PhD Course on Vehicle Dynamics Control.
Adaptive Cruise Control

Paolo Falcone

Department of Signals and Systems,
Chalmers University of Technology,
Goteborg, Sweden

falcone@chalmers.se

July 5, 2013

CHALMERS



Lecture content

@ Main Concepts in ACC
@ Operating modes

© Control design in vehicle following mode

@ requirements
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@ constant time gap

@ Transition logics
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Main concepts and intro

ACC objectives

@ Maintaining a constant vehicle longitudinal speed in absence of
preceding vehicles

© Maintaing a “safe” distance from the preceding (slower) vehicle, if
any
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ACC objectives

@ Maintaining a constant vehicle longitudinal speed in absence of
preceding vehicles

© Maintaing a “safe” distance from the preceding (slower) vehicle, if
any

Actuators
@ Engine
Q Brakes
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Main concepts and intro

ACC objectives

@ Maintaining a constant vehicle longitudinal speed in absence of
preceding vehicles

© Maintaing a “safe” distance from the preceding (slower) vehicle, if

any
Actuators Sensors
Q@ Engine Q Speed sensor (odometer)
@ Brakes Q Radar
Range through
reflections

Range rate through
doppler effect

Note. The ACC is an
“autonomous” system. l.e., no
wireless
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Main concepts and intro

o First introduced in Japan in early nineties

1US Department of Transportation, 1992

Paolo Falcone (CHALMERS) Adaptive Cruise Control



Main concepts and intro

o First introduced in Japan in early nineties

@ Originally thought as a “comfort and convenience” system

1US Department of Transportation, 1992

Paolo Falcone (CHALMERS) Adaptive Cruise Control July 5, 2013 6 / 40



Main concepts and intro

o First introduced in Japan in early nineties
@ Originally thought as a “comfort and convenience” system

@ According statistics (over 90% highways accident cause by human
errors’) may impact safety as well
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Main concepts and intro

o First introduced in Japan in early nineties
@ Originally thought as a “comfort and convenience” system
@ According statistics (over 90% highways accident cause by human

errors’) may impact safety as well

@ Basis of many automated driving systems available on the market

1US Department of Transportation, 1992
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Lecture content

@ Main Concepts in ACC
@ Operating modes
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Operating modes

Modes
@ Speed control

When no vehicle is in front

l
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Operating modes

Modes

@ Speed control

@ Vehicle following. L.e., maintaing a “safe” distance from the
preceding (slower) vehicle, if any

When no vehicle is in front When a vehicle is in front

P

—_— ‘R — 5 o

1

Vehiclefollowing dnvm is performed to maintain the specified
distance between vehicles.

‘ﬁ’ —'5 o
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Operating modes

Modes

@ Speed control

@ Vehicle following. L.e., maintaing a “safe” distance from the
preceding (slower) vehicle, if any

When no vehicle is in front When a vehicle is in front -
— R — 5 o

1

Vehicle-following dnvm is performed to maintain the specified
distance between vehicles.

B — 5 o

..+ logics for

@ “smoothly” switching between the two modes
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Operating modes

Modes

@ Speed control

@ Vehicle following. L.e., maintaing a “safe” distance from the
preceding (slower) vehicle, if any

When no vehicle is in front When a vehicle is in front -
— R — 5 o

1

Vehicle-following dnvm is performed to maintain the specified
distance between vehicles.

