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Politecnico di Milano

Move Research Team

mOve carries out research, innovation and technology transfer activities

W in the areas of automotive controls, intelligent vehicles and smart
mobility.

POLITECNICO
MILANO 1863
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From component level To fleet management
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Politecnico di Milano

Move Research Team

« Winners of the Indy Autonomous Challenge (Las Vegas, 2022-2023, Texas, 2023, Monza 2023)
« Rercord holders for the fastest autonomous car (@ Kennedy Space Center) 310 km/h (May 2022)

6 Matteo Corno 7 POLITECNICO MILANO 1863



Outline

e Introduction

« Semi-Active Damping Control
Actuators
Models
Benchmark
Causal Control

e Semi-Active Stiffness Control

Actuators
Benchmark
Causal Control

 Sensing Preliminaries
« Alook at the future

e Conclusions

7 Matteo Corno 7 POLITECNICO MILANO 1863




Outline

e Introduction

« Semi-Active Damping Control
Actuators
Models
Benchmark
Causal Control

e Semi-Active Stiffness Control

Actuators
Benchmark
Causal Control

 Sensing Preliminaries
« Alook at the future

e Conclusions

8 Matteo Corno 7 POLITECNICO MILANO 1863




Introduction to Vertical Dynamics

Vertical Dynamics and its Influence

Vertical
movement

(heave) General goal: filter the road-to-vehicle
Interaction

Related movements (main):
 Heave

* Roll

« Pitch

Lateral /1
movem ént

(sway)

Can influence (indirectly) also yaw/sway/surge.
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Introduction to Vertical Dynamics
Why suspensions in 20237
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Introduction to Vertical Dynamics

Suspension System Goals

Goals of Suspension System:

1) Comfort = chassis vertical acceleration, pitch and roll movements
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Introduction to Vertical Dynamics

Suspension System Goals

Goals of Suspension System:

1) Comfort = chassis vertical acceleration, pitch and roll movements

2) Road Holding - keep vertical load as constant as possible

B i Ha(F) F, = (M + m)g + DynamicLoad + [AerodynamicLoad ]
B, =y (F,) -
X'ty
12 Matteo Corno 7 POLITECNICO MILANO 1863




Introduction to Vertical Dynamics

Suspension System Goals

Goals of Suspension System:

1) Comfort = chassis vertical acceleration, pitch and roll movements

2) Road Holding - keep vertical load as constant as possible

3) Avoid hitting bump stops - keep the stroke of the suspension limited
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Introduction to Vertical Dynamics

Main Components of a Suspension

O

Damper: force function of stroke speed

Matteo Corno 7 POLITECNICO MILANO 1863



Introduction to Vertical Dynamics

Main Components of a Suspension

O

Spring: force function of stroke
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How do we introduce control?

Actuators

Classification of suspension systems. Natural frequencies: /5 body and fi wheel

System System representation  Force range Operation range  Max. energy demand
Passive }F — —
Az
Az
_SI;.'I)'_ va:ab:,fa;p;'e _______ n: _§ - _C?Ua‘v_sf 5;2‘,‘6_ - _ca._SOTN -7
I S A
Semi-active F High frequency ca. SO0W . . . .
o § Industrially viable, but control is challenging
Az
§ AZ
o
F R ca. SOW
Load-leveling (heigh Quasi static . .
dusren %@» They change the characteristics without
- 2 injecting mechanical energy
Active partially loaded o i F Mid frequency 12 kW
(«slow-active») I@E‘»
Az
= AZ
Active fully loaded ,: F High frequency 1.5-7TkW
(«full-active») l EI
(- x>
= AZ
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Semi-Active Damping Control

Actuator Technology

y 4 Rebound
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Semi-Active Damping Control
Actuator Technology

EH damper
damper

Electro-
Hydraulic
valve opens
and closes

(mechanical
variation of
orifices size)

High damping Low damping

MR damper

ER

Magnetic or Electric field
changes viscosity of the

(Magneto-Rheologic or Electro- u

Low damping High damping

Matteo Corno
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Semi-Active Damping Control

Actuator Technology — Static Characteristics

«Controllability range»

