generated by the hydraulic cylinder.
4. ROAD PROFILE

In order to simulate the side brush system that has been
described, a sufficient model of the variation in the road
surface, y(t), is required.

The sinusoidal road profile can be given using the
following fundamental formulation [5,26]:

(t) = Hsin[z’z V’j (29)

where v is the vehicle's speed, H is the bump height, L
is the bump length 7 = L/v and is the time to cross the
bump.

Moreover, the bump can be modeled using the half-
sine function [5][26]. The half-sine bump shape can be
given by (29).

The half-sine model is somewhat harsh because, at
time t = 0, its slope rapidly shifts from 0 to 2zH/T and
thus, it needs a suitable model for a speed bump.
Therefore the harversian function is a less severe bump
model [5,26]:

vt

y(t) = H sin’ (Tj (30)

When performing more complex simulations, ran—
dom variations that are based on statistical analyses of
common road construction methods are sometimes
used.

According to ISO 8608, the power spectral density
(PSD) of profile elevations is given by the equation:

®<Q>:®<Qo>[ﬁj (1)
QO
where Q =27/Lin rad/m denotes the spatial angular
velocity, @y = ®(€) in rad/m is the PSD values at the
reference spatial angular velocity Q¢=1 rad/m, w is the
amplitude reduction and w=2.

Besides, the road surface roughness (C class) in the
time domain is as follows [4]:

¥ = B, sin(nat—y,) (32)

n=1

where the amplitude B, is defined as below:

B, = /cp(Qi)@ ,n=1,..,N (33)
T

in which AQ = % ( rad/ sec), and the phase ang—

les ¥, , n=1,...... , N are considered to have a uniform

distribution in the interval [0,27) and to be random
variables.
Where the fundamental frequency of time:

@, =VAQ, AQ=27z/L, in which V is the vehicle
velocity.
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5. SLIDING MODE CONTROL, PID CONTROL, AND
OPTIMIZING CONTROLLER PARAMETERS BY
USING GENETIC ALGORITHM (GA)

5.1 Control System Analysis

A sliding mode controller that achieves robust control
for uncertain systems combines the backstepping app—
roach and sliding mode control. Let us assume the plant
is a nonlinear system, as shown below [27]:

X =X,
. (34)
{xz = f(x,0)+b(x,0)u+d(x,t)

where f(x,f), b(x,t) and d(x,f) are the nonlinear functions.
Besides setting x; =6, x9 = 491 obtains the following
equations:

(l] cosx, +1(tan’ x, +1))2

(mlif +J g, Amyl + m3lf)

f(x,t)=-D,x,

(33)
(4, sinx, +1; tanx, )[/, cos x, +/,(tan’ x, +1)]

(mlﬂf +J, +d A ml? +m3lf)

K

1

(mlﬂf +J, +d g ml + m3lf)
lyd,.sin(f, +x,)

VI +12=2c0s((B, +x)l,1,

b(x,t)=
(36)

D,,)'/(l] cosx, +/(tan’ x, +1))

B I )y g
(m1 | T T T +m31) 37
Ksy[l1 cos x, +1;(tan’ x, + 1)}

(mlﬂf +J, +d ,+myl? +m3lf)

The following equation gives the output signal:

A =x, tan 6,

. (38)
=(l,cos@ +1)tan, = sinx, +/, tanx,

5.2 PID control law design

The traditional PID controller's simplicity provides benefits
for use in both linear and nonlinear systems. [28,29] The
PID controller's mathematical formulation is as follows:

u(t) =K e(t) + K, j e()+ K, ie(t) (39)
dt

Tracking error:
e=y—-A (40)

where u(t) is the input signal and the error signal e(t).
The PID controller's goal is still to reduce error by gra—
dually fine-tuning the control variable u(t). The resul—
ting error value, however, is calculated continuously,
and the PID controller makes adjustments based on the
proportional gain (k,), integral gain (k;), and derivative
gain (ky).

However, because k,, ki, and kg are frequently fixed,
the PID controller struggles to deal with system
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uncertainties, including parameter fluctuations and
outside disturbances. Therefore, a more reliable cont—
roller design has been necessary in recent years in order
to enhance system performance by removing parametric
uncertainties and outside disturbances.

5.3 Sliding mode control law design

The dynamics of a nonlinear system are changed via
sliding mode control. This nonlinear control technique
uses numerous control structures to ensure that trajec—
tories always move in the direction of a switching con—
dition [27,30].