Ty — 5o

..+ logics for
@ “smoothly” switching between the two modes

@ handling, e.g., cut-in and cut-out maneuvers
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Lecture content

@ Main Concepts in ACC
@ Operating modes

@ Control design in vehicle following mode

@ requirements
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Vehicle following. Control requirements

Individual vehicle stability

Define the spacing error as
0; = Ti — Ti—1 + Les-
The ACC provide individual vehicle stability if

Ti1 =0 = §; =0
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Vehicle following. Control requirements

String stability
The string stability property implies that, during velocity transients,
the non-zero spacing errors do not amplify toward the tail of a string of

ACC vehicles®
%Swaroop, 1995, Swaroop and Hedrick, 1996

July 5, 2013 10 / 40

Paolo Falcone (CHALMERS) Adaptive Cruise Control



Vehicle following. Control requirements

String stability
The string stability property implies that, during velocity transients,
the non-zero spacing errors do not amplify toward the tail of a string of

ACC vehicles®
%Swaroop, 1995, Swaroop and Hedrick, 1996

Individual vehicle stability is trivial. We will focus on string
stability

July 5, 2013 10 / 40
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Vehicle following. Vehicle model

Assumptions
@ Two level hierarchical control

@ Upper level calculates a desired acceleration to meet the control
requirements

@ Lower level calculates the engine and brake low level control inputs

Hence, model the #-th vehicle as either a double integrator

Tq = Uy,

or as
e~ sT

a—+ sT

T = Us s

where u; = &;, . Typically,

—5m/s? < & < 2m/s>

Paolo Falcone (CHALMERS) Adaptive Cruise Control July 5, 2013 11 / 40



Vehicle following. String stability

Definition

Define
Ji(s)
51‘_ 1 (8) '
The chain of ACC vehicles is string stable if®
Q [[H(s)[[o <1

H(s) =

%Swaroop, 1995
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Vehicle following. String stability

Definition
Define 5.(5)
ilS
H(s) = .
(s) 51 (o)
The chain of ACC vehicles is string stable if®
Q [[H(s)[[o <1

Q h(t)>0, Vt>0

%Swaroop, 1995
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Vehicle following. String stability

Definition
Define 5.(5)
H(s) = 5i(s)
The chain of ACC vehicles is string stable if®
Q [[H(s)llo <1
Q h(t) >0, Vt>0
“Swaroop, 1995 )

Intuitively,
@ Condition 1 guarantees that ||§;||2 < ||d;—1]|2
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Vehicle following. String stability

Definition
Define 5.(5)
H(s) = 5i(s)
The chain of ACC vehicles is string stable if®
Q [[H(s)[[o <1
Q h(t) >0, Vt>0
“Swaroop, 1995 )

Intuitively,
@ Condition 1 guarantees that ||§;||2 < ||d;—1]|2

@ Condition 2 implies that the steady state spacing errors have the
same sign
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Vehicle following. String stability

Definition
Define 5.(5)
H(s) = 5i(s)
The chain of ACC vehicles is string stable if®
Q [[H(s)[[o <1
Q h(t) >0, Vt>0
“Swaroop, 1995 )

Intuitively,
@ Condition 1 guarantees that ||§;||2 < ||d;—1]|2

@ Condition 2 implies that the steady state spacing errors have the
same sign

More rigorous explanation follows
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...short detour to norms for signals and systems
Definitions (signals)

Consider a signal u(t) : t € [—00,00] = u € R. Define the following

norms
oo

@ 1-Norm [uls :/ fu(t)]dt

—0o0

Definitions (systems)

Consider a linear, time-invariant, causal system y = g * u, where g is
the impulse response and G = Z(g)

y
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...short detour to norms for signals and systems
Definitions (signals)

Consider a signal u(t) : t € [—00,00] = u € R. Define the following

norms
oo
Q@ 1-Norm |ul; =/ |u(t)|dt
—o00
o0 1/2
Q 2-Norm |[ul|, = (/ u(t)%{t)
—o0

Definitions (systems)

Consider a linear, time-invariant, causal system y = g * u, where g is
the impulse response and G = Z(g)

4
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Consider a signal u(t) : t € [—00,00] = u € R. Define the following

norms
oo
Q@ 1-Norm |ul; =/ |u(t)|dt
—o00
o0 1/2
Q 2-Norm |[ul|, = (/ u(t)%{t)
—o0

Q oo-Norm ||ul|ec = sup |u(t)]
t

Definitions (systems)

