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Abstract

People rely on vehicles to travel to and from various places every day, which brings all
kinds of conveniences, but also comes with all kinds of security concerns. This study intends
to prevent the overturning behavior of the vehicle caused by the excessive steering of the
driving, so the automatic control system is designed to avoid the overturning behavior of the
vehicle caused by the excessive steering of the vehicle. In this study, the vehicle model is used
to simulate the change of the vehicle's lateral acceleration during steering, and the control
strategy 1s designed according to the simulation results. The control objective is to reduce the
lateral acceleration of the vehicle when turning, and to avoid the overturning. Control
strategies are divided into threshold control strategies and continuous control strategies. The
input signal of the control system is the lateral acceleration of the vehicle, and the output signal
is the torque signal of the left and right rear wheel motors of the vehicle. The control system
only needs to detect the lateral acceleration of the vehicle to determine the time when the
vehicle is turning, and when the vehicle is likely to overturn, the vehicle motor torque output
signal is limited according to the control strategy to avoid excessive lateral acceleration during

turning which might cause the car to roll over.



Eiﬁf]f%éi/éﬂ %?E\;é,#ﬁ”f&iilf_ ’EJK iﬁii?'ﬁ,@‘_%f‘ ) é_%hij;/\fral’g?qﬁ%ﬁ%

e PE o fra 2 G T F S i:«(mﬁ'ﬂouﬁ; IR T Ty R S SUETINE

fe BBt AR ERITEADFRAL o ZEF A D o R i €05

FAG P ARIRERELT HIPI LN TR AEIRIRRDE S - 2 PR
FRFIET FIE S R DRP T U BTG ERDFRT EE 0 B LR
e B HZ) o en AL Rled BRI B AR AR RERY  F A

GRS o PR S s - F bR LS R A B AR v - e
RFL IR R IR P ARR T B RAAARFIERD R D ER
Wityr- BH ARG PR G TR T e B R A RS c BER A YR
VAt e g T I T I Al

fFg R eh
7S EAY e toiE B D R o

f2a
I W RV R [ s S S A VR T
] s A e dr ] N sneh L B o

v



R
.+ 8
:‘z_’;ﬁg_ B 5 * R /F R
TRt
-+ 7 23D R

g]_

+ 7 # 3D B

+ 7 28 (RIALR])

B] =

+ 7 2 R

(ER PN Ak kg

BEE@ ) f ik
BRI N(HE ZIREK

B) o 5 ]

20psi) > & 4vik B E D A

15 2 F (AT

+ 7 B (AR )

Bl =

+ 7 B AL

IR ed LR E

(Arduino)*c ¥ =¥ - § ¥

Fodla S mie i@~ R
B o

2. Arduino Mega 2560
3. Arduino accelerometer

4. Arduino SD model




5. 16GB micro SD card

6. ZFREZ(D &8
R A

1. E"rﬁ“‘mjl;

2.

3. FRA{1E
4. 2 % FT2 i k8
5. T ITE kAL
-~ s zﬂ fﬁkfi

B EmEE AR T BEiER
(Matlab Simulink)

A at A G R TE ) R

18P iR )

: Matlab 2018b - Simulink
Arduino #4425V 358 L CH+

: Matlab 2018b & Excel 2016
- Word 2016

: Win 10

REHE R B E AR

KR EWENESH

LA SR 445 U A8 B 72 1 SRS R BiEHIREER
ERIRIE AR L (REEE - £ARAEENE)
%] 7 = '776 /: ﬁi%}
= ~ ® §mHc3] (Matlab Simulink)
(2831441
o PTE e
‘, o LT ’tE Jr———
A O »'L i T ==
MRt ] 1 8
:2] mj— = =8
K ‘ o | _é» N— ‘l I =
L,—; e
Bl #mEaliae



12 Matlab Simulink i€ % /& > #3[4345 " Two Track Model | % & @ = - Two Track
Model & - fafiE A~ B> A7 g 4§23, 3+ 5 8 i {7 B P g fi ] o 103
R ART RS ZBEERE RA LT
O o Ee 4 H A(S )RR e o

® EHAHCA R4 BB o) R A eniE Y 4 (R
(FR)~ w4 (N) ~ i & ()~ Bl 4 (Fp)...3)f » ¥ HPr@figs b5t .