EH damper \ MR damper
5000 5000
4000 PR 4000 =
aximum camping
3000 ’ \\ ] 3000 /
2000 /4/ 2000 / Y
1000 e ] 1000 '
2 o 2
g 0 <l N g o
A4 1000 - 7 Minimum damping € 4000 .
1 /
—2000 » - —2000 / j
~3000 //( ~3000
—4000 - N 4 -4000 //
i i Mid damping i i s
-5000 i i i i i —5000
-500 —400 —300 -200 —100 O 100 200 300 400 500 -500 —400 -300 -200 -100 O 100 200 300 400 500
Deflection speed (mm/sec) Speed deflection (mm/s)
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Semi-Active Damping Control

The quarter-car model and its features

......................... (body mass)
LR N I ’
________________________________________ A
c k
(shock absorber) (spring) 7
m
................ ly (unsprung
----------------------------------- mass)
——————————————————————————————————— A
------ > kt Z
.......... (ire
I L Lt ' 7ty
road profile =~ 48 e,
—m T T et M et Yo,
tea T LA el Y ]
Z}”
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Semi-Active Damping Control

The quarter-car model and its features

v Example of parameters

s P M =400Kg
------------ L m=50Kg
ol ] % L . z I Z k =20KN /m
X = — y =
z, r z, k, =250KN / m
il R ) - c=1L3KN:-s/m
o z | Zt_

/1171717

(ME(t) = —c(2(0) — 2,(1)) - k(z(t) - z,(1) - A, ) - Mg
mz,(t) = +c(2()— 2,(t))+ k(z() - z,(t) - A, )=k, (z,(t) — 2, (t) — A, ) - mg

22
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Semi-Active Damping Control

The quarter-car model and its features

" Linearizing Around an equilibrium point .
e 0z
------------ (. Oz Oz
X, =X
. I::' P 1 2 x=6 . u=[5zr]’ y=
(damping) (stiffness) z ) k C k C Z y (S z ,
X, =——X ——X,+—X,+—X,
M M M M Oz
unspung . b t—
o X, =X,
<
& z .k c k+k c k.
s x4=—xl+—x2— x3——x4+—u
m m m m m
i Yy =X
/11717777
V2 =X,

62(5)= F.(s)U(s)
[62,5)=F,(9)U(s)

From which the transfer functions
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Semi-Active Damping Control

The quarter-car model and its features

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

0z, — 6z = 52 E,(s) 6z, = 8z; — 6z, = Fy(s) — 1 6z, - 6z — 6z; = F,(s) — F,:(5)
«Comfort» or «Road-contact» transfer ;Eloqgation>> transfer
«acceleration» transfer function unction
function
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Semi-Active Damping Control

The quarter-car model and its features

Frequency response of Fz(s)

10 . . —— green: ¢=2600 Ns/m

5/ increasing damping — blue : C=13OO NS/m
E red: c=750 Ns/m

increasing damping

Magnitude (dB)
5

Frequency (Hz)
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Semi-Active Damping Control

The quarter-car model and its features

Frequency response of deef(s)

10 ' ' — - green: ¢=2600
Ns/m

1 blue : ¢=1300 Ns/m
red: c=750 Ns/m

increasing damping E increasing damping

Magnitude (dB)
&

—-15+ i _

-20 - -

10

Frequency (Hz)
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Semi-Active Damping Control

The quarter-car model and its features

Frequency response of deeﬁ(s)

10 | | - | green: ¢=2600 Ns/m
blue : ¢=1300 Ns/m
red: c=750 Ns/m

5t increasing damping

increasing damping

Magnitude (dB)
|
S

-151 _
-20r increasing i E -
damping : :
—-25- : N
-30 L
10° 10"

Frequency (Hz)
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Semi-Active Damping Control

The quarter-car model and its features

Frequency response of Fz(s)

blue : k=20000 N/m
green: k=40000 N/m
red: k=10000 N/m

increasing stiffness

Magnitude (dB)

Frequency (Hz)
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Semi-Active Damping Control

The quarter-car model and its features

Frequency response of deeﬂ(s)

10 . . e . blue : k=20000 N/m
green: k=40000 N/m
red: k=10000 N/m

increasing stiffness

increasing stiffness

Magnitude (dB)
|
o

Frequency (Hz)
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Semi-Active Damping Control