Consider a linear, time-invariant, causal system y = g * u, where g is
the impulse response and G = Z(g)

4
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...short detour to norms for signals and systems
Definitions (signals)

Consider a signal u(t) : t € [—00,00] = u € R. Define the following
norms

@ 1-Norm [uls :/ fu(t)]dt
- - 1/2
@ 2-Norm |ufs = (/ u(t)th>

Q oo-Norm ||ul|ec = sup |u(t)]
t

Definitions (systems)

Consider a linear, time-invariant, causal system y = g * u, where g is
the impulse response and G = Z(g)

Lo 1/2
Q@ 2-Norm |G|z = (—/ |G(jw)|2dw>

21 J_

4

Paolo Falcone (CHALMERS) Adaptive Cruise Control July 5, 2013

13 / 40



...short detour to norms for signals and systems
Definitions (signals)

Consider a signal u(t) : t € [—00,00] = u € R. Define the following
norms

@ 1-Norm [uls :/ fu(t)]dt
- - 1/2
@ 2-Norm |ufs = (/ u(t)th>

Q oo-Norm ||ul|ec = sup |u(t)]
t

Definitions (systems)

Consider a linear, time-invariant, causal system y = g * u, where g is
the impulse response and G = Z(g)

Lo 1/2
Q@ 2-Norm |G|z = (—/ |G(jw)|2dw>

21 J_ o
Q oo-Norm ||G||e = sup |G(jw)]

4
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Useful results on gains?

2-norm/2-norm gain
Consider the system y = g * u, with G = Z(g).

[yl
[[ull2

IGlleo = sup

2Doyle, Francis, Tannenbaum, 1992
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Useful results on gains
2-norm/2-norm gain

Consider the system y = g * u, with G = Z(g).

||G||oo = sup ||y||2
Jul 1

Proof.

By the Parseval’s theorem

2 2 1 > 2 2
Il = 1YIB= 5 [ 1GGPU G
™ — 00
1 o .
< Gy [ WGPl

= IGIZIUIE = I1GI%lul3
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Useful results on gains
2-norm/2-norm gain

Consider the system y = g * u, with G = Z(g).

||G||oo = sup ||y||2
Jul ‘

Proof.

By the Parseval’s theorem

2 2 1 > 2 2
Il = 1YIB= 5 [ 1GGPU G
™ — 00
1 o .
< Gy [ WGPl

= IGIZIUIE = I1GI%lul3

Show now that |G|« is the least upper bound on the 2-norm/2-norm
gain.

O
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Useful results on gains
2-norm/2-norm gain

Consider the system y = g * u, with G = Z(g).

||G||oo = sup ||y||2
Jul J

Proof.

By the Parseval’s theorem

2 2 1 > 2 2
Il = 1YIB= 5 [ 1GGPU G
™ — 00
1 o .
< Gy [ WGPl

= IGIZIUIE = I1GI%lul3

Show now that |G|« is the least upper bound on the 2-norm/2-norm
gain.
Choose u such that ||u||2 = 1 and show that ||Y]|3 = ||G||%, O
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Useful results on gains
2-norm/oco-norm gain
Consider the system y = g * u, with G = Z(g).

[9llo
[ull2

IGl2 = sup
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Useful results on gains
2-norm/oco-norm gain
Consider the system y = g * u, with G = Z(g).

[9llo
[ull2

IGl2 = sup

Proof.
Apply the Cauchy-Schwarz inequality

ly(@®)

‘ /_ O; ot — Tu(r)dr

(f ot TW)” (" um%)”

gllollellz = IGllallull2

IN

Hence [|y[loo < [|Gll2[lu2

O

y
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Consider the system y = g * u, with G = Z(g).

