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e Formulating and solving a vehicle motion control problem
@ Vehicle motion control problems (lateral and longitudinal) formulations

@ State the problem
@ Vehicle and environment modeling
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2/13



State-feedback control design
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By setting x =
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X =AVy)x +B(Vyu + By(Vy)d.

,u=0d= yl}des the model can be compactly rewritten as
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State-feedback lateral control design

Exercise. Check that the pair (A, B) is controllable with the values provided in
Assignment 1.
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State-feedback lateral control design

Exercise. Check that the pair (A, B) is controllable with the values provided in
Assignment 1.

Consider a state-feedback control

0=—-Kx= —k1€1 - kzez = k3€3 - k4€4.

4/13



State-feedback lateral control design

Exercise. Check that the pair (A, B) is controllable with the values provided in
Assignment 1.

Consider a state-feedback control
0=—-Kx= —k1€1 - kzez = k3€3 - k4€4.

If the system is controllable, then the eigenvalues of the closed-loop
matrix A — BK can be arbitrarily placed (K=place(A, B, p)).

Exercise. Is the stability of A — BK enough to achieve zero steady-state
tracking error?
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K=place(A,B,p)

State-feedback lateral control design. Exercise
Consider the road-aligned model with the following parameters

m =1537, I, = 2873, Iy = 1.1, 1,1.58, Coy = 8-10%, Cyr = 8- 10"

5/13



State-feedback lateral control design. Exercise
Consider the road-aligned model with the following parameters
m =1537, I, = 2873, Iy = 1.1, 1,1.58, Coy = 8-10%, Cyr = 8- 10"

Place the eigenvalues at
[-5+3] -7 —10]

to have a (dominant) second order type of response.

5/13



State-feedback lateral control design. Exercise
Consider the road-aligned model with the following parameters
m =1537, I, = 2873, Iy = 1.1, 1,1.58, Coy = 8-10%, Cyr = 8- 10"

Place the eigenvalues at
[-5+3] -7 —10]

to have a (dominant) second order type of response. Simulate the controlled
vehicle at 30 m/s on a straight, followed by a circular path, with
radius 1000 m, starting at 1s.
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State-feedback lateral control design. Exercise
Consider the road-aligned model with the following parameters
m =1537, I, = 2873, Iy = 1.1, 1,1.58, Coy = 8-10%, Cyr = 8- 10"

Place the eigenvalues at
[-5+3] -7 —10]

to have a (dominant) second order type of response. Simulate the controlled
vehicle at 30 m/s on a straight, followed by a circular path, with
radius 1000 m, starting at 1s.
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Why aren’t e; and e; not converging to 0?
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Steady-state errors

The presence of Bdtl)des does not allow ¢; and e, to converge to zero, when
traveling on a curve, although A — BK is stable.
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Steady-state errors

The presence of Bdtl}des does not allow ¢; and e, to converge to zero, when
traveling on a curve, although A — BK is stable.

Let’s introduce a feedforward term in out state-feedback control law

6= —Kx+6ﬁc.

At steady-state (A — BK)xss + Bog + By Vﬁ“ = 0. By solving for x,

s 1 me lr lf f . 1 I I Lk
2| | TRRGD|2c, T2, T ac 0 T RRY Y
1
Xgs = 0 [+ 1 0
0 — [-2Culfl, = 2C0, 2 + [;m V2
0 ZRCar(lfﬂ,)[ of f ]

6/13



Steady-state errors

The presence of Bdtl}des does not allow ¢; and e, to converge to zero, when
traveling on a curve, although A — BK is stable.

Let’s introduce a feedforward term in out state-feedback control law

6= —Kx+6ﬁc.

At steady-state (A — BK)xss + Bog + By Vﬁ“ = 0. By solving for x,

s 1 me lr lf f . 1 I I Lk
2| | TRRGD|2c, T2, T ac 0 T RRY Y
1
Xgs = 0 [+ 1 0
0 — [-2Culfl, = 2C0, 2 + [;m V2
0 ZRCar(lfﬂ,)[ of f ]

While ¢; can be made zero, ¢, cannot.
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Feedforward control and orientation error

e1 = 0is achieved with
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Feedforward control and orientation error

e1 = 0is achieved with
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Feedforward control and orientation error

e1 = 0is achieved with

V2 l l
:m X lr - f + f k3 l

S5 L L.
RL |2Cy 2Cu ' 2Ca R R

which corresponds to an orientation error

l, Iy mv?

2= RYC,0+1) R

Observe that, when e; = 0, e; can be made 0 as well at the speed

l;
Vi= 4 /m—lfzcm(lf +1,).

7/13



Feedforward control
Is a non-zero orientation error of a concern?
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The vehicle slip angle is given by

Vy & —Vier
p=L=2502

= v
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The vehicle slip angle is given by
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p= Ve Vo

Since é; = 0 at steady state, Bss = —€255 = —(Vss — Wies)-

It follows that

lpdes = l,l}ss + ﬁss;

8/13



Feedforward control
Is a non-zero orientation error of a concern?