The quarter-car model and its features

Frequency response or Fz,_(S)

10 increasing s"tiffness o l blue : k=20000 N/m
sl green: k=40000 N/m
| | red: k=10000 N/m

increasing stiffness

increasing stiffness

Magnitude (dB)
:

10 10
Frequency (Hz)
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Semi-Active Damping Control

The quarter-car model and its features

jz(t)%it Consider a specific road profile z(t)
. over a time-window O-T as «standard» input for
jzm(t)zdt ; | the comparison
0 damping AP
=  coefficnit + stiffness The experiment is made with all the parameters
€ F ' B at their «nominal» value is the (1,1) position
& : :
§ — o ff _ BOdy s, Fach point on the trade-off map is obtained by
= tire stiffness changing a parameter (one only)
ER |
E L 3 d Nominal —
- parameters

1

normalized tire load variation -2

[ -z d

T

[Gron(®)=2,(0)) at

0
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Semi-Active Damping Control

The quarter-car model and its features

Recall that the three objectives are:

Facceleration (S)Zr(s) = S2Z(S)

Fstroke (S)Zr(s) = Z(S) _ Z; (S)
Floua($)Z,(s) = (K, Im)(Z,(s) - Z.(5))

three objectives with apparently only 2 variables ( Z(s) and Z(s) ).

- cannot achieve all three objectives

Given: it seems possible to design a control law for the suspension force to
. - achieve those objectives
r

comfort (2 unknowns 2 equations)
handling

32 Matteo Corno

7 POLITECNICO MILANO 1863




Semi-Active Damping Control

The quarter-car model and its features

... hot quite true. Assume the ideal case where F can be I,
freely controlled it
(MO% = OF T £
<
moz, =k, 6z, -6z, )~ 6F . F ]
by eliminating oF: (nsprung
mass)
2 > o t
Ms“Z(s) + ms™Z,(s) + kt(Zt(s) - Zr(s)) =( i .
elasticity)
_________ -
there is an additional dynamic constraint: — 1
The two objectives cannot be independently set 77777777
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Semi-Active Damping Control

The quarter-car model and its features

S Mmass
k z B = B N
am I::I % (siffness) Zr B Z
u= V=
2 z C Z,
e X = | _ [ —
ki Z /

/1171717

(ME(t) = —c(2(0) — 2,(1)) - k(z(t) - z,(1) - A, ) - Mg
mz,(t) = +c(2()— 2,(t))+ k(z() - z,(t) - A, )=k, (z,(t) — 2, (t) — A, ) - mg
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Semi-Active Damping Control

The quarter-car model and its features

y If we linearize around an
h equilibrium point we loose
k | P o - - the effect of the damping
<o [ 2k z Zy _|“ variation
: U= V=
i z 7 Z, i
- X = 1 1 - -
& 2 ol
: we loose the effect of the
T | Zr damping variation.
777777

(ME(t) = —c(2(0) — 2,(1)) - k(z(t) - z,(1) - A, ) - Mg
mz,(t) = +c(2()— 2,(t))+ k(z() - z,(t) - A, )=k, (z,(t) — 2, (t) — A, ) - mg
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Semi-Active Damping Control

Actuator Technology — Dynamic Properties

Furthermore, the suspension response is more complex:

* Hysteresis
* Dynamic response
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Semi-Active Damping Control

Actuator Technology — Dynamic Properties

Furthermore, the suspension response is more complex:

* Hysteresis
* Dynamic response

- 40 ' 6000 | ' ! '
E, 20
0] 0
39‘ ) 4000 7
n
-40
_ 2000 - 7
@ 1000 [ s
: z
& -1000 - L
-2000 - 7
5000 [ 2.5 H2
= —7 5 Hz
g 0 '4000 & — 15 Hz N
5 e Static
-5000 - : , , -6000 I | | L !
0 5 10 15 20 -1000 -500 0 500 1000

Time [s]

Speed [mm/s]
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Semi-Active Damping Control

Actuator Technology — Dynamic Properties

Furthermore, the suspension response is more complex:

Hysteresis
Dynamic response

Matteo Corno

Current [mA] Speed [mm/s]