[9llo
[ull2

IGl2 = sup

Proof.
Apply the Cauchy-Schwarz inequality

ly(@®)

‘ /_ O; ot — Tu(r)dr

(f ot ﬂ%)“ (" um%)”

gllollellz = IGllallull2

IN

Hence [|y[|oo < [|Gll2[lu2

Proof follows the same steps as before O

y
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Useful results on gains
oo-norm gain/2-norm
Consider the system y = g * u, with G = Z(g).

lull: _
Juloo
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Useful results on gains

oo-norm gain/2-norm
Consider the system y = g * u, with G = Z(g).

lyllz _

lullo ,
Proof.
Choose a sinusoidal input signal with frequency w, such that w is not a
zero of G. Hence |lull = 1 and ||y||3 is unbounded O
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Useful results on gains
oo-norm,/oo-norm gain
Consider the system y = g * u, with G = Z(g).

gl = sup 1=
]l
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Useful results on gains
oo-norm,/oo-norm gain
Consider the system y = g * u, with G = Z(g).

[9llo

[l

lglly = sup ==

|mw|=:][:g@—ﬂuvm7

g/mma—ﬂwﬂwf

— 00

o0
< / lg(t = Tl drl|ulleo = llgll1llulloo
— o0

Hence [|y[loo < [lgllleefloo
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Useful results on gains
oo-norm,/oo-norm gain
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[9llo
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— 00
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Useful results on gains?

If g(t) > 0 V¢ > 0 then ||g|l1 = |Gl J

2Swaroop, 1995
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Useful results on gains

If g(£) > 0 V¢ > 0 then |lg]|; = |Gl

Proof.

Yl
l[ells

1G(O)] < IG(Gw)lloo < p < llglhr-

191l
lelly

for a induced p-norm. Since < lgll1,

Be v, = sup

If g(t) > 0 then

1G(0)] =

< / l9(7)ldr = llgl]x
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In summary

Table: System gains

[ullz | flulloo
lyllz | 1Gllo | o0
[9lloo | 1IGll2 | llgllx

Moreover, if g(t) > 0 V¢t > 0 then ||g|l1 = |G|l

Paolo Falcone (CHALMERS)

Adaptive Cruise Control

July 5, 2013
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Vehicle following. String stability

Definition
Define 5.(5)
ilS
H(s) = .
( ) 51._1 (8)
The chain of ACC vehicles is string stable if®
Q [[H(s)[[o <1
%Swaroop, 1995

The main objective is to obtain

[16illoo < 10i-1]loc

i.e., ||h]|l1 < 1. This is equivalent to ||H |l < 1, with the additional
condition h(t) >0, Vt > 0.
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Lecture content

@ Main Concepts in ACC
@ Operating modes

@ Control design in vehicle following mode

@ requirements
© constant spacing
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Constant spacing control design

Define the inter-vehicle spacing as
€ =T — Ti—1 + i1,

where ¢;_; is the length of the ¢ — 1-th vehicle.
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Constant spacing control design

Define the inter-vehicle spacing as
€ =T — Ti—1 + i1,

where ¢;_; is the length of the ¢ — 1-th vehicle.

Define the spacing error as
0; = @i — ®i—1 + Ldes,

where L., is the desired distance and includes ¢;_1.
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Constant spacing control design

Define the inter-vehicle spacing as
€ =T — i1 + i1,

where ¢;_; is the length of the ¢ — 1-th vehicle.

Define the spacing error as
0i = 2 — 21 + Les,

where L., is the desired distance and includes ¢;_1.

Consider a double integrator model for the vehicle and a linear PD
controller

iy = —kpl; — kyo;
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Constant spacing control design

Differentiate twice the spacing error

Oi = &y — i1 = —kpd; — kpbs + kpi_1 + kudi_1
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Constant spacing control design

Differentiate twice the spacing error

i =& — &y = —kpo; — kyb; + kpdi—1 + kybi

Rearranging leads to the closed-loop error dynamics
Oi + k0 + kpdi = kpi 1 + kydi_1,
corresponding to the transfer function

0i(s) kp + kys

5i(s) 2+ kys+k,
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Constant spacing control design

Differentiate twice the spacing error

i =& — &y = —kpo; — kyb; + kpdi—1 + kybi

Rearranging leads to the closed-loop error dynamics
Oi + k0 + kpdi = kpi 1 + kydi_1,
corresponding to the transfer function

0i(s) kp + kys
5i(s) 2+ kys+k,

Problem. Find k,, k, such that

[Hll <1
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Constant spacing control design

Solution. For individual vehicle stability, it must be k,, k, > 0.
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Constant spacing control design

Solution. For individual vehicle stability, it must be k,, k, > 0.