O U EVE IHEHRLBIEIRG Fnd B S uPE A8 R 1R Rl
Bk o ¢ FREER () K@ E R (a)  RIvER®D,) > R eER
(ay) ~ B2 @i (w,)... % °

wewm] | [ |
PN =1 i

Uit

"Two Track Model ; &%

DENE ST
[ dmica] £08 i ec ]

TR [k e RS x (F X SEE T N IR ST g
?%ﬁ’ GEAET BRI R A S Tl KR 4 E i ¢ R SR
BRI BEIHPE B RE T A KD 4 i 0 TR
Bl 4 W RERE NS B AR Rih RE BRI B> idh



Braking Force Curve

100
90
20
70
60

y=56.08x + 38,944

Braking Force (N)

40
30
20
10
0

0 o1 02 03 04 05 06 07 08 09 1

Normalized Braking Signal Percentage
Bl= 202 4§ ¥ S

[ #% % & (slip angle)]

%ﬁimﬁ~%ﬁﬁ% WP n RS o frdnfn (T2 e 2 B end & (40T 2 BT
Yo FA VDRI BERNTIES 5 3 § B HIAERT 7 o G ik

a——arctanﬁ (2 BiRSEER v, 5 B RRlw i R)
x

EEE R A A DR E TR AL Rl 4 o BiRFE T S SERT
i ks Rple 4 SREMGHEeTTR) EFRF LB < BF LR RS S
‘IJ} ’ é—i”/%@giifljlg'?”‘ Eﬁ‘lél/ﬁfg; ’?Iﬁﬁ}’%’i_ﬂiﬁ—\ ’ IE@J El g;fﬁ,{%'rﬂﬁ (i»#-f,
jRF EACE L R R o A P RIERHIET Mo E il BRI E o)

v,

Y LINEAR | TRANSTIONAL |
‘.‘\
Slip Angle, o w
! ~—+—— Contact Patch P / 2
| ‘z’ %
i +—— Deflected Tread Path 8 e
& <
l=————— Undeflected Tread Path g £
£ 3
5 &
SLOPE IN Ib/deg =
CORNERING STIFFNESS
SUP ANGLE INCREASES s
PN — 2 PN " P 22
B~ BF &7 EE B4 miFszdimpet bk

2 REA R e d B D)

FladtRiimaEe@mi 43 Re, > FIL PR FER-E R 7T VLR
YLl i B ARZL o et » R RR Y B L, 0

=>a, =der(vy) + vy w,

CEERTRRTED



FEAEFAPIE S TR LG - hE e d S0 0T S B dme gl v 4 o5

b
o
1 P
n{ 4 |
4
r.‘
e L-——.———PN
A
e s
7
x

DRERES SN

BB K T HORGE G 0 T My oM, F g ENE

EFZ:FFL+FFR+FRL+FRR_mg:0

My = (Fpgr + Fgg) "k + ma,-h—mg-b; =0 My @ 00y b bz 4
Fpp © sl w 4
z:My=(FRL-I_FRR)'l-l'"lax'h_"lg'al=0 Frr Tiefmr v 4
_ a2b2 bZaxh azayh Fgp, ERE TR 1 B
Fpp, =mg Ik —-m Ik -m T Fow © L5450 b 4
l(ﬁfbjf')=a1+a2
ab b,a,h a,a,h N
Fep = mg ;kl m 1lkx tm zlky k(lé%jf)_b1+b2
m: EFa %‘f:&_

a, b, b,a,h a;ayh
F, = st
RL= Mgt m—p—mm—y

a, b, bia.h a,ayh
F,. = Gyt
RR =M@=+ m—p—+m—p

Tt R EREDE G ay ca, BT LV AP EEGY 2 I

Rig? Fl e 2B e FROP PR LAFFTESIPTRFT L w4 D
A\ﬁxe# JET2 fpfn R T g T S o T B R LA - BREATNEIREIR
WhRAOT R o AL IR ER D AL P R(Re HR) 0 TR RS RlehE e 4 4
§ B E ROV e o B2t 2 & rolloverindex (3 hipdk) 4o