Force [N]

500

-500

4000

2000

5000

-5000

0.05

0.1

0.15
Time [s]

0.2

0.25
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Semi-Active Damping Control

Actuator Technology — Dynamic Properties

Furthermore, the suspension response is more complex:

Hysteresis
Dynamic response

Matteo Corno

Current [mA] Speed [mm/s]

Force [N]

500

-500

4000

2000

5000

-5000

0.05

0.1

0.15
Time [s]

0.2

0.25
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Semi-Active Damping Control

Actuator Technology — Dynamic Properties

P1P2P3P4 s? +2bws + @?
w? (s + pp)(s+ pr)(s + p3)(s + py)

Hammerstein-Wiener Model lT

H(s) =

F
C(i,A2)a(T) —» H(s) —»
Az
>
6000
z (s+p)s+p) Static
o . Damping = 2001
Magnetization dynamic Characteristics =
§ ..-0""'—-‘—_.__—
20000 A . o Measured
e ~ — Model i = 0A
-4000- e Y Model i = 24 |
Model i = 54
-6000 : ' ; : |
-1000 -500 0 500 1000

Speed [mm/s]

40 Matteo Corno
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Semi-Active Damping Control

Control Oriented Semi-Active Damping Model

Considers a nominal damping

/

—k(z—2z)—(¢—%)—F;

g
a
—
o
O
ol
|
&
&S
Il
>~
—
N
|
N
R
_I_
S
O
—
2N
|
&
AR
+
S
|
G
—
oy
|
2N
*~
S

Models the actuator bandwidth ,
Is the control variable.

We need to add a dissipative constrain
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Semi-Active Damping Control

Control Oriented Semi-Active Damping Model

M; = —k(Z—Zz)—CO(Z—Zt)—Fd
ZC(CO) = mZt = k(Z—ZI)+CO(Z_Zt)+Fd_kt(Zt_Zr)
Fy = Bu—Fy)

= @(cm,fn,cmax,co) C R
@(cm,-,,,cmax,co) — { V(U,V) e R xR| (U — (Cmax —CO)V) ((cm,-,, — cO)V — U) > () }
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Semi-Active Damping Control

Performance Assessment

Several ways to assess performance:

* Frequency Response.
- It requires the knowledge of the input.
- Work well in simulation.
- Not appicable in many experimental scenarios —Passve ©,,.)

—-25r - - —-Passlve (cmin)

Magnitude [dB]

—e—Passlve (¢, )

10° 10"

* Integral Performance Index

t
- it works experimentally J— 1 / : ()| 2dt
- itis a "lumped” approach ta — 11 Jy,
43 Matteo Corno
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Semi-Active Damping Control

Road Profile Generation

Road classification is made according to ISO 8608 standard
Standard road profile can be mathematically modeled as a sum of sinusoids with decreasing amplitude
Road profile can be approximated with a white noise filtered with a very low-frequency 1st order low-pass filter

N
n
h(x) = Z JA, 2% 1073 iTocos(Zn A, x+ ¢;)
i=1 n

« k, that allows to build road profiles with different levels of roughness;
« x, that is the longitudinal displacement;
« ¢;, thatis the phase of each sinusoidal component, randomly chosen to obtain an irregular profile.

Road profile according to ISO 8608

400

ISO 8608 road harmonics amplitude

300

—IS0 B-C
—ISO C-D
——ISO D-E

200

100

0

(mm]

N 100

-200

-300

-400

-500

. . )
0 100 200 300 400 500 600 700 800 900 1000 102 107" 10° 10’

L [m f[1/m
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Semi-Active Damping Control

Road Profile Generation

Pebble Road A Cement Road Belgian Road CT1 Pebble Road B

Dislocated Washboa‘»rd Road C Belgian Road C2 Long wave road Long wave road
(Short wavelenght) (Long wavelenght)
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Semi-Active Damping Control

Road Profile Generation
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Semi-Active Damping Control

Optimal Control and Benchmarking

It is useful to evaluate the best performance a given system, subject to actuator and inner nested
limitations, can achieve

Assumptions:

1. The road disturbance profile is known
2. The state variables of the system are perfectly measured (i.e. no measurement noise).

