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Abstract

This research aims to develop an autonomous driving system for a ground vehicle based
solely on computer vision, eliminating the need for external sensors or pre-stored maps.
The proposed system relies on a front-facing camera that captures real-time road images,
which are analyzed using deep learning algorithms to extract road boundaries. These
boundaries define the trajectory input for a hybrid controller that guides the vehicle
accordingly. To ensure a realistic testing environment, a precise dynamic model was
constructed to simulate the vehicle’s physical behavior in terms of traction, steering, and
braking, supported by the CarSim simulator. The study compares the performance of four
control algorithms: Linear Quadratic Regulator (LQR), hybrid LQR with Sliding Mode
Control (LQR+SMC), hybrid LQR with Feedback Linearization (LQR+FL), and hybrid
LQR with Composite Nonlinear Feedback (LQR+CNF). Simulation results showed that
the (LQR+FL) algorithm achieved the best performance, particularly under variable
conditions such as slippage or reduced tire-road friction down to 0.4. In these scenarios,
the maximum lateral error was 0.26 m, the maximum slip angle was 2.5°, and the algorithm
achieved the shortest time to complete the reference path. On the other hand, the
(LQR+CNF) algorithm maintained vehicle stability under more critical friction conditions,
with the coefficient dropping to 0.338—an extremely low-level simulating icy or oil-slick
surfaces. Additionally, the CARLA simulator was used to test the integration of deep
learning algorithms with control systems. Autonomous driving experiments were
conducted in high-fidelity virtual urban environments, demonstrating the hybrid system’s
ability—combining deep learning for path detection and traditional hybrid control for path
tracking—to efficiently handle diverse road challenges. This study highlights the potential
for developing effective, low-cost, and highly reliable autonomous driving systems suitable
for future urban applications.
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Caliper & outer pad ms

Xt
-
Xp
™ & L
Piston ki ko
Brake | & 1mer i
fluid| pad Disc
Mo
Ci Co
Te ke
AMA
kb Il Cp Cp
Bracket

,

FL LA

ch

[8] Sl il i il 3 50l :32 S

ok WS T ASaainal) Al st
mef + kbxf + Cbe = PSp, .X'f <A
mef + kOxf + COXfo + kaf + Cbxf = PSp, Xf > A (83)
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Booster . ——P+— Pipeline Brake ——Pf— Vehicle
— Cylinder -
r ——P2—» Pr—-
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&S ol dadei bhie 133 S
[8] =S 2l 4 ekivuall & jia g )Ll B g2

Symbol Units  Value Symbaol Units Value Symbol  Units Value  Symbol Units Value
m kg 0.2 1 — 3.31 €2 Ns/im 40 Py bar 1.0l
ms kg I i — 0.36 [} Ns/m 20 R — 286.69
m3 kg 0.01 Fq N 90 €13 N s/im 400 T K 289
me; kg 0.3 Fro bar I €33 M s/m 1600 K — 1.4
Mea kg 0.5 P bar | €34 M s/m 2000 Cy — 0.3
mg kg I k, MN/mm 3.9 Cel M s/m 20 P k,gli’m3 880
my kg 4 k, N/mm 40 Ca M s/m 10 K MPa 1800
M kg 1736 ky N/mm I [ Ns/im 3000 o % 0.19
I3 mm 0.8 k, N/mm  25x 10° | Ns/im 2000 &, mi/ 100 ml 1.5
Is mim 32 ky N/mm I (A Ns/im 3000 ¥ — 1.4
D, il 6.2 ks M/mm 25 % 10° €s M s/m 2000 u Pas 0.044
D, mm 10 5, mm? 388 A mm 0.05 v, mm? 5.5 % 10°
D; mm_ 258 Sor mm® 15904 Ry mm 120V, mm 2.6 % 10°
55 mm> 490 Spr mm®  962.] Rar mm 98 s mm? 126
Sg mm? 53,100 h, mm 0.9 R, mm 316 r mm 2.15
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Master cylinder pressurre from push rod force
T T T T

