Part 1: Lateral Vehicle Dynamics

Part 2: Longitudinal Vehicle Dynamics
Part 3: Vehicle Control Systems

Part 4: Suspensions

Part 5: Three-dimensional rigid body model of a vehicle



Part.3
Vehicle Control Systems

1. Adaptive Cruise Control

2. Driver Model driver-in-the-loop systems
3. Lateral Stability Control (sec. 1.9)

4. Lane Keeping Systems

5. Tire force estimation

6. Tire-road friction estimation

7. Vehicle state estimation: - side slip angle, vehicle speed



3.1
3.2
3.3
3.4
3.5
3.6

3.7

1. Smart Cruise Control

SCC System Architecture

Upper-Level Controller (Following Set Speed)
Lower-Level Controller

Closed Loop System

Determination of Control Actuator

Upper-Level Controller (Following the Preceding Vehicle)

String Stability



7.1 Motivation of String Stability for ACC Vehicles

- If the venhicle following control law ensures individual vehicle stability, the spacing error should
converge to zero when the preceding vehicle moves at constant speed.

- However, the spacing error is expected to be non-zero during acceleration or deceleration of the
preceding vehicle.

V..,,a

i+1? YN+l

vehicle(i —1) vehicle(i —2)

- xi+1’

(1) Define the measured inter-vehicle spacing as

& =X _(Xi—1 - Ii_1) Eqg.1l

where, |, is the length of the preceding vehicle.




7.1 Motivation of String Stability for ACC Vehicles

(2) Under the constant spacing policy, the spacing error of the i-74 vehicle is then

defined as

5 =L

des

X =X Eq.2

where, L., is the desired constant value of inter-vehicle spacing and includes the preceding

vehicle length.

(3) Assuming that the acceleration of vehicle can be instantaneously controlled, the

ACC system can be expressed as follows:

A ges =& = X _ﬁi = —kp -0, —kv -0, Assuming that: a, = X, =0

X =—k, -6 -k 5 Eq3

where, kIO and k, are positive.



7.1 Motivation of String Stability for ACC Vehicles

(4) Acceleration of the spacing error of the i-#/4 vehicle

o 0Ly +X —X_ o
5i: (d dt 1)=Xi—Xi_1 Eq.4

(5) Substituting Eq.3 into Eq.4,
5I = XI _Xi—l :(_kp 5I _kv 'Si)_(_kp 'é‘i—l_kv 'Si—l)

. . Eq.5
=K, -6, =K, -0, +K, -5, +K, -5

(6) Laplace Transform
57 -5,(8) = K, -6,(8) K, -5-6,(8) +K, - 3,4(8) +K, 55, (8)
=
(s°+k,-s+k,)-5,(s) = (k, -5+, )5, (s)

k,-s+k,

G.(s) = ;i(s) = Eq.6

2
s*+K, -s+kj,



7.1 Motivation of String Stability for ACC Vehicles

(7) Eq. 6 shows that the spacing error of i-th vehicle ( 0, ) converges to zero

when O

i_1 I1s zero. Thus individual vehicle stability is ensured.

o 550 s°+Kk, -s+k 550 +k, s+k

] ] K, s+k, k,-s*+k, s
|Im5.(t)=|lm3{ 2 —1(5)}_||m 2 +6,.4(8)

ks+ks

= 5,,(8)
|!Lf)'l P4k, stk .
=0
(8) However, the collision at i+N #7 vehicles can be occued as follows
N
O;.n (k 'S+kp)
+ — _
——(8)=G,(5)-G(5)----G;(8) = v

Oy ) M ( +K, - s+k)
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7.1 Motivation of String Stability for ACC Vehicles

(8) Step Response
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1.2 Condition for string stability

Condition.1: The transfer function of the spacing error at i-¢4 vehicle should satisfy

IG,(s)]. = H(Si (s)

<1

= The energy in the spacing error decreases as the spacing error propagates toward

the tail of the string.

Condition.2: The impulse response function g(t) corresponding to G (S)

should not change sign.

g(t)>0 Vi>0

= The steady state spacing errors of the vehicles in the string have same sign.

Ref: Swaroop, D., 1995, “String Stability of Interconnected Systems: An Application to Platooning in Automated
Highway Systems”, Ph. D Dissertation, University of California, Berkely, 1995



1.2 Condition for string stability

Condition.2: The impulse response function g(t) corresponding to G (S)
should not change sign.

g(t)>0 vt>0

= The steady state spacing errors of the vehicles in the string have same sign.