3. The semi-active quarter car model is known (no system uncertainty).

zr(kTe) » Optimization
: Algorithm PR3N Semi-active |
z(NKT,) system | ¥ (kTe) (state)
- - ] . X4
N, A, X4, Objective
Zr(kn’)

7 POLITECNICO MILANO 1863
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Semi-Active Damping Control

Optimal Control and Benchmarking

Ji (N,u,x,z,) =min Jo = aJC(Nauavar) + (1 - a)Jrh(Nauaxvz")
Subject to
54(0)  x(k+1) = (1,, +A(c0))Tex(k) +BT, [ z(k) uk)]”

" u> (cmin—cV)(z—2)
U= (Cmax—CO)(Z—Zt)
" u < (emin— ) (2 %)
Cu > (emax— V) (2 —z)

irz—2z >0, A <

irz—2 <0, A <

« Itis framed as a nonlinear optimization problem with logical constraints and solved using YALMIP
« o balances the two objective: comfort and road holding
« N is the optimization horizon
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Semi-Active Damping Control

Optimal Control and Benchmarking

Road-holding

et
©

o
oy

Comfort / Road—holding trade—off

optimal comfort
bound

low damping nominal damping

high damping

optimal road-holding bound

’

Matteo Corno
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Semi-Active Damping Control

Sky-Hook Concept (Ideal Sky-Hook)

Damping force:
c proportional to
i body-speed only

"""""" A M
(sprung mass)
c k
(damping) tiffpessy 0 - e e -
(stiffness) z A
k
(stiffness)
m z
(unsprung
mass)
........... A
m
k (unsprung
t mass)
(tire Ze ™
tiffness) A
Sl
kt Zy
(tire
— stiffness)
Zy TR
/11/777/ ‘
zr

////////
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Semi-Active Damping Control

Sky-Hook Concept (Ideal Sky-Hook)

Damping force:
c proportional to
i body-speed only

"""""" A M
(sprung mass)
c k
(damping) tiffpessy 0 - e e -
(stiffness) z A
k
(stiffness)
m z
(unsprung
mass)
........... A
m
k (unsprung
t mass)
(tire Ze ™
tiffness) A
Sl
kt Zy
(tire
— stiffness)
Zy TR
/11/777/ ‘
zr

////////
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Semi-Active Damping Control

Sky-Hook Concept (Two-State Sky-Hook Control)

c(t)=c,,, if 2(2-2)=0
S

c()=c,, if #(z-2)<0
Sensors requirement:

- Body speed
- Stroke speed

Actuator requirement: two-states ! , .
only, Cmin and Cmax if the sprung mass is raising and
suspension extending = the
extension | = damper does what we want -
|— Cmax

POLITECNICO MILANO 1863
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Semi-Active Damping Control

Sky-Hook Concept (Two-State Sky-Hook Control)

Sensors requirement:
- Body speed
- Stroke speed

Actuator requirement: two-states
only, Cmin and Cmax

Matteo Corno

ct)=c,,, if 2(2-2)20
c(t)=c,, If 2(z-2)<0

l

v

compression

|
“1

if the sprung mass is raising and
suspension compressing > the
damper is amplifying the sprung
mass movement =2 Cin
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Semi-Active Damping Control

Sky-Hook Concept (Classical Linear Sky-Hook Control)

o . CsHZ
-c(t)(Zz — Z;) = —csyZ - c(t) = Sat[Cmin,Cmax]{ . . }
(z — 7;)
N
Lo H CO= G
e Red: ideal

% vk Green: on-off (simple)

—_—t — P e e e e e ——— e —— ——
AY

? approximation
mo | e e e e e e e e e T
LN Vellow: linear ) T Z.(:
ki z approximation (2(t) = 2:()

-

V4

/1117777
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Semi-Active Damping Control

Acceleration Driven Damper Control

The two-state SH control law can be applied based on the acceleration:
Acceleration Driven Damper Control

c(t)=c,,,, if 2(:2-2)=0
c(t)=c,, I Z(z-2,)<0

It is optimal if the road profile is a white noise.

