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Outline

e Active Safety Systems
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Active Safety: An Integrated Approach

@ Driver, vehicle and environment as a closed-loop system, where the
driver is the principal actuator.
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Active Safety: An Integrated Approach

Environment

@ In this work:
» Lateral stability control
» Robust to uncertainties in model and driver’s actions
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Problem Statement

Goal
o Combination of steering and braking corrections
@ Avoid front and rear tire force saturation

@ Track yaw rate and lateral velocity references
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Problem Statement

Goal

o Combination of steering and braking corrections
@ Avoid front and rear tire force saturation

@ Track yaw rate and lateral velocity references

@ The control problem nontrivial:

> vehicle model uncertainty

> nonlinear tire characteristics

» presence of input and state constraints
» uncertainty in the driver's actions
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Problem Statement

Goal

o Combination of steering and braking corrections
@ Avoid front and rear tire force saturation

@ Track yaw rate and lateral velocity references

@ The control problem nontrivial:
» vehicle model uncertainty
» nonlinear tire characteristics
» presence of input and state constraints
» uncertainty in the driver's actions

Systematic approach to address all four challenges in a unified framework )
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e Vehicle Model
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Lateral Dynamics Model

@ Classical nonlinear bicycle model:

mij = —may) + 2F,, + 2F,,,
L4 = 2aF,, — 2bF, + M.

» States: 7, ¢

> Inputs: 67, M
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Lateral Dynamics Model

@ Classical nonlinear bicycle model:

mij = —may) + 2F,, + 2F,,,
L4 = 2aF,, — 2bF, + M.

» States: g,

> Inputs: 67, M
e Cornering forces F;, and F, are given by the Pacejka tire model:

F., = fc*(a*, Ox; FZH:“’*)) Qe = 9*(?% 77&, 5f)

@ Nonlinear functions of vehicle's states and inputs
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Cornering Force: PWA Approximation

@ Approximate nonlinear function by a piecewise affine (PWA) function:

Fc(oz*) =

CsOly + (Cl + Cs)a*a if e < —aie

— (10, if —da, <o, <dy

CsOly — (Cl + Cs)d*y if o > Gy
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PWA Bicycle Model

@ Hybrid model with 9 modes:

0.5
ij g 5 Z,
¢=Ai¢+B¢M+fi 5
_O?
(i=1,2,..,9) 0o 0 ?
dyidt[radis] 12 dysde [mis]
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PWA Bicycle Model

@ Hybrid model with 9 modes:

0.5
ij g 5 E
T l=a| 7 | of .=
[w] Al{thz[M]ﬂ% “ g
(i=1,2,..,9) oo ?
dy/dt [rad/s] T dy/dt [m/s]
@ Since we are using an AFS system,
df =6a+6aFs
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PWA Bicycle Model

0.5

@ Hybrid model with 9 modes:
0

(1]-at)o] 4] 2,

(i=1,2,..,9) oo 7
dy/dt [rads] T dy/dt [m/s]

Of [rad]

@ Since we are using an AFS system,

df =6a+6aFs

@ In discrete—time,

2(k 4+ 1) =A%2(k) + Blu(k) + Wisq(k) + f2
(z,u,0q0) € Qi (i=1,2,...,9)
2=, )" wi=[0arg, M]"
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Advantages of Including Driver's Input in Model

@ Impose bounds directly on darg (as opposed to d¢)
» Commanded input can actually be attained
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Advantages of Including Driver's Input in Model

@ Impose bounds directly on darg (as opposed to d¢)
» Commanded input can actually be attained
@ Ensure robustness to uncertainty in driver's input

» Treat &4 as a constrained external disturbance
» Guarantee vehicle stability for any anticipated driver behavior
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Advantages of Including Driver's Input in Model

@ Impose bounds directly on darg (as opposed to d¢)
» Commanded input can actually be attained
@ Ensure robustness to uncertainty in driver's input

» Treat &4 as a constrained external disturbance
» Guarantee vehicle stability for any anticipated driver behavior

Remark

To be robust to the uncertainty in 64, we need to construct
state—dependent bounds on é4. That is,

dq € W, (2)
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Uncertain Driver Model

@ Steady-state relationship between 1/) and d:

; Vg 6f 55
= g5 = = =: Gy 550
7/}38 l(l +U%/'Ugh) f,ss qu,ss 1,889 f ss
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Uncertain Driver Model

@ Steady-state relationship between w and d:

. Vg Ofss
ss — 50 55 —- =G 555 88
1/}8 l(l‘i_?}%/vgh) f7 Kq/),ss d) f7

@ Assuming no control (§ars = 0),

5d,ss = 5]‘,85 = Kv,/),ssq;[}ss
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Uncertain Driver Model

o Steady-state relationship between 1) and Oy

. Vg Ofss
ss — 50 55 —- =G 555 88
1/} l(]. + 'U%//Ugh) f7 Kl/) ss d’ f7

@ Assuming no control (§ars = 0),

5d,ss = (5]”,55 = Kw,ssd}ss

e To obtain W, (-), we assume that the actual value of ¢, lies in an
interval centered at dg 4s:

‘5d — Ktp,ss?/}’ <e> 0
|5d| < 5d,maz

@ Parameters K, and € chosen based on experimental data
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Uncertainty in Actuation
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Figure: Actuation errors
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Uncertainty in Actuation
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Figure: Actuation errors

@ Introduce additive input—dependent uncertainty w, in the model

Wy, € Wy (u)
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Vehicle Model: Summary

Hybrid model with 9 modes

2(k + 1) =A%(k) + Blu(k) + Ws4(k) + f& + Blw,
(z,u,00) € Qi (1=1,2,...,9)
dg EW.(2)  wy € Wy(u)
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Vehicle Model: Summary

Hybrid model with 9 modes

2(k + 1) =A%(k) + Blu(k) + Ws4(k) + f& + Blw,
(z,u,00) € Qi (1=1,2,...,9)
dg EW(2)  wy € Wy(u)

@ Modes are state, input and disturbance dependent
@ Driver's input explicitly included

@ Both, input and state—dependent uncertainties are present
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e Robust Control Design
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Robust Control Design

Objective

Keep front and rear tires in linear region (mode 1) for all admissible values
of 04 and w,,
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Robust Control Design

Objective

Keep front and rear tires in linear region (mode 1) for all admissible values
of 04 and w,,

@ While in mode 1, keep the vehicle in mode 1 at the next time step

@ If the vehicle goes outside mode 1, bring the vehicle back into mode 1
in a finite number of time steps
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Robust Control Design

Objective

Keep front and rear tires in linear region (mode 1) for all admissible values
of 04 and w,,

@ While in mode 1, keep the vehicle in mode 1 at the next time step

o If the vehicle goes outside mode 1, bring the vehicle back into mode 1
in a finite number of time steps

Reaching a specified target set and staying within the target set for all
admissible values of the disturbance variables can be formalized using
robust reachability framework
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Mode 1 Robust Control Invariant (RCI) Set
Definition
The RCI set Zil C Py = Proj,(Q1) associated with mode 1 is defined as:

Z} = {z € Py :Y8; € W,(2),Ju such that
(z,u,84) € Q1,27 € 21 Yw, € Wy (u)}
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Mode 1 Robust Control Invariant (RCI) Set
Definition
The RCl set Z} C Py = Proj,(Q1) associated with mode 1 is defined as:

Z} = {z € Py :Y8; € W,(2),Ju such that
(z,u,8q) € Q1,2" € Z} Vw, € W,(u)}

Remark

Largest mode 1 RCl set Z1 is the target set in
which we want the vehicle state to lie
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RCI Set and the Control Mapping UL (+)

¢ (scaled)

-02 0
y (scaled)
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RCI Set and the Control Mapping UL (+)

¢ (scaled)

-0.2 0
¥y (scaled)

Definition
The control mapping UL (-) corresponding to Z1, is defined as:

Us(2,04) == {u: (z,u,0q) € Q1,2" € 2L, Vw, € Wy (u)}

o lfze 2!

oo

any choice of input from U/, keeps the state in Z1,
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Outside Z1

@ The vehicle state may go outside Z! due to unmodeled factors like:

> sudden disturbances
» change in surface friction coefficient
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Outside Z1

@ The vehicle state may go outside Z! due to unmodeled factors like:

> sudden disturbances
» change in surface friction coefficient

@ Goal: Drive the state back into Z1 in a finite number of time steps
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Outside Z1

@ The vehicle state may go outside Z! due to unmodeled factors like:

» sudden disturbances
» change in surface friction coefficient

@ Goal: Drive the state back into Z1 in a finite number of time steps
Definition

The N-step backward reachable sets Zy to the target set Zéo are
recursively defined as:

Z, = Pre(Z,_1), (k=1,...N), Zy=2L

o If the state lies in Zp, there exists a control action that drives the
state into Z1 in N steps
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2. and the Control Mapping U (+)

¥ (scaled)

0
¥ (scaled)
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2. and the Control Mapping U (+)

¥ (scaled)

0
¥ (scaled)

Definition
The control mapping Uy () corresponding to Z, is defined as:

U (z,0q) := {u (2,u,6q) € Q,27 € Z_1,Yw, € Wu(u)}

e If z € Z, any choice of input from U, brings the state into Z,_;
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Control Strategy