Rewrite H(s) as

k K
H(s)= —tr_ (feg iy
o) = T hs T b (k,,” )
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Constant spacing control design

Solution. For individual vehicle stability, it must be k,, k, > 0.

Rewrite H(s) as

k K
H(s)= —tr_ (feg iy
o) = T hs T b (k,f‘L )

HI(S) HQ(S)

In order to have ||Hi|jc < 1, the damping must be larger than 0.707,

ie.,
Ky

>0.707 = k, > 1.4141/k,

2k,
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Constant spacing control design

Solution. For individual vehicle stability, it must be k,, k, > 0.

Rewrite H(s) as

k K
H(s)= —tr_ (feg iy
o) = T hs T b (k,f‘L )

HI(S) HQ(S)

In order to have ||Hi|jc < 1, the damping must be larger than 0.707,

ie.,
k. >0.707 = k, > 1.4141\/k,

2/

Hj has to be below one up to the resonant frequency +/k,. Hence,

22y = >k
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Constant spacing control design

Solution. In conclusion, the following conditions have to be satisfied

ky > 1.4141\/kp, \/kp > Ky, kp,ky >0
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Constant spacing control design

Solution. In conclusion, the following conditions have to be satisfied

ky > 1.4141\/kp, \/kp > Ky, kp,ky >0

String stability can’t be achieved with a PD controller based
on constant spacing policy
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Constant spacing control design

Solution. In conclusion, the following conditions have to be satisfied

ky > 1.4141\/kp, \/kp > Ky, kp,ky >0

String stability can’t be achieved with a PD controller based
on constant spacing policy

Question. Can string stability be achieved with any other linear
controller?
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Constant spacing control design

Solution. In conclusion, the following conditions have to be satisfied

ky > 1.4141\/kp, \/kp > Ky, kp,ky >0

String stability can’t be achieved with a PD controller based
on constant spacing policy

Question. Can string stability be achieved with any other linear
controller?

Answer. No, unless. ...
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Lecture content

@ Main Concepts in ACC
@ Operating modes

@ Control design in vehicle following mode

@ requirements
© constant spacing
@ constant time gap
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Constant time gap control design

In Constant Time Gap (CTG) control policy, the desired inter-vehicle
distance varies with the speed
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Constant time gap control design

In Constant Time Gap (CTG) control policy, the desired inter-vehicle
distance varies with the speed

Define the spacing error as

0;i = x; — Ti—1 + Les,

where Lges = £;_1 + ha; and h is the time gap
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Constant time gap control design

In Constant Time Gap (CTG) control policy, the desired inter-vehicle
distance varies with the speed

Define the spacing error as
0i = i — Ti—1 + Les,

where Lges = £;_1 + ha; and h is the time gap

Consider a double integrator model for the vehicle and the control law

1
U; = —E (61 + )\51)2

2Chien, 1993
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Constant time gap control design

In Constant Time Gap (CTG) control policy, the desired inter-vehicle
distance varies with the speed

Define the spacing error as
0i = i — Ti—1 + Les,

where Lges = £;_1 + ha; and h is the time gap

Consider a double integrator model for the vehicle and the control law

u; = —% (€i + i)

The error dynamics become
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Constant time gap control design

Analyze the string stability property of the CTG policy
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Constant time gap control design