Example:
a, >0 <—| a,.. <O<—|
\/|+1’ 2|+1 deS i C Vi J ai deS ) C - Vi—l! ai—l
= Positive o - Nega’uve

— X

vehicle(i +1)>|

i+1?

vehicle(i —
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1.2 Condition for string stability

Condition.1: The transfer function of the spacing error at i-¢4 vehicle should satisfy

G, H—<s>

) K, -s+k, K, k
Example: G(S) = 5—'(8) =— = : k" S+1|=G,(s)-G,(s)
i—-1 p

s*+k,-s+k, sT+k,-s+k

(1) For the magnitude of G,(S) to be less than 1

K, 1
Gl(s): 2 =2 2
s*+k,-s+k, s +2-¢-m, S+,
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1.2 Condition for string stability

Condition.1: The transfer function of the spacing error at i-¢4 vehicle should satisfy

IG.(s)]. H—<s>

) K, -s+k, K, k
Example: G(S) = 5—'(8) =— = : k" S+1|=G,(s)-G,(s)
i—-1 p

s*+k,-s+k, sT+k,-s+k

(2) For the magnitude of G,(S) to not exceed 1 at frequencies up to the resonant

frequency \/E
K .
k_j > Jk, (i) Jk, >k,

(3) Summary

(i)k,>/2-k, It is not possible to find gains that satisfy HGi (S)Hoo <1
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1.3 Controller Design for string stability

Controller is designed based on sliding control method in order to ensure string stability

(1) Define sliding surface

1 , Jo,

Where, V, andV, denote the longitudinal velocity of the i-th vehicle and lead vehicle.

& =% X%+l

(2) Tuning Parameters

P - Weighting of the lead vehicle's speed and acceleration. 0< p <1
S Damping ratio ¢ >1

@, - Bandwidth of the controller
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1.3 Controller Design for string stability

(3) Lyapunov Function

V = %sf Eq.2

(4) Differentiating the Lyapunov function,

V=s-5<0 Eq.3

(5) For stable system, the derivative of the Lyapunov function should be negative.

V=s-§=-K-s* <0

i
Eq.4
S =—K-s,

Where, K =, -(g—i—\/gz —1)
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1.3 Controller Design for string stability

(6) Sliding Mode Control Method
1 ) : Yo,

Eq.5
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1.3 Controller Design for string stability

(7) Arrange EqQ.5

(1+ijl des —
1-p) -

_ : (V. =V
1_,0 1_p (I O)
—
XI des_(l ,0) X|1+/0 XO 1 1 /0 (g-l_ g 1)
c+4c” -1

Eq.6
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1.3 Controller Design for string stability

(8) Desired Acceleration

5(.i_oles:(l_p)'x.i1"',0'5(.0_{29-_,0'(9"" gz_l)}’a)n' V-V, |- ¢

&

> Eq.7
—wn-(ﬁ S —1)'p-(Vi Vo)

:(1_P)'Xi—1 "‘P'Xo _kv '(Vi _Vi—l)_kp '(Xi —Xi4 +Ii—1)_k0 '(Vi _Vo)

The longitudinal acceleration of the preceding vehicle and the lead vehicle is required

in order to obtained the desired acceleration for string stability.

(9) Setting o =0 for a two car platoon,

s . . 2
X des = X1 26, & — @, - &

We obtain the classical second-order system.
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1.3 Controller Design for string stability

(10) Desired Acceleration in Eq.7 can ensure that the sliding surface converges to zero.

V:%si2>0, V=s-$=-K-s% <0

(11) Verify the string stability

i . . 1 @,
S, =S, = & — &+ (gi —gi_l)

T 1-p c+4c” -1

The sliding controller ensures that the left side of the above equation is zero.

. 1 . . 1 o,
f i=1 0= & — &yt

: & —¢€
' 1-p 1-p c+4c*-1 ( l 0)

Where, &, =&, =0 < Clearance of the Lead vehicle in the platoon.

—— & g —0
g+ gZ_l 1 1
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1.3 Controller Design for string stability

(11) Verify the string stability

: L 1 @,
If i=2, 0= &y —& + : = -(52 51)
1-p I-p c+yc?-1
Wh & G &
ere, =—
1 g+ /gz _1 1
1 . 1 @,
0= &, + : 2 (e,-p-&)
1-p 1-p c+4c?-1
g =—— (6,—p-€)
2 g+\/ﬁ 2 1
As a result,
s >0, s,—>0and¢ >0 g >0
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1.3 Controller Design for string stability

(12) Laplace Transform of Sliding Surface

L se(9)-s 58— o (5(5)-.,(5))=0

1-p 1-p c+4c?* -1

==>
1 1

—— S+ B -&(s)=| s+ L o &_,(9)
I-p 1-p c+c?-1 I-p c+yc* -1
==>

1 @,

s+l : 1

P g+ - S+A

& (s)= 'gi—l(s) = & 1(3)

1 1 , oA

I-p 1-p o4 -1 1-p




1.3 Controller Design for string stability

(12) Laplace Transform of Sliding Surface

s+ A
&(s)= 1 - &_,(8)
—— S+ A
1-p

Where, o Weighting of the lead vehicle’s speed and acceleration. 0 < p <1

g(jo) | | jo+A | 1+ A’ -1
ga(o) | 1 ,0n 1Y e
1_,0 J E ()] + A
Also, &_,—0 &, -0
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