The switching behavior causes high frequency discomfort.
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Semi-Active Damping Control

Ground-Hook Concept

M
(sprung mass) C(t) = CMAX if - Z.t(Z. - Zt) 2 O
(sprung mass) C(t) = len lf - Zt(Z - Zt) < 0
____________ A
k
(damcping) tj % (sﬁf{fess) ~ (stiffness) -
m
(uzaspr:)ng m
----------- 0 (unsprung
kt 2 mass)
wmes | | T 1T T N
I C
- [ (damper)/ﬁ?% ({](li z,
stiffness)
71777777
z
/1111177
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Semi-Active Damping Control

Acceleration Driven Damper Control

Comfort / Road-holding trade—off

g ¢« SH 2-—states
1.4F i o
; A ADD
i
1.3+ : ¢ GH 2-states
i
1.2+ '
1
P
1
i
'
&

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7
Comfort
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Semi-Active Damping Control

Acceleration Driven Damper Control

Frequency response of Fz
10_ ................................ g 0 i - ........ - ...... ...... ..... ..................................

I
o

L
o

Magnitude [dB]
|
o

- - - Passive (cmm)'
- - - Passive (crn
-+=-SH .

— ADD :

|
N
o

ax) .............é..............E...........E.........E.......J;......S......é.....;....................... .

I

~30= : i i i i S B i
10 10
Frequency [Hz]
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Semi-Active Damping Control

Acceleration Driven Damper Control

Frequency response of Fz
10_ ................................ g e 7 7 7 i i i e

I
o

L
o

Magnitude [dB]
|
o

- - - Passive (cmm)'
- - - Passive (crn
-+=-SH .

s 18 ASUUUUUORS SUNRNRS SNNON SOUE NUUOS JOOS SO0 OSSR *
— ADD :

|
N
o

ax) E ...........E...........E.........E.......J;......S..----é-----;-----------------~----~ .

I

~30= : i i i i S B i
10 10
Frequency [Hz]
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60

Semi-Active Damping Control

Mixed SH-ADD Semi-Active Control

Idea: distinguish the instantaneous dynamical behavior of the suspension: in case of
low frequency dynamic the SH is selected while the ADD is selected otherwise

Cin (1) = Cmax
Cin (t) = Chmin

Matteo Corno

if
if

(Z —a’

(Z —a’

\

29)<0 A z2(z- Zt)>0
)<0 N zZ(z=z) <0

’ \ l

|

Frequency Selector

|
SH

(Z —a’

(Z —a?

/4”/\/5’

)>O AN zZ(z— Zt)>0
)>O AN Z(z=z) <0

\ l
|

ADD
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Semi-Active Damping Control

Frequency Range Selector

Consider the single tone  2(t) = Asin(wt)

And the frequency selector f(t) = 2(t)* — a?4(t)?

f(t) = A%w? — A% sin®(wt) (o*w?)

2
. 9 W
We can see that f(t) >0 = sin“(wt) < 02 + o2
If we call Dy(w)—A{t: f(t)>0,0<t<T}

2T 2
1Dy (w)| = — arcsin <\/in a2>

61 Matteo Corno
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Semi-Active Damping Control

Frequency Range Selector

D.(w . Over a period T:
‘ o )l —0if w< «a

e f(t)>0 for more than T/2 if w > «.
e f(t)<0 for more than T/2 if w < a.

D

‘ +(w)l—>lifw>>a

|D(w)\ l if w=«a
T 2 -
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Semi-Active Damping Control

Frequency Range Selector

$)

Magnitude [dB]
I |
& o & o

|
N
e

- --Passive (c_ .,

| - - - Passive (c
m

)
SH-ADD (x=20) : : : i S a

|
N
)

ax

-30
Frequency [Hz]
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Semi-Active Damping Control