Analyze the string stability property of the CTG policy

Combine the first order vehicle model and the control

1
law U; = —E (61 + )\61) Obtain

1
TE 43 = -5 (€ + Adi)
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Constant time gap control design

Analyze the string stability property of the CTG policy

Combine the first order vehicle model and the control

1
law U; = —E (61 + )\51) Obtain

1
TE 43 = -5 (€ + Adi)

Differentiate twice the spacing error §; = ¢; + ht; and replace T; to
obtain

O (6;+A6¢)

T
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Constant time gap control design
Analyze the string stability property of the CTG policy

Combine the first order vehicle model and the control

1
law U; = —E (61 + )\51) Obtain

1
TE 43 = -5 (€ + Adi)

Differentiate twice the spacing error §; = ¢; + ht; and replace T; to
obtain

1.
€ =0; + — (51 + /\51)
T
Solve for ¢; and replace in §; — §;—1 = €¢; — €,_1 + hé€; to obtain

& s+ A
Sic1 hTs3 4+ hs?+ (1+Ah) + A

H(s) =
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Constant time gap control design

Analyze the string stability property of the CTG policy

Combine the first order vehicle model and the control

1
law u; = —E (61 + )\51) Obtain

1
TE 43 = -5 (€ + Adi)

Differentiate twice the spacing error §; = ¢; + ht; and replace T; to
obtain

€ =0; + % (5¢+/\5¢)

Solve for ¢; and replace in §; — §;—1 = €¢; — €,_1 + hé€; to obtain

0 s+ A

H = =
A PPl = vy gy Yy

Problem. Find condition on 7 and h such that ||H|loc <1

Paolo Falcone (CHALMERS) Adaptive Cruise Control July 5, 2013 28 / 40




Constant time gap control design

Theorem
|H||oo <1 if and only if A > 27. J
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Constant time gap control design

Proof

Consider the transfer function

& s+ A
Si_1  hrs3 4+ hs2+ (1+ Ah) + A

H(s) =
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Constant time gap control design

Proof
Consider the transfer function

0 s+ A

H = =
) = 3 T R TR F L F M) A

Substitute s = jw

Jw—+ A
(A = hw?) + jw (1 + Ah — Thw?)

H(s) |s=jw =
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Constant time gap control design

Proof

Consider the transfer function

& s+ A
Si_1  hrs3 4+ hs2+ (1+ Ah) + A

H(s) =

Substitute s = jw

H(S) lomjo = Jo LA
(A = hw?) + jw (1 + Ah — Thw?)
Calculate
2 | 12
H(s)? = v L2

(A — hw?)® + w2 (1 + Ah — Thw?)?
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Constant time gap control design

Proof (Cont.)
Imposing |H (jw)| < 1 leads to

W+ 22 < (A= hw?)’ +w? (1+ M0 — 7ha?)’

y
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Constant time gap control design

Proof (Cont.)
Imposing |H (jw)| < 1 leads to

W+ 22 < (A= hw?)’ +w? (1+ M0 — 7ha?)’
Squaring the terms in parentheses and rearranging

T2 hPw* + (B® — 27h — 27AR%) W + A > 0
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Constant time gap control design

Proof (Cont.)
Imposing |H (jw)| < 1 leads to

W+ 22 < (A= hw?)’ +w? (1+ M0 — 7ha?)’
Squaring the terms in parentheses and rearranging

T2 hPw* + (B® — 27h — 27AR%) W + A > 0
Study positiveness of aw* + bw? + c. Rewrite

b
awt +bw?+c¢ = a<w4+2—w2+2>
2a a
e b 2 " dac — b?
2a 4a?
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Constant time gap control design

Proof (Cont.)
Hence aw? + bw? + ¢ > 0 if
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Proof (Cont.)
Hence aw? + bw? + ¢ > 0 if
Qa b c>0
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Constant time gap control design

Proof (Cont.)
Hence aw? + bw? + ¢ > 0 if
Da, b c>0
Q@ b<0,a>0, c>0and4ac—b%>0,ie., b?>—4ac<0

y
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Proof (Cont.)
Hence aw? + bw? + ¢ > 0 if
Da, b c>0
Q@ b<0,a>0, c>0and4ac—b%>0,ie., b?>—4ac<0

Distinguish the following two cases
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Proof (Cont.)
Hence aw? + bw? + ¢ > 0 if

Da, b c>0

Q@ b<0,a>0, c>0and4ac—b%>0,ie., b?>—4ac<0
Distinguish the following two cases

@ b > 0 corresponds to h? — 27h — 2A7h? > 0. Hence

2T

h>1—2)\7"

For small A, this is possible if A > 27.