LF, —XFg  (Fpy + Fpy) — (Fpr + Frg)

rollover index = =
SF +2Fg  (Fpr + Fr) + (Fer + Frr)

p Flﬁi:’i"é' R X REET e 4 B L RIGE e 4 IF L HETRYR o § TR A e
o Hd - fplefzred €5 00 F XF, ~ XFg #¢ - B % 0 B rolloverindex
E® 1 & —1- %% >rolloverindex » ¥ Wi R B afphoiie §H %

7



HEGRT 1 RAS IR WL s A F G T RARRT g4 g

M-

P RS R A UR(F U )R T 3 SRS - RIEALE U
FieFEeERe e R s 2 8T w4 - rolloverindex MERER g o

Changes in a, When Turning

P 4F T T T T T T T T T T ]
o
5 3 -
£ f
“>\] L u
0 | | 1 L 1 1 1 1 L 1
7 8 9 10 11 12 13 14 15 16 17
time(s)
= Changes in Normal Force When Turning
\_/40) [ T T T T T T T T T T T =1
g FLH
=300 e FR | 1
< RL
— 200 =
§ ——RR||
= 100 i 1 1 1 1 1 1 1 1 1 1 1
8 7 8 9 10 11 12 13 14 15 16 17
time(s)
54 Changes in Rollover Index When Turning
% T T T T T T T T T T
8
o 0.05F .
]
5
Q
= -0l .
Qo ! I 1 | I I 1 I I I I
& 7 8 9 10 11 12 13 14 %5 16 17

time(s)

>
\

W

Bl — HOES f5 0 B R & e B A R ens

TRIVUER PRAIRARIPER TR RT R 0 A2 RR N
Ploteid R € Bt A DEESA fFE RS E (§DE BN E kT Fa
B FIE_G B g e pE B Rk i & (slip angle)sa < > F]@ R B R B DRl 4 4102
v R EFEE cFFIRTG S S e ko T R R € A E R e
Bl 4 2 B2 FE M SRR A B R TE B G AMEMR) e F]E RleeiE R 2
Rew it et AT 2wt et AR LFIRECKHE S on L RIE RS F
ZRIE e AT R b RATHER o PR e R G ERR 4 R PDRA S R
Mo iem #3k§s R o Rolloverindex ¢ fd 4w Rt w4 ZEd + it | o p pFaE
ERRT kB 0 B &2 TR rolloverindex o PlE R i § R (A4 T v FAL
&

ﬁd%ﬂﬁﬁﬁﬁﬁﬁﬂmﬁmﬂwﬁﬁé%%%’ﬂ&%%ﬁwiﬂ—%ﬁﬁﬁ
#w 44 R rolloverindex o @ 2 % F enit e 4 3R E 2 NP Eipldey Mgl
ay » #7rr T B rollover index £ a,, AR REfE o



Rollover Index Corresponding to Different a

ex|
2

[rollover ind

0.06

0.04 -

0.02

2 o &
ay(m/s )

B+ = rollover index £ a, R % H

BB AT 0 a, ¥ rolloverindex - & ISR TR 4 i&{ﬁb,ﬁgﬁ&m@%
4% P ooa, G E, g S oM AFP T NEEER a, REFFRHUD Rl
T oa M o

X

ﬁb

J

m

2ERE RE TR RS TR ¢ e R

oo AR R B ETR (B S R TR AL R - BERE > AR LA E )

Pl W kIR A RAE AT Mg e g PR M R o e w4 5N

FC—Tzac—ay—

%’ M AR E B SO H S LT (R) A R B A K2
(V) » 7 LG Pl Rl b R Ak o FIR T SR K
(o Py o~ 2ol 5 bRl o o) 2T 5 N RIER)
(= ) Threshold Control ( #5% #41) : £ 3] ay. (Tfh Rlw seid &) 35410 54~ 241
AR (=) A A2 (Two Wheel Brake)

Pedl (=) b ipl{s £ @ (Outer Wheel Brake)