Single Sensor Mix Algorithm

C;, (1) = Cooax lf(z —a%z%)<0 A z2(z- Zt)>0 Y% (Z —a’z%) >0 A E(Z- Zt)>0

c;, (1) = Cin lf(z —a’z*)<0 A 2(Z- z,)<0| v (Z —a’z) >0 A E(Z- z,)<0

The mixed SH-ADD control logic requires: &

e Stroke velocity

« Corner acceleration and velocity ,
Two sensors for each corner

« Potentiometer

« Accelerometer

Matteo Corno 7 POLITECNICO MILANO 1863



Semi-Active Damping Control

Single Sensor Mix Algorithm

C;, (1) = Cooax lf(z —a%z%)<0 A z2(z- Zt)>0 Y% (Z —a’z%) >0 A E(Z- Zt)>0

c;, (1) = Cin lf(z —a’z*)<0 A 2(Z- z,)<0| v (Z —a’z) >0 A E(Z- z,)<0

The mixed SH-ADD control logic requires: &

e Stroke velocity

« Corner acceleration and velocity ,
Two sensors for each corner

« Potentiometer

« Accelerometer
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Semi-Active Damping Control

Single Sensor Mix Algorithm

{cin(t)zcmax if(z —a%Y) <0 A - zt)>o v (z — %) >0 A EG— zt)>o

c;, (1) = Cin lf(z —a’z*)<0 A 2(Z- z,)<0| v (Z —a’z) >0 A E(Z- z,)<0

The mixed SH-ADD control logic requires:
« Stroke velocity
« Corner acceleration and velocity

The frequency selector uses only the accelerometer
- what happens if we use only the frequency selector?
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Semi-Active Damping Control

Single Sensor Mix Algorithm

Frequency response of Fz
10_ ................................ g e 7 7 7 i i i e

I
o

L
o

Magnitude [dB]
|
o

- - = Passive (c )'
min

- - - Passive (c
m

-+ =-SH 2-states

s 18 ASUUUUUORS SUNRNRS SNNON SOUE NUUOS JOOS SO0 OSSR *
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|
N
o

ax) E ...........E...........E.........E.......J;......S..----é-----;-----------------~----~ .

I

~30= : i i i i S B i
10 10
Frequency [Hz]
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Semi-Active Damping Control

Single Sensor Mix Algorithm

Single sensor Mix Algorithm

Frequency response of Fz

o o bbb b b G (22— 0?2) <O
: SN R m — Conax if(22—a222)>0

-

=)
:

Magnitude [dB]
| |
a5 &

|
S

m)

- - - Passive (c,,,) eeeeeeeeibomeeeeensbemmme s shvnsemndensssebones dhanschonmnssesmmemmeensssmnneee e SN

—— SH-ADD (a:=20)

1—sensor SH-ADD (a=20) Pooob b :

—30 0 - I 1 1 1 1 1 1 ;

10 10
Frequency [HZz]

- - = Passive (c_.
m

|
N
0
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Both versions of the algorithm are switching algorithms:
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Semi-Active Damping Control

SH-Mix Algorithm

Idea: propose a continuously modulating version of the SH and ADD and combine
the two.

Continuously modulating SH: Cref = sat (kskyZZda + Cnom)

Cref S [Cmin sCmax

2

1 2 —1

10.9 10.9

« Smooth
« FEasily
parametrizable

108 {0.8

0.7 +40.7

0.6 0.6

0.5

.. * ltconvergesto
0 the switching
02 algorithm when
01 Kgy INCreases
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Semi-Active Damping Control

SH-Mix Algorithm

Idea: propose a continuously modulating version of the SH and ADD and combine
the two.

Continuously modulating ADD: Cref = Satfc, . .. 1(KappZpAZ)

2 1 2

10.9

410.8

+0.7

0.6
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Semi-Active Damping Control

SH-Mix Algorithm

Idea: propose a continuously modulating version of the SH and ADD and combine
the two.

COntinUOUSIy mixed SH- ADD: Cref = SAlic, in Cmax] (Cnom + ksuZpAz + kappZpAz)

72 Matteo Corno 7 POLITECNICO MILANO 1863




Semi-Active Damping Control

SH-Mix Algorithm

Idea: propose a continuously modulating version of the SH and ADD and combine
the two.

COntinUOUSIy mixed SH- ADD: Cref = SAl[c i Comax] (cnom + ksuzpAz + kappZpAz)

We can extend the approach to the single-sensor philosophy

" o0 2
Crof = Cpmin, if(Zz —a?28) <0 :
ref T i (& —a'2) W) Crer = SAlleyomed Canaslsati-eo) (25 — a®23)D)
_ of 2
Cref = Cmax lf(zb —a Zb) >0

« Continuously increase the damping at low frequency.
« Keep minimum damping at high frequency.