Paolo Falcone (CHALMERS) Adaptive Cruise Control July 5, 2013

31 / 40



Constant time gap control design

Proof (Cont.)
Hence aw? + bw? + ¢ > 0 if

Da, b c>0

Q@ b<0,a>0, c>0and4ac—b%>0,ie., b?>—4ac<0
Distinguish the following two cases

@ b > 0 corresponds to h? — 27h — 2A7h? > 0. Hence

2T

h>1—2)\7"

For small A, this is possible if A > 27.
Qb<0,a>0, c>0andb>— 4ac < 0 corresponds to

(h2 — 27 — 2Xrh?)? — 4r2pt)?
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Constant time gap control design

Proof (Cont.)
Q@ Simplify to obtain

By relaxing the inequality in aw* + bw? + ¢ > 0, h > 27 follows.
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Constant time gap control design

Proof (Cont.)
Q@ Simplify to obtain

\ < 4th — h? — 472
872h — 47h? ’
) — (21 — h)?
4th (2T — h)’

By relaxing the inequality in aw* + bw? + ¢ > 0, h > 27 follows.
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Constant time gap control design

Proof (Cont.)
Q@ Simplify to obtain

\ < 4th — h? — 472
872h — 47h? ’
) — (21 — h)?
4th (2T — h)’

Since A > 0, it must be h > 27.
By relaxing the inequality in aw* + bw? + ¢ > 0, h > 27 follows.

By 1) and 2) also follows that if ~ > 27 a A can be found such
that |H (jw)| < 1.
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Constant time gap control design

Note that

@ The previous condition does not guarantee
that [|H||eo < 1, h(t) > 0, V¢ > 0 hold simultaneously.
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Constant time gap control design

Note that

@ The previous condition does not guarantee
that [|H||eo < 1, h(t) > 0, V¢ > 0 hold simultaneously.

© Necessary conditions for non-negativeness of h(t) are

a) The dominant poles of H(s) should not be complex conjugate
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Constant time gap control design

Note that

@ The previous condition does not guarantee
that [|H||eo < 1, h(t) > 0, V¢ > 0 hold simultaneously.

© Necessary conditions for non-negativeness of h(t) are

a) The dominant poles of H(s) should not be complex conjugate
b) H(s) should not have positive zeros

Paolo Falcone (CHALMERS) Adaptive Cruise Control July 5, 2013
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Lecture content

@ Main Concepts in ACC
@ Operating modes

@ Control design in vehicle following mode

@ requirements
© constant spacing
@ constant time gap

© Transition logics
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Transition logics

Transition scenarios

@ Speed control — Vehicle following.
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» Slower vehicle ahead
» Cut-in maneuver

@ Vehicle following —Speed control. In, e.g.,
> Target lost
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Transition logics

Transition scenarios

@ Speed control — Vehicle following. In, e.g.,
> Slower vehicle ahead
> Cut-in maneuver

@ Vehicle following —Speed control. In, e.g.,

> Target lost
> Lane change
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Transition logics

Transition scenarios

@ Speed control — Vehicle following. In, e.g.,
> Slower vehicle ahead
» Cut-in maneuver

@ Vehicle following —Speed control. In, e.g.,

> Target lost
> Lane change
» Cut-out maneuver
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Transition logics

Transition scenarios

@ Speed control — Vehicle following. In, e.g.,
> Slower vehicle ahead
» Cut-in maneuver