AR (2) RIS EHAS > N RIS 4 (Brake and Acceleration)

pouri e |
Fimay &5 A ay (1= -2'125; #)
mHEEFAA |




PR EFIER (@) (A /7 4 &) = 2.5m/s7)

TR B R B A K% ‘ﬁ‘“«‘r’”ﬁ‘]ﬁrﬂ*ﬁﬁ“ (IRCARET I S gied

T IRF] G AP A s Tt g e e BE D TRA BB L R
Pt BISTRBP L ERPe4ed B AR E it i ?ﬁﬂﬂ']"}mﬁlj‘f ° .:f;ﬁ}m’}f:
T M deak R A S N THRA B B K o 2RI AT
2 ke

7

X o
l!§ ’u‘(‘_
AFFI Rz P o ok

E ﬁ“i’iﬁlﬁ\“‘ ABEREENFEURe R R d R hEd REERT S
s = 11E|Jra,4g3i}ik}?i/{ — X A K b ”-”-rjj‘f‘;"é‘;}—é,

l:b—"zl_tl}jgﬁ@%&_b_ e
:)é‘*'s‘i*if*“ OETNUEAEEET ;5 Wy B S

without control
two wheel brake

Threshold Control Simulation

T T T T
4 outer wheel brake
brake and accelration

8 9 10 l‘l 3
time(s)

Changes in Rollover Index When Turning

-0.06 -

T

-0.08

rollover index

-0.1

12 13 14 15 16
time(s)

0121

Bl e PR ]k s

2t ihs
g

FBLEZ g ende d TR LB FIRE - AR g R K K
LRl e REPITRA BN O~ i) 0 B DA EH R FIEL (0~1 5 4eiE

i
0~100% > 0~—1 % &2 0~100% ) o T R e R MELhL S adF S TE ;7 Two

Wheel Brake 741 % SR feip]# 4c i & 3] 3.5(m/s?) P¥ 24 jid ;7 One Wheel Brake
R R LS S 35mu§)&%h?%i%ﬁhi’avxwmahgz%sw
5 ; ” Brake and Acceleration “ 2 4|T SL| B A fpl e seid B i T 3.5(m/s?) pEFehipli

RS BRI T

10



g Without Control - Two Wheel Brake
g = outer wheel g = guter “f:‘ee}
g & 05 inner wheel ks En 05 Innerwaee: |
S35 8305
g < é =}
g 4 s -
= 8 10 12 14 16 = 8 10 12 14 16
time(s) time(s)
Outer Wheel Brake 1 Brake and Acceleration

£ _ .

outer whee!
inner whee!

0.5

(=]

outer wheel
inner wheel

'
=4
in

-0.5

deceleration signal

normalized acceleration and
deccleration signal
normalized acceleration and

8 10 12 14 16 8 10 12 14 16

time(s) time(s)
BT P Il B (o 2R aE R

(=) Continuous Control (& & +=41) © 4241 % m&f_fﬂ%*m .

PERFIRE R LGP R R PR S R ?1')@%]5 * e edeig B T
Bt Gl 0T S R Sl e e B B S el Bh S B dRenl e dod B 0 Sidh 5
M b ende i 7 iR 5L (normalized acceleration and deceleration signal) » 0~1 % 4¢
#FME(F4E) 0~100% > 0~ —1 5 Fi#ENF(F=4E) 0~100% (Hrid &2k MELIDE 1L AT
BiEd 4 fpap)e gtk ‘fbﬁ,.g\{— B A §FE &#”Eﬁ:ﬁﬁ%» HLEE 0 SUE Lk :*;,;%@
I_‘i'_fy-ﬁ%]ﬂi$?m LB o @ MEBLAIT S N 4o L EF B R R deid B a4 0 K vug
U E g T Ao @ L D B o e G2 ay 1) rEAEIURIG S ?.5
ay > ay PFo R LRI Aﬁwm%a%a»’@iw@ﬂﬁa@«oﬂwﬁ@mﬁ@
A S PR g Y-Sy SS o3 T R Sl g BH Tl 72 T fde id 2R aE
L o