¥ (scaled)

0
¥ (scaled)

e If state lies in Z1, choose any input from UL (z,6,)
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Control Strategy

¥ (scaled)

0
¥ (scaled)

o If state lies in Z1, choose any input from UL (z,d4)
o If state goes outside Z1 , identify smallest k such that z € Z;
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Control Strategy

¥ (scaled)

0
¥ (scaled)

o If state lies in Z1, choose any input from UL (z,d4)
o If state goes outside Z1 , identify smallest k such that z € Z;
e Choosing any input from Uy (z,d4) drives state into 251
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Control Strategy

¥ (scaled)

0
¥ (scaled)

o If state lies in Z1, choose any input from UL (z,d4)

o If state goes outside Z1 , identify smallest k such that z € Z;
e Choosing any input from Uy (z,d4) drives state into 251

@ Repeating this drives state back into Z1,
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Robust Control with Reference Tracking

e UL and Uy give sets of all admissible inputs to keep vehicle stable
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Robust Control with Reference Tracking

e UL and Uy give sets of all admissible inputs to keep vehicle stable

@ Optimal control input computed by solving a QP:

u* = argmin (27 — )T Q(z" — 1) + (u — upre) T R(u — upre)

subject to : u € Uy (z,d4)

» U, chosen to be UL or Uy depending on control strategy

Carvalho et al. (UCB - Unisannio - Ford) Robust Stability Control 17/07/2013 19 / 30



Robust Control with Reference Tracking

e UL and Uy give sets of all admissible inputs to keep vehicle stable

@ Optimal control input computed by solving a QP:

u* = argmin (27 — )T Q(z" — 1) + (u — upre) T R(u — upre)
subject to : u € Uy (z,d4)

» U, chosen to be UL or Uy depending on control strategy

@ If the front tires are operating in the saturation zone:

* = argming ey, (z.5,) (2 (* )TQ( —7)+(u— “pTe)TR(U — Upre)

+ P(af —ay)?
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6 Experimental Results
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Experimental Setup

OoTS

@ Jaguar S—type vehicle
o dSPACE rapid

prototyping system for x,y,y'/l
real-time computations Ours
@ Tests performed at e —)
Smithers Winter Test ] 5 AFS
Center, Michigan, USA : —
@ Slippery road surfaces

(1~ 0.3) n,0,0,0, | ne e ne e
@ Sampling time = 50ms

Braking
systems
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Smithers Winter Test Center, Michigan, USA

CANADA

|/ i
©1997 MAGELLAN Geographixe:|
{B05) 685-3100 www.maps.com |
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Experiment 1: Double Lane Change

@ Double lane change maneuver with an entry speed of 60 kph

Vehicle states

. =-=No control H
2 20- —With control : Measured i ]
> ---With control : Reference| %, N
T G e PRIy e—=
= ‘ ‘, B
10 15 20 25 30
4F ]
2L ol Fod i
g L |
= o N/ S
';ﬁ .‘,[’ “ 'l'
-2r I 1 1 e [
10 15 20 25 30
Time [s]
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Experiment 1: Double Lane Change

Control inputs

— 5
S e
=, 0 —AFS command
w =57 ---Total steering 1
—~10- ~-Driver steering et -
10 15 20 25 30

10 15 20 25 30
Time [s]
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Experiment 1: Double Lane Change

State trajectory superimposed on the backward reachable sets

¥ (scaled)
o

-1 5
¥ (scaled)
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Experiment 2: Circle on Ice

e Circular maneuver on icy track (u =~ 0.2) of diameter 110 m at a
speed of 40 kph

Vehicle states

Els

=10

<

— 5F[—Measured

= ok ---Reference |

170 175 180 185 190 195 200

170 175 180 185 190 195 200
Time [s]
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Experiment 2: Circle on Ice

Control inputs

S
]
3,
l/o
(—AFS command -—Total steering --Driver steering |
-10 170 175 180 185 190 195 200
500
= 0
=L =500
= -1000
~1500 170 175 180 185 190 195 200
Time [s]
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Experiment 2: Circle on Ice

State trajectory superimposed on the backward reachable sets

¥ (scaled)

0
¥ (scaled)

Carvalho et al. (UCB - Unisannio - Ford) Robust Stability Control



Experimental Results: Video

Robust ESC Experiments
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Outline

@ Conclusion
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Conclusions

@ Robust vehicle dynamics controller using Active Front Steering (AFS)
and differential braking

@ Explicitly account for uncertainty in the driver’s action in the control
design

@ Experimental results on low-friction surfaces
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Thank You

Any questions?
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