@ Vehicle following —Speed control. In, e.g.,

> Target lost
> Lane change
» Cut-out maneuver

Example. A car is initially operating in speed control mode at 30
m/s, when a stalled car is detected 100 m ahead. The parameters of
the CTG law are A=1, h=1s, L=5m.
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Transition logics

Transition scenarios

@ Speed control — Vehicle following. In, e.g.,

» Slower vehicle ahead
» Cut-in maneuver

@ Vehicle following —Speed control. In, e.g.,

> Target lost
> Lane change
» Cut-out maneuver

Example. A car is initially operating in speed control mode at 30
m/s, when a stalled car is detected 100 m ahead. The parameters of
the CTG law are A=1, h =1 s, L =5 m. The initial spacing error is

0; = x; —xi—1 + L+ hiy,
— 100+ 5430 = —65,

and the initial relative velocity is ¢; = ¢; — ;1 = 30.
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Transition logics

Transition scenarios

@ Speed control — Vehicle following. In, e.g.,
> Slower vehicle ahead
» Cut-in maneuver

@ Vehicle following —Speed control. In, e.g.,

> Target lost
> Lane change
» Cut-out maneuver

Example. A car is initially operating in speed control mode at 30
m/s, when a stalled car is detected 100 m ahead. The parameters of
the CTG law are A=1, h =1 s, L =5 m. The initial spacing error is

0; = x—xi—1+ L+ hiy,
= —100+4+5+ 30 = —65,
and the initial relative velocity is é; = &; — ;1 = 30. According to the

CTG law u = —3 (é; + A&;), the
acceleration u = —1(30 — 65) = 35 m/s” is demanded.
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Transition logics

When a vehicle ahead is detected the transition logic has to decide
whether

Paolo Falcone (CHALMERS) Adaptive Cruise Control



Transition logics

When a vehicle ahead is detected the transition logic has to decide
whether

@ the vehicle should use speed control
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Transition logics

When a vehicle ahead is detected the transition logic has to decide
whether

@ the vehicle should use speed control

Q the vehicle should use spacing control, with a defined transition
trajectory
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Transition logics
When a vehicle ahead is detected the transition logic has to decide
whether
@ the vehicle should use speed control

Q the vehicle should use spacing control, with a defined transition
trajectory

@ the vehicle should brake as hard as possible to avoid a collision
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Transition logics
When a vehicle ahead is detected the transition logic has to decide
whether
@ the vehicle should use speed control

Q the vehicle should use spacing control, with a defined transition
trajectory

@ the vehicle should brake as hard as possible to avoid a collision

A range-range rate diagram?® can be used

2Fancher and Bareket, 1994
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Transition logics
When a vehicle ahead is detected the transition logic has to decide
whether
@ the vehicle should use speed control

Q the vehicle should use spacing control, with a defined transition
trajectory

@ the vehicle should brake as hard as possible to avoid a collision

A range-range rate diagram can be used

Define range R and range rate R as in the picture below
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Transition logics

A typical R — R diagram is?

dR / dt

2Fancher and Bareket, 1994
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Transition logics

The possible directions of motion are

/1N y AW

slower target vehicle faster target vehicle

R
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Transition logics

The line separating the speed and spacing control regions is given
by R=-TR+ Rfinal

A

R final
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Transition logics

The line separating the speed and spacing control regions is given
by R=-TR+ Rfinal

A

R.ﬁnm’

R

The control law on this transitional trajectory is given by

uz—kp(x—R)—kd(i:—R)
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Transition logics

During constant deceleration the trajectory in the R — R plane is a
R2
parabola with equation R = Rgpmn + 3D

smaller deceleration R

/

larger deceleration
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Transition logics
During constant deceleration the trajectory in the R — R plane is a
R2

parabola with equation R = Rgmn + >D

smaller deceleration R R

/ \ R final
larger deceleration ¥>\
R

antn

Paolo Falcone (CHALMERS) Adaptive Cruise Control