LR A A4S 1T £ 57 & 7 Control Function 17 ~ “ Control Function2”
Control Function 1 &4 #ciB R ERE AT - \FRIwe@ Rent = > REA T ]
4 'T} 00 B o T m;yf};ﬁ}’ o B kI oo ¥ é’qﬁp’alﬁ' | Avid B EOR] 4 D)1PF > 4rid
FUBLFRAEE 100% B Rl seik B AA_1(m/s?) # 4| 2(m/s?) pF o deik @qu“\'?fi'ls
¥ ﬁ #ME 60% 5 Rl seid B 2(m/s?) H 4 T 3(m/s?) B Arid B4 G
$ T 0% 0 RS d AL T F B ARl de i B R e B o S 5 LB L -
PR g = 3(m/s?) > Fofh flw 4vid B AR € P4k Am’%{n"@;f] A ¥ AR B
w A id B P GO E F‘L’Eﬁ-%] oo BEF Rl Avid B E B 4 iR TL%’J{@?] Mt Gl g F o

bl a, = 4(m/s?) P BFEAEE 5 100% %J’I' °

11



RIEHE B & B
s E R E B2
iR SRR 3SR

0.05s
(FEH14A%)

A 4

A 4

180 £ $ma,y

R R IR R TE R T

_Control Funtion 1

0.8

0.6

0.4

0.2

041 | The control system will detects the current time a

normalized acceleration and
deceleration signal

-0.6 - | and output acceleration or deceleration signal 1
0~1 represents the acceleration signal 0 to 100%

0--1 represents the deceleration signal 0 to 100%
-1 1 I 1 1 1 i L

0 0.5 1 1.5 2 2.5 3 35 4 4.5

-0.8

2
a}f(m.fs )

Bl = Control Function 1

T Bl 5 “Control Function2 “ > 5 & = =t Sficrt e > 8 1 — B4 Sficip b
SR AviE R e 0 AR 0 2 P2 RS Fﬁ&;‘ﬂﬁ”ljém‘iﬂﬁiﬁi&] o aye =
1(m/s?) > ¥ & e 4eik RAZE 1(m/s?) ;‘);;‘Hi%%%fjjﬁg hion o FiE R Lyl S D iE
$U7H R -

Control Funtion 2

T The control system will detects the current time a,
’g and output acceleration or deceleration signal
=] 0.6 0~1 represents the acceleration signal 0 to 100% 1
E E 04 0~-1 represents the deceleration signal 0 to 100%
= Eb
5 '® 02} 1
D =
8.5 o
S =
e | E 02k 4
88
== O -04
<
= =l
g 06 -
=

0.8

a . "

0 0.5 | 1.5 2 2.5 3 35 4 4.5

9
a (m/s”~
J(m/s?)

B+ ~ Control Function 2

12



X E k3

=

I Fak BRI 4 P'JﬁFF'&)I‘F’“isz/ﬁr"'#JﬁL F%’%"imﬁiﬂ At Bl B3R et
FRET ay BFEAEELA » 0 Pl bed RRALAERTH 0 RRw boid BN 4
BAELE BRI e RED T ,]‘s,,yugﬁig]:'!“ﬂﬁ‘xﬁéhﬂ‘tg‘z%’?{p B im0 A e
BRBMEDERT e > @ Pl e REDATOT 7o 3 F] S BAPRITIR G 4] E s
Ao R R deid R ) S ek o B RS gl Sdlic s ) Sl s 7 ﬂ%m@
JERE T Bl R AR M P B P BIERE - KER O AR TR R e R

4 S le— iR deik B K o

S

Continuous Control Simulation

—~ 4] T T T T T T T — 1 .
(\lm — without control
function 1 |
E 2 / tunction 2 t=
=t
«< ol I : I I I I I I I I
T 8 9 10 11 12 13 14 15 16 17
time(s)
% Rollover Index Comparison
= O T i T T \ T T \ I T
(] without control
: 20.05 function 1 -
2 tunction 2 I
g
-0.1 .
= 1 I | I 1 1 I | I |
e 74 8 9 10 1 12 13 14 15 16 17
= time(s)
= . .
E3, Signal Comparison
2 § T T T T T T T T 1 I
E ‘A without control |_|
3 5 ok funct%unl H
SheS function 2
-
o 3
2
N g-l | I | I ! | I I ! I !
E = 7 & 9 10 11 12 13 14 15 16 17
g time(s)