Select Lyapunov function:

1
y =20 1)
The derivative Lyapunov function:
V =06 (42)
Select the sliding mode function:
o=é+ce (43)

For ¢ — 0, it is necessary to select the control signal
u(t) so that 7' <0:

g=é+ceé
=j—A+ce
) (44)
=—(f cosx, +1, tan” x, ) (f (x.0) + b(x,)u +d(t))
+i+cé+1x] sinx, —1x tan x, (tan” x, +1)
The control signal u(t) using saturation function:

B 1

b(x,1) (Z1 cos x, +1, tan” x, )

u(t)

[j}+clé+

L7 sinx, —1,%] tan x,(tan” x, + 1)+ Ksat(c) | (45)
S0 +d(@)

b(x,t)
From the above control law, there is the equation:

V =—Kosat(c)<0 Vo =0, K>0 (46)

where K represents a constant rate.
Saturation function:

>

o>y
(o2

sat(o)={—, |o|<y (47)
ey

where y is the boundary layer.
The control signal u(t) using relay function:

1
u(t) = y+c e+
b(x,1)(/, cosx; +1, tan” x, ) i+

[,x} sinx, — 1% tan x, (tan” x, + 1) + Krelay(a)} (48)

S(x,0)+d(2)
b(x,1)
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Relay function:

n(o) = (49)

s

|s| +0

where ¢ is a very small positive constant.

5.4 Controller parameters optimization by GA

The original goal of the GA, which was to create
autonomous learning and decision-making systems, was
to simulate the biological processes of natural selection
and population genetics. GA is often used to create
high-quality solutions to global optimization and find
issues by utilizing operators inspired by biology, such as
mutation, crossover, and selection [31].

The four fitness functions commonly used to evalu—ate
trajectory trackings such as Integral Absolute Error (IAE),
Integral Square Error (ISE), Integral Time Abso—lute Error
(ITAE), and Integral Time Square Error (ITSE). These are
defined by the following equation [32,33]:

= T|e(t)|dt (50)
g = Tez (¢)dt (51)
J e = Tt|e(t)|dt (52)
I pop = Ttez (t)dt (53)

ISE integrates the square of the error over time;
control systems designed to minimize ISE have a
tendency to eradicate major errors swiftly but will
tolerate minor bugs that last for a long time.

IAE integrates the absolute error over time, though
typically with less persistent oscillation, it tends to yield
slower responses than ISE optimum systems.

ITAE integrates the absolute error multiplied by the
time over time. It considers weight errors that exist at
the beginning of the response far more significantly
over time [34][35].

Thoroughly reflect the operating state of the system
and consider accumulated errors. Therefore, this paper
selected the ITSE as the consideration function [36].
ITSE integrates time the square error over time,
allowing for a faster control speed than ITAE. It is the
only objective function for optimization by GA.

Table 1. Operators of GA techniques used to determine the
best PID and SMC gains.

Option Value/ type
PID SMC
No of variables 3 2
Population size 20 20
Crossover 0.9 0.9
Mutation 0.1 0.1
Fitness function ITSE ITSE

One of the research about PID parameters optimi—zation
using GA was studied by Aly [37]. Besides, sliding mode
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control based on GA was also studied by Kheshti et al. [38]
and Ma et al [39]. Table 1 shows the evaluated values of GA
parameters so that the GA tunes the PID and SMC gains.

6. RESULTS AND DISCUSSIONS

The side brush model of the street sweeper is designed
by Solid Works software (Figure 5). The parts of the
model are the mounting column, rotating cylinder of the
side brush, arm joint, hydraulic motor, and rotating
brush. The rotating cylinder of the side brush is
controlled ON/OFF. When the road sweep system
operates, it takes the side brush in the working position
and brings the side brush inward in the vehicle moving
on the road. Research results focus only on controlling
brush penetration through PID and sliding mode control.
GA optimizes the parameters of the controller.

The side brush's kinematic measurements are as below:

[,=032m, [ =045m, [,=0254m, L =0.145m,
I, =0242m, 4 =023m, 4 =0.105m.

m =82kg, m =97kg, m =40kg, J,=0.18kg.
m?, J, =0.05kg. m*.

‘ Arm joint ‘

‘ Hydraulic motor ‘ ‘ Rotating brush ‘

Mounting column

Rotaring
cylinder of
side brush

Brush penetration
control cylinder

Figure 5. The side brush model

The parameters for PID [k, k;, k;] in Table 1 and the
parameters for SMC [K, c;] in Table 2 were tuned by
the ITSE fitness function. Moreover, the various road
profiles were considered to evaluate the responsiveness
of the controller. The GA-SMC uses functions such as a
sign, sat, and relay to consider the nonlinear controller.
The parameters were tuned and presented in Table 2.