The vehicle slip angle is given by
Vy_a-Vie
p= Ve Vo
Since é; = 0 at steady state, Bss = —€255 = —(Vss — Wies)-

It follows that

1,l}des = l,bss + ﬁss;

that is, the orientation of the vehicle
velocity vector in the global frame is
the same as the path to follow.
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Effects of decoupled longitudinal and lateral control

Although the lateral and the longitudinal dynamics are coupled,

€1
£ = A(V)x+B(Vou+By(Vd, x=| |, u=6, d =t
(2]

in this course we decouple the two control design problems.
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Effects of decoupled longitudinal and lateral control

Although the lateral and the longitudinal dynamics are coupled,
€1
&

x = A(VX)x + B(Vx)u + Bd(vx)d/ X = , U= 6/ d = ¢d€S/

()
in this course we decouple the two control design problems.

So far, we learnt how to design 6 = —Kx + 6.
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Effects of decoupled longitudinal and lateral control

Although the lateral and the longitudinal dynamics are coupled,

€1

&= A(V)x + B(Vau+ By(Vad, x = | 1 |, u=5,d = dus,
(2]

in this course we decouple the two control design problems.

So far, we learnt how to design 6 = —Kx + 6.

This leads to the CL matrix A(V,) — B(Vy)K, which must be stable
(eigenvalues with negative real part in CT, within the unitary circle in DT)
regardless the speed V.
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Effects of decoupled longitudinal and lateral control

Let Vx € [Vmin/ Vmax] and

Amin = A(Vmin) - B(Vmin)K
Amax = A(Vmax) - B(Vmax)K
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Effects of decoupled longitudinal and lateral control

Let Vx € [Vmin/ Vmax] and

Apin = A(Vmin) - B(Vmin)K
Amax = A(Vinax) = B(Vinax)K
If the state-feedback gain K is found such that
Al P+ PAyin <0,
At axP + PAyax <0,
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then the closed-loop lateral controller 6 = —Kx is stable within the speed
range [Vminr Vmux]-
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Effects of decoupled longitudinal and lateral control

Let Vx € [Vmin/ Vmax] and

Amin = A(Vmin) - B(Vmin)K
Amax = A(Vmax) - B(Vmax)K

If the state-feedback gain K is found such that

Al P+ PAyin <0,

AT P+ PA,u <0,

max

then the closed-loop lateral controller 6 = —Kx is stable within the speed
range [Vminr Vmux]-

Wide speed intervals can be partitioned into smaller intervals and
state-feedback gains designed (speed-dependent gain-scheduling).
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Output-feedback control scheme

The lateral position fo the vehicle w.r.t. the path can be measured in different
ways.
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Output-feedback control scheme

The lateral position fo the vehicle w.r.t. the path can be measured in different
ways.

Some sensors (cameras) can measure e; W.r.t.
some point ahead of the vehicle

e +dge, &

. o e

Under the assumption of small orientation &
\p
error e, the sensor measures :
Yy =e +dse.
If a proportional controller 6 = —Ky is used
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Longitudinal (speed) control

Assumption. A low level powertrain control system exists delivering a
requested vehicle longitudinal acceleration a4 according to (first order
dynamics)

TA+ a0 = Agps.

A reasonable value for the time constantis 7 = 0.5 s.
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requested vehicle longitudinal acceleration a4 according to (first order
dynamics)
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Specifications. Standard performance requirements include

@ zero steady state error,

A proportional-integral (PI) controller can be used

t

Ades = _kP(Vdes - V) - K; f (Vdes - V)dt
0
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Longitudinal (speed) control

Assumption. A low level powertrain control system exists delivering a
requested vehicle longitudinal acceleration a4 according to (first order
dynamics)

TA+ a0 = Agps.

A reasonable value for the time constantis 7 = 0.5 s.

Specifications. Standard performance requirements include
@ zero steady state error,
@ overshoot within prescribed bounds,
@ rise time below a prescribed upper bound,
@ settling time.
A proportional-integral (PI) controller can be used

t

Ades = _kP(Vdes - V) - K; f (Vdes - V)dt
0
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Longitudinal (speed) control
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Longitudinal (speed) control

@ Two eigenvalues on the origin,
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Longitudinal (speed) control

@ Two eigenvalues on the origin,

@ areal eigenvalue in —1/7,

- kp
o fix T and vary kp,
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Longitudinal (speed) control

@ Two eigenvalues on the origin,

@ areal eigenvalue in —-1/7,

o fix % and vary kp,

o fast aperiodic mode and dominant pseudo-period mode,
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Longitudinal (speed) control

@ Two eigenvalues on the origin,

@ areal eigenvalue in —1/7,

o fix % and vary kp,

o fast aperiodic mode and dominant pseudo-period mode,

@ there’s a value of kp where max damping is attained, the CL system
becomes less damped,
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Longitudinal (speed) control

@ Two eigenvalues on the origin,

@ areal eigenvalue in —-1/7,

o fix % and vary kp,

o fast aperiodic mode and dominant pseudo-period mode,

@ there’s a value of kp where max damping is attained, the CL system
becomes less damped,

@ use sisotool, rlocus in Matlab to place the eigenvalues of the CL matrix as
desired.
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