R4 @ik it

L R R )

oAl ksvd @ % Arduino Mega 2560 B {7 iF 24541 & o 0T SRR L B IRY
s g o B9 4@ A58 F@ AT d TREF . TR AL dhma T

13



BT A e

g

iy By

A

GND

Arduinoss & i
H£3F E

oV

RHE R

18

s Bt iR
CE /2B B3R

2(PWD)

7z ¥ 3R 3R
0.8-4. 2V
(fid4m4E i E LE)

19

B H it
CE @& JE 533D

3P

A Ao 3k IR
0.8-4.2V
(#2d2% s E 1)

SDA/SCL

Aoik FE R R Bl

4(PWM)

2o B R SRR
0.8-5.0V
(#1384 m E 1)

2P

A Fa kiR SRR
0.8-5.0V
($2 3846 A E th)

50/51/52/53

SDEHESM

st T

TR T AT et T B ER R A Tt 8 TS B M TR D
B dfedlenieid RAUELGE § R

Bl- - Arduino % ¥ % # &y %

Bl- -+ - Arduino 57 % B

SDfE#E

Tk — 0 TR A G oskehpw b B R BRFEH S 025

3 N

n

12
= — Ao
n st

i=1

T HEEZEOutput)

E#REEOutput)
AENNE(Output)

ZERINEE(Output)

iR R (Input)
HIRIHR(Input)

2

AR

FEAL o Flpt g B E T okt 0 & 0.2s

(n %7 2025 P 7ol Bhdic > ay &Rk (PRI S R ay 5 A SR Slicd)

14



-
1

~ Arduino #2.;% #241

4
-

QS aEat

£

,% %u(Threshold Control)]

int torgueCommand = 120;
255;
uble outputSignallL;

int brakeCommand =

double outputSignalR;
//analogWrite (2, torqueCommand) ;

//analogWrite (3, torgqueCommand) ;

/I auto deceleration control--——————————————- i
//pin 2 for left acceleration

//pin 3 for right acceleration

//pin 4 for left deceleration

//pin 5 for right deceleration

unsigned long controlTime;
((currentTime-controlTime>= 300)&a& (2bs (averaged) >3)) {
analogWrite (4,255);
analogWrite (3,190);
outputSignall=(-brakeCommand) ;

cutputSignalR=(torgueCommand) ;

controlTime = currentTime;

te(5,0);

lte (2, torqueCommand) ;

analogiirite (3, torqueCommand) ;
outputSignall=(torgqueCommand) ;
outputSignalR= (torqueCommand) ;

controlTime = currentTime;

Bl- - PNk sl g

[ & 4 324 % ¥2(Continuous Control) ]

in

in

un

—throttle control-———-— v
£ torgueCommand = 120;

t brakeCommand = 255;

le outputSignal;

ite (2, torqueCommand) ;
gWrite (3, torgueCommand) ;

signed long controlTime;

if
analogWrite (2, (-0.4%sg

({currentTime-controlTime>=50) && (abs (averaged) <=1) } {
(2bs (averaged) ) -0.6%abs (averaged) +1) * (torgqueCommand) ) ;7

akbs (averaged) ) -0.6%abs (averaged) +1) * (torgueCommand) ) ;

outputSignal=(-0.4*%sg(abs (averaged) ) -0.6*abs (averaged) +1) * (torqueCommand) ;
controlTime=currentTime;

H

else if((currentTime-controlTime>=50)&& (abs (averaged)<=2)){

analogWrite (4, (-0.4%=g(abs (averaged) ) +0.2%abs (averaged) +0.2) * (brakeCommand) ) ;

analoghirite (5, (-0.4%sg (akbs (averaged) ) +0.2%abs (averaged) +0.2) * (brakeCommand) } ;

ocutputSignal=(-0.4*

abs (averaged) ) +0.2%abs (averaged) +0.2) * (-brakeCommand) ;

controlTime=currentTime;
H
else{

analogWrite (4, brakeCommand) ;

ite (5,brakeCommand) ;
ocutputSignal=-brakeCommand;

controlTime=currentTime;
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