Table 2. PID tuned by the ITSE fitness function

Road profile
GA-PID[— - : -
Sinusoidal | Half-sine | Haversine C class
K, 13288000.4 | 12641972.9 | 11168000.7 | 5729100
K; 609.928 597.518 99.384 2.61
Ky 47703.55 66899.88 41899.95 43607
J o 122519.10% | 0.0015 | 1.8299.10* | 0.7056
Table 3. SMC tuned by the ITSE fitness function
Road profile
GA-SMC | §inysoidal | Half-sine | Haversine | C Class
Using | K | 93870.18 | 91768.1 84870.9 65786
Sig’_’ ¢ | 90311 33.95655 | 419.694 91.811
function 5 4 12 3
J |1,776.107°{2,106.107%|3,771.107"| 1,709.10
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Using K| 92369.57 | 128473,14 | 38994.74 | 79001.37
sat o | 94734 | 82,794 | 46.646 | 13.281
function 3 14 16 9

J [1,764.10 3,99.10 2,221.107°( 7,511.10

Using K| 867,27 985,82 946.18 39437

relay o 1 660,07 | 571,87 | 683.72 | 22535
function RT3 KT RT3 "3

J (2,223.107°12,230.107°| 2,65.10 1,501.10

The penetration of the side brush (see Figure 6) is
forced to track the nominal road profiles. The genetic
artificial-based proportional-integral-derivative (GAPID)
and the genetic artificial-based sliding mode control
(GASMC) are designed to consider the responsiveness of
linear (PID) and nonlinear (SMC) controllers. Besides,
the GASMC uses sign function (GASMC-sign) in prac—

025
Reference
0.2 — = - GAPID
GASMC-sign
015 GASMC-sat
GASMC-relay
0.1 \
— 0.05 01
E
= 0
@
[=]
-0.05
-0.1
-0.15
-0.2
025 I L L L L
0 0.2 04 08 08 1 12 14 18 1.8 2
Time (s)
a) Sinusoidal
Reference
———.GAPID
GASMC-sign
GASMC-sat
GASMC-relay
E
o}
©
[s]
005 " L . L . . . . .
0 02 04 08 08 1 12 14 16 18 2

Time (s)
c) Haversine

Figure 6. The tracking position of the side brush

0.05
— = —-GAPID
GASMC-sign
GASMC-sat
GASMC-relay
g 0
8
i
o
£
=
Q
o
= 005
01 . . . . . . . . .
0 02 04 06 08 1 12 14 16 18 2

Time (s)

a) Sinusoidal
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Tracking Error (m)

tical engineering systems; the chattering of SMC can
cause damage to system parts such as the actuator. One
way to reduce the chattering is to use the saturation
function (GASMC-sat) and relay function (GASMC-
relay) instead of the sign function.

It can be seen that the real and reference trajectory
curves both almost match after about 0,Is in road
profiles: sinusoidal, half-sine, and harversian. The ran—
dom profile also tracks quite well on trajectory curves.
Figure 6 and Figure 7 shows the response and tracking
error levels of control laws and road profiles. The
GAPID has a short settling time, but it fluctuates widely
in the initial period. The GASMC-sat and GASMC-
relay show a good response and reduced chattering.

Reference
— = = 'GAPID
GASMC-sign | {
——— GASMC-sat
GASMC-relay

Delta (m)

b) Half-sine
0.4 T T
Reference
03y — = = GAPID
L\ GASMC-sign
(N GASMC-sat
oz b || GASMC-relay | |

02 . . . . . . . . .
0 02 04 06 08 1 12 14 16 18 2
Time (s)

d) Random (C class)

0.06
0.04
f
0)\* L v P —
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Figure 7. The tracking error of the side brush position
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Figure 8. The phase trajectory of the side brush position

The error of position tracking and phase trajectory for
the side brush is presented in Figure 7 and Figure 8. The
tracking error of the side brush position after settling
time ( t; =0,4s) is less than 0.025 m. Finally, Figure 8
shows the phase trajectory of the side position of control
rules for different road profiles.

7. CONCLUSION

This paper suggests a technique to automatically control
the road sweeper's side brush to improve working
efficiency and reduce brush wear. The paper uses

FME Transactions

different control laws and various road profiles to
consider the level of response. GA optimizes the
parameters of the controller.