Master cylinder pressure /(3 bar)
- _ N N w w »
o (6] o [$)] o (6] o
T T T T T T T
1 1 1 1 1 1 1

[9)]
T
1
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Push rod force /(30N)
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50 [ Master cylinder pressura/(3*bar)
----- Experiment 40 e

— Simulation 30 -

20
Masier cylinder pressure/{3*bar) 10 |- h rod forced{30°M)
i 1

-0 40 -30 -20 10 _ 0O 10 20 30 40
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Push rod travel!(1/10"mim)

(/8] lwadU i 5) i jaall g i o U] Lpwssi ) Ll sbns¥ = 2 35 SN

89



) e Jarall 558 Jiay Al alaill Jis e 18U dps 1 45 shausll) 7 54 Jiad (e elld ) ALyl
At ) A3 bl 5 g (LAY ) paall Lty TON (e doe guia Aol sall e Jazacall 5 8 88N ) sl Sy
(36) R & a0 98 L& 4 bar Ao L guiia

Master cylinder pressure from Pedal force
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_ Master cylinder

----- Experiment 40
= Simulation n
20

Master cylinder

pressure/{4*bar) Pedal forca/(10*M)

40 30 20 -100 ap 40 50

50 — Pedal travel(2“mm)
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The output of open loop
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Jiaall (ozmly)ll il a8 25 (MATLAB 44y (esa 3352 5all System Identification  4iiSa alasiny
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0.05125s + 0.005114

Y(s) =952+ 0.931s + 0.08218

u < 35

Rl i) e iboas (aa Co el J2l 18 5 ¥ alaall 8lSlae e il a5 ial) alil oy 25 )lEalls s

%]

deceleration(m.s"2)
=)

=

e N A BSall 7 a5 Al Al i S(39) S s

The output of open loop(estimation) &
T T T T T

the output
— — — estimation output =

10 20 30 40 50 60 70 80 80 100
Time (seconds)
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The error of estimation output =
T T T | | | T T T

o1f— | | | | | | S E—

0.08[

=
=]
[=1]

I

0.04

deceleration(m.s 2)

0.02

0 10 20 30 40 50 60 70 80 20 100
Time (seconds)

slSlaalls jiall allsill (y (o0 5 L3/ - 40JSEN
AL il 54 8 5 il e e e saf Ll s 0,1, 572 58 palie ) il o a3
Bkl 5halii s mlSall e Jaraiall (5 68 (g A8l iy a8 DAl o
g ot sa gz alls st pall g bl e JRall (5Ss Cuny 3 jlal) sl oSl oy Agilal) ol 2 Y1 i LS
@LSJ\ Cray olaial dﬂaw«ﬂbjcks.ml\ dté—d\gﬁ(86)dﬁu\g-ﬂew@§)35ﬁew@e3ﬂﬂ 3 )
(kWS 4 0.01

0.003064z — 0.003064

G(z) =
@)= 1718, 707178

(87)
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C(z) = 0.08z% — 0.1414 z*> + 0.0643 z — 0.002871 28
% = 0.003064 23 — 0.009192 22 + 0.009192 z — 0.003064 (88)

(41) S b A sall il e Uloas oSadll Gl e 3L

The output of close loop =
T T T
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4.4+ ! ! 1 1 1 ! —
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Bdala Cog yla 8 Cilaa ) ) oA 03 aladinly jlecall auii 483 3 A8 el ) Eiul s e ¢ guall Joadl) 138 Laliy
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Fandly e s Qb B8 (e e Len chine 8Saalinn Gyl 3 AalasW) el ai Sy il 038 YA (e
Aall e e Aol il (ol Gkt U8 gl

