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* Develop a novel vehicle stability controller that

encompasses the driver dynamics
* Develop a vehicle driver-controller interaction model

e Evaluate the effectiveness of the suggested vehicle driver-

controller model *

e Evaluate the robustness of the proposed interaction

model, and design a robust controller

* It needs a validated vehicle model that captures the essential dynamics
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e Cornering: ability of vehicle to travel on curved path
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 Body dynamics

Wheel/Tire dynamics

Longitudinal:

Lateral:

Roll:

Yaw:
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tire dynamics

* Body dynamics

* Wheel/Tire dynamics
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linear 2—DOF vehicle model

 |ateral position, lateral velocity, yaw angle, yaw rate
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traction/braking control systems
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* Cruise Control
 Differential Braking Control
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traction/braking control systems

* Cruise Control
 Differential Braking Control

From VSC . From Driver : Anti-lock
Toe | a5 Ty ] :
l : Braking System '
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anti—lock braking system
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* prevents wheel lock-up during braking

* maintains vehicle stability and steering

== With ABS
== Without ABS
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driver steering control model
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e vehicle stability =
driver decisions + controller performance

* Interaction modeling of driver-controller:
- independent subsystems
- collaborative subsystems

* In this research, the interaction modeling of driver
steering control and vehicle yaw control is studied

based on “Linear Quadratic Game Theory” approach.




continuous—time interaction mode|
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* Linear bicycle model:
x(1)=Ax(1)+B, 0,,(t) +B, M. (1)

U U

x=[y v, 0. 6]
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* Objective function:
J, (ul,uz)=J::(xTQl.x+u1TRl.1u1 +ul R u, )dt
* Nash equilibrium:

Jl(ul,u;)le(uf,u;)
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LQ Game Theory

* Forming “Hamiltonian” as
H, (x,u,,u,,P, )= x"Qx +u/ R, u, +u; R u, + P (A x+B,u, +B,,u,)

subject to

d d d

—H, xu,u,P)=0 , —P =——H, xu P
au 1 2 l) d ax 1 2 l)
where
X (1)=Ax (1)+B_u +B_u,
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u (1) = -R;'B K x(1)
Linear feedback ATK. +KA +Q -KSK, -KSK. -KSK,+KS.K. =0,
form _— 1 il
where S, =B_R_'B S.=B_.R.R.R.B.
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simulation

Vehicle: same sedan vehicle

Maneuver: lane-change of 4m at 20 m/s

Control Objective: improved handling performance
V.

Vst (LF"'LB)(I"'Kust2 )6sw

Driver LQ structure:

6

z,des ~

(10 0 0 0
@VirginiaTech 0 0.01 0 0

Invent the Future Driver: (21 — 0 0 0.1 0 , R11 =1 5 RIZ

%%_S 0 0 0 001

Virginia Tech .
o o v * Vehicle controller LQ structure:
0)o0o 0 O
0 0.1 0 0 ,
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Linear feedback
form

u, (t) = -R;'B' K x(¢) = G,x(1)
AZK,- +KA +Q -KSK, - KiSfK{ - KfoKi + Kfsifo =0,
where S,=B_R;'B!, , S.=B_R:'R.R:'B’.

ci™ il ci

* Game Theory: /<y /:y /492 /402

G, =[-0.809 -0.146 -8.624 -0.713]
Gyo=[ 0 50408 0  -10696]

* Optimal LQ Control:

G, op =[-1.0 0215 -13.63 -1.286]
Gyon =] 0 129.93 0 -599]

* Scenarios:
(A) driver: LQR & vehicle controller: turned off
(B) driver: LQR & vehicle controller: LQR
(C) driver: GT & vehicle controller: GT
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discrete—time interaction model

* Linear vehicle model with road preview

* A 0 B B 0
Xd = ‘ Xd + . 6sw + . Mzc + yV(N+1)
y 0 A ||y 0 0 B

* Objective function

1 - T : T
J, =5;(z Qiz+;ujRijuj)
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discrete LQ Game Theory

e Suppose P, satisfy the coupled Riccati equations for
discrete linear quadratic games given by

P -Q -G/R.G, -G/R,G,+(A+BG, +B,G,) P'(A+BG, +B,G,)

where i =(1,2), and i is the counter-coalition, i.e. the
player counter-acting to the player with indekx , and

WieiL el
| G --(R,+B'P'B,) B'P' (A+BG. )‘
C
gvTr
Virginia Toch then the following strategy

Center for Vehicle
Systems & Safety

u, =-R;'B/P'z" (i=1,2)

is linear feedback “Nash equilibrium”.
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* Vehicle: same sedan vehicle

* Maneuver: lane-change of 4m at 20 (m/s)

e Control Objective: improved handling performance
* Driver/ Vehicle controller LQ structure: same

* Sampling Frequency: 100 Hz

* |Integration Frequency: 10,000 Hz

* Scenarios:
1: no preview time (Tp = 0s)
2: short preview time (Tp = 0.3s)
3: long preview time (Tp = 1s)
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Small Gain Theorem [zames, 1966]

Consider the feedback interconnection:

w, & UnceI[&tainty

Plant ) w,

P

Suppose P is the plant and let y>0. Then this feedback interconnection is
internally stable for all unstructured uncertainty A with||A|| <1/y if and

only if HPHoo <7y.

Extension [packard, 1993]

For the same feedback interconnection, assuming that y>0, this feedback
interconnection is internally stable for all structured A with||A|| < 1/y if
and only if sup u;(P)<vy.