Simulations have been performed for four different
types of road surfaces, and the results show that the side
brush system controllers are designed to track different
types of road surfaces. The simulation results show that
the GAPID controller fluctuates with large amplitude (
tracking error 0,075-0,187m) in a very short period of
time (0.005-0.008s) at the initial time, which can cause
damage to the mechanical systems of the side brushes.
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The GASMC-sat and the GASMC-relay have a pretty
good response in road profiles and reach a steady state
after about 0.3s. With the road profiles such as sinu—
soidal, half-sine, and harversian, the controllers respond
quite well. However, the random road profile is only the
GASMC-sat and the GASMC-relay having a relatively
good response. Besides, this study is given a novel
method to control the side brush of the road sweeper.
This method can be easily applied on road sweepers due
to the automatic control of the brush by the hydraulic
cylinder.
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NOMENCLATURE
A The brush penetration
L The length of the tine
R, The largest mount radius
B The assault angle for the brush
10) The tine mount's angle
0, The angle of link 1 from the Ox
6, The angle of link 2 from link 1
Ao The coordinates of mass centers
y The position disturbances
The moments of inertia of links relative to
J4 .
their centers of mass.
Bo The initial angle of the angle MON
V4 The speed of the center of mass

Ks The stiffness of the side brush
Damping coefficient

The system's kinetic energy

The system's potential energy

The generalized coordinate

The energy dissipation

The corresponding loading in each
coordinate

The total dynamics load

The force generated by the hydraulic
cylinder

The bump height

the bump length

The time to cross the bump

The spatial angular velocity

The power spectral density

The amplitude reduction

The amplitude of the road surface
roughness (C class)

The phase angles

The vehicle velocity

The boundary layer

The very small positive constant
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Abbreviations

SMC Sliding Mode Control

GA Genetic Algorithm

FE Finite Element

PD Proportional-Derivative

PID Proportional-Integral-Derivative

F128 Flicking brush (The bristle mount

orientation angle is 128 degrees)

VOL. 51, No 3, 2023 = 327



CMP Chemical Mechanical Polishing

ITS Integration Time Step

PSD Power Spectral Density

IAE Integral Absolute Error

ISE Integral Square Error

ITAE Integral Time Absolute Error
ITSE Integral Time Square Error

KOHTPOJIA MAILIMHE 3A YNIITRELE YJIMIA
CA BOYHOM YETKOM 3A PA3JIMYUTE
HOBPIIUHE TYTEBA KOPUCTERHU IINJ1 U
KOHTPOJIEPE KJIN3HOTI' PEXKUMA

T.T. Xuen, B.B. Taur, X./I. Tour, JI.K. Tpu
OBaj pax ucnurtyje TehHojoruje ynpasjbama OOYHUM

YeTKHIlaMa 32 HOBH [IM3ajH I0JlyayTOHOMHE MallliHe 3a
ynimhewe nyteBa. OBa CTyauja Npeuiaxe CTPYKTYpy
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0odYHE YETKE M HyIH pelIeHe 3a KOHTPOJIy YETKHUIlA 3a
nobospliakbe  pagHe  €QUKACHOCTH U CMambemhe
abpas3uBHe 4yeTke. 3a MehaHWYKM CHCTEM KOjU KOPHCTH
mehannzam mapanenorpama, cMmep KpeTama IpH
NOAM3aky W CHYIITalkby 4YETKE je YBEK IapalieliaH ca
MTOBPIIMHOM IIyTa.

Monenupame mMehaHnzma O04YHE YeTKe IOKasyje Ja ce
pamu O HeIMHEapHOM cHucTeMy. 30or Tora je
MPEAJIoKEHa M YCIOCTaBJbEHAa KOHTpPOJA KJIN3HOT
pexnva (CML) u3 jemHaumHe OuUHAMHKe. Teopema
JbarryHOBa TOKa3yje eHy crabmmHocT. OcuM TOTa,
pa3maTpamo u MIPOTIOPIIMOHAIHO-UHTET PAIHO-
nepuBatuBHH (IIM]I) perymaTop 3a mpoleHy OA3uBa
JIMHEApHOT ~ peryjaropa 3a HEJIWHEapHH CHCTEM.
KonayHo, mapameTpu KOHTpOJIepa Cy ONTHMH30BaHH
TEHETCKUM aJTOPUTMOM Kako OM ce pa3sMOTpHO OJ3MB
KOHTpOJIe KIM3HOT pexxuma y mnopehemy ca ITN][
KOHTPOJIEPOM 32 KOHTpPOJy OO4YHE YeTKe MalluHE 3a
yumheme myTa ca pa3InIuTHM pedepeHama.
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