Simulated Test Specifications Run Control with Simulink Analyze Results (Post Processing)
Vehicle Configuration: Ind_Ind v RunNow Send to Simulink Models: ¥ Video Video + Plot [ Iset color
F-Class, Sedan w/ 8-spd. Transmission -’ connect with simulink - 0 deg. Azimuth, 1 deg. El., Veh. Ref. ~
Procedure - Do not set file type here ¥ [_]write all outputs Keep Last ¥ Most Recent Qutput -
lowijivii i (Cluigpii: VEnEl =5 Plot More plots:| 1 ¥ DOnIy these plots
Show more options on this screen
Miscellaneous Data Number of live animators for thisrun: | 0 ¥ plot -
Miscellaneous: Speed vs. Station M Set time step here  Time step (s)  Freq. (Hz)
Constant 48 km/h i _Math model; XSS 1000
Miscellaneous: Driver Preview Points ~ Outputfile:  0.025 20
5 Driver Sensor Points i Do not set time, station, or direction here ¥
Miscellaneous: B
[Iset driver controls here [l Advanced settings

] Overlay videos and plots with other runs

carsim F-Class, Sedan w/ 8-spd. Transmission

MECHANICAL SIMULATION.
{F-Class)

View Simulation results (MATLAB) b

Al ilae L 53 5SIaal Carsim daio 142 JSAI
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[15] Ll ila o (Al Ayl 73 pai 244 S

{ muv (B +v) = Fyr +E, (89)

Ly =Fy; — [tF, + AM,

Ol gl sl ae (90) Walaall 3 LS or 5 af GYRY) W) ciysed aly ddldlly 4alal) Claal) 2ic
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af—Sf—tan_1<ﬁ+f—y>~5f— —f—y
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= —_ -1 f_ ~ —_ — f_
af 8f tan <ﬁ + Ux> 5f vy

Fyf =2 Cfaf , Fye =2 Crar (91)

'—<Cl) +(C2 1) + s b
p= mvxﬂ m vz 4 muv, ] muv, "
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C l-C L.C AM
3>y+ff6f+rrar+—z (92)
I, I, I,

.G +(
v=1, 0
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J = j X(OTQx(®) + u(®TRu@®]de  (99)

0, 0 0 0
m 01 . o @ o o

R‘[o rz] C=lo 0 0 o (100)
0o 0 0 0,

105



(Q>0dnmad)dall yjsddhas ) € R -
(R >0 Lilai daa g) oSl 3 jL3Y ) )54dseas R € R?¥2 -
JiaY) agail) ¢ gild
[17]:(feedback) dxal 43a3 oS3 | QR (8 Jie) pSaill () 518 ans
u(t) = —K x(t)
(A (e a5 ((Gain Matrix) gl 48 sias s K € Rmn Cua
K = R71BTP (101)
:(Algebraic Riccati Equation) 4l AS ) dslas Ja 4 P € R0
AP + PA—PBRBTP+(Q =0 (102)
B bad) Zasad Ao (Gl
il xpally 450K 2 ((103) Adkaal) & sidall 23 saill
X =Ax + Bu + Byw (103)
D e Sall allay aSaill 4 8 8 edan JA G arie Jla w = X Ol L
x=Ax + Bu (104)
:JieY) pSail) 2 ¢ | QR (58 3kl
u=-Kx (105)

106



Jaes B SV Vs c e, s Uasl) e, uiladl Uaal) Jol&s 4, 6l ol 2t R 5 Q (sl (i sian HLidl) pa
AM, o325 8 4 sl AN B 3ala i it ) ABLaYL oy CillaadY)

' LQR aSadll (538 ol Jal (e 43U al) e Slaic V) o

P = [1.1*104 0
0

0.0004
57046 x10° 0 0 0
0 1 0 0
= 106
¢ 0 0 100 0 (106)
0 0 0 1

R (1,1) 3l drsy Liad (Kl ([15] 4biia dae o dlaie Wl QR pSaiall (8 ghan jualic af LA o
5  8al 5 ) A8laYly a5 el Al 5uall 3 gl Ll () S0l 4 il oUail Jaal) JUae Julis Jal (e ]
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