0EA

* The structured singular value of P with respect to uncertainty structure A is
defined as 1
A P = .o o )
Ha(P) min (G(A):[1-PA| =0)

am axm un sngu &rva lieom atrk
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* Effect of uncertainty in lateral position gain

Bode Diagram: Lateral Position / Corrective Yaw Moment

Uncertain Diiver Gain: Lateral Position

Bode Diagram: Lateral Velocity / Corrective Yaw Moment
Uncertain Diiver Gain: Lateral Position

Bode Diagram: Yaw Angle / Corrective Yaw Moment
Uncertain Diiver Gain: Lateral Position
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sensitivity analysis of driver gains
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e Effect of uncertainty in lateral velocity gain

Bode Diagram: Lateral Position / Corrective Yaw Moment
Uncertain Diiver Gain: Lateral Velocity

Bode Diagram: Lateral Velocity / Corrective Yaw Moment

Uncertain Diver Gain: Lateral Velocity

Bode Diagram: Yaw Angle / Corrective Yaw Moment

Uncertain Diver Gain: Lateral Velocity
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Bode Diagram: Lateral Position / Corrective Yaw Moment
Uncertain Diver Gain: Yaw Angle

Bode Diagram: Lateral Velocity / Corrective Yaw Moment
Uncertain Diiver Gain: Yaw Angle

* Effect of uncertainty in yaw angle gain

Bode Diagram: Yaw Angle / Corrective Yaw Moment

Uncertain Diver Gein: Yaw Angle
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e Effect of uncertainty in yaw rate gain

Bode Diagram: Lateral Position / Corrective Yaw Moment
Uncertain Diver Gain: Yaw Rate

Bode Diagram: Lateral Velocity / Corrective Yaw Moment

Uncertain Diver Gain: Yaw Rate

Bode Diagram: Yaw Angle / Corrective Yaw Moment
Uncertain Diver Gain: Yaw Rate
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u—sensitivity plots
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robust interaction model
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e Assume that uncertainties exist in driver model (output)

x(t)=Ax(0)+B, | 6,,(1) +6(1)

* The uncertainty is assume to be smooth disturbances and
bounded by

+B_, M _(t)
Hf_/

Uy

V=0, &(t)=Fx(r)+96,
with FER™ and §,>0

* To obtain robust control design, the “Integral Sliding Model”
approach is applied:

u =u
u, =\ optgmal control

: disturbance rejecting control



Integral Sliding Mode control design
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Uncertain Model :
x(t) = A x(1)+B, E@;c(@)@ﬁﬂc}%&z M. (1)
5(1) = A x(0) + B, (11,,(0) + 8 (1) )+ B, (10,,(1) + u, (£))

Sliding Surface

s(x,t) =5, (x,t) +s5(x,1)
as, (x,1) iy as, (x,1)
ox ot

_ aso(g;“’ 2 (A x()+B,, (1, (1) + 5(5) )+ B, (u,, (1) + 1, (1)) )+

s(x,t) =5, (x,1)+ S5(x,1) = +85(x,1)

as, (x,1)
ot

+85(x,1)

Selectingy” (B,5 (£) + B,,uy (1))

s, (x;1) = G" x(1)

ds,(x,1) _ s,(x,1)
ot dx

S5 (Xg,89) = =5,(Xo, 1))

Ss(x, 1) =—

(Acx(z) ; ian) -G (Acxa) : chiuo,(r))



Integral Sliding Mode control design
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Lyapunov Candidate :

Vi(x,t)= %sz(x,t) =0 , Vt

P (x.0) = 5(x,05(x,1) = 5(5,0) (G” (B8 (1) + By, (1))
Selectimg e NGBk S e BR s pERis(x,1) )

uy = ~BE5 (B OSF B, (BrH, sp(v6).0) <0 . V7

The robust uncertain system :

x(t) = (Ac -B, Fsgn (S(x, 1) ))x(t) + B, u, (1) + B_,u,, (1) _Bcl(S_O sgn (S(x, t))"' Bcl(S_(t)

Ay (1)

with sliding surface :

s(x,t) =G x(t) - GTj' A x(e)+ inuoi(e) de

0
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Supposek ,satisfy the coupled Riccati equations given by
AeTin + KiAeq + Qi - KiSiKi - KiS{Kf - K{SiKi i Kz’sifo =0
and the shifting vectorsk; satisfy

%h@ #obi) y%nceﬂisczzn Sylge%ek -K.S:k +K.S k. =0

= (A, =B Fsan (sC0))r(0) + B (1) + Bt (1) B0y g0 (5, + B, 5 (1)
S =B R B _ : : R:'B’. o(1)

ci i el 0 Agif T el i i i
Wlﬂﬂsliding surface :
u (1) =-R.'B! (K
S(]X t) Gp (t j}(, X(8)+ Cl 19
back I Na

is a linear fee sh equilipgiuin ’}or t)lve above uncertain game system.
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* Vehicle: same sedan vehicle

* Maneuver: lane-change of 5m at 20 m/s

e Control Objective: improved handling performance
* Driver/ Vehicle controller LQ structure: same

« Driver steering angle uncertainty: F=(20%)B, , §,=10°
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e Extension of discrete preview driver steering control
model to include lateral velocity and yaw rate was
developed

* Introduction of modified Cruise Control and
Differential Braking systems for application of the
proposed control algorithm

* A new structure for optimal linear vehicle steering
and yaw control has been devised based on linear
quadratic Game Theory

* Continuous-time interaction model
* Discrete-time interaction model with preview-time
* Robust interaction model with sensitivity analysis
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