7 POLITECNICO MILANO 1863
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Semi-Active Damping Control

Calibration

(A) traditional calibration

propose calibration .
>

” feedback on performance
a <
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Semi-Active Damping Control

Calibration

(A) traditional calibration

m propose calibration
b4 "
” feedback on performance
[0

(B) automatic performance-based paradigm

suggest test N
> >
-

data record i
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Semi-Active Damping Control

Calibration

’—----------------------------------------------\
l Experimental MR damper curves
I T T
I 2000 e = & s 1 Min damping curve | |
I L e » Max damping curve
I 1500 N s Controllability region |
; | ol \
I |7 00 |
I IE ! = "'~
0 - - »':2 500 | e | o
I | I -1000 | s |
| I I -1500 - '\~\ |
I I -2000 F S - |
| I -2500 Lt ' ' ' ' : : : '
| I 1 08 06 -04 -02 0 02 04 06 08 |
I StrokeSpeed [m/s|
\ [ T I
[
] . u
. Damping reference Corner accelerations (x4)
o command (x4) Stroke velocities (x4) -

fEEEEEEEEEEEEEEEEEEEEEER ContrOlstrategy ‘IIIIIIIIIIIIIIIIIIIII
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Semi-Active Damping Control

Calibration

Bayesian Optimization

Data-driven optimization technique suitable for cost-to-
evaluate objective function.

At each optimization step:

Objective function is modeled as a
realization of a Gaussian Process

An acquisition function determines
f(X) where to sample the parameters
space next.

Frazier, P.I. (2018). A tutorial on bayesian optimization.
arXiv preprint arXiv:1807.02811.
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Semi-Active Damping Control

Calibration

objective fn (f(-))
observation (x) ! o)

V¥ acquisition max

acquisition function (u(-))

t=3

new observation (x,)

posterior mean (u(-))

posterior uncertainty

(u( ) £of ))/\

T~

Matteo Corno

e

The objective function is not

explicitly known.

.

f 2VZ

It can be considered a stationary
gaussian process.

.

p
A known surrogate of the objective
function (Acquisition Function) is

optimized at each iteration.
\.
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Semi-Active Control

Calibration

Bayesian Optimization

Data-driven optimization technique suitable for cost-to-

evaluate objective function.

At each optimization step:

Objective function is modeled as a
realization of a Gaussian Process

F(x)

An acquisition function determines
where to sample the parameters
space next.

Frazier, P.I. (2018). A tutorial on bayesian optimization.

arXiv preprint arXiv:1807.02811.

79 Matteo Corno

Several acquisition functions:

Expected Improvement: The assumption is to
return only explored values. We maximize the a
posteriori expected improvement

Eln(x) = En [[f(z) — fa]"]

El is efficient to compute and to maximize

Knowledge Gradient: We allow the decision-
maker to return any solution she likes,

Entropy Search: acquisition function values the
information we have about the location of the

global maximum according to its differential
entropy

7 POLITECNICO MILANO 1863




Semi-Active Damping Control

Calibration

Bayesian Optimization

Data-driven optimization technique suitable for hard-
to-evaluate objective function.

At each optimization step:

Objective function is modeled as a
realization of a Gaussian Process

An acquisition function determines
where to sample the parameters
space next.

F(x)

Frazier, P.I. (2018). A tutorial on bayesian optimization.
arXiv preprint arXiv:1807.02811.

80 Matteo Corno

Objective function

Typical quantitative performance index for ride
comfort:

1 T
ming [?j Az(t,G)Zdt]
0

Where:

* 0O = control algorithm parameters
« A, = chassis CoG vertical acceleration

Optimization settings
Range of parameters: obtained by sensitivity analysis

Number of iterations: 100 ~ 150
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Semi-Active Damping Control

Calibration

Standard ISO — 8608 C-D road profile: regular-to-poor road scenario

h(x) = ?’zox/AnZklo_3 (g—‘;) cos(2miAnx + ¢;)

3.5

[ v = 50km /h } Road profile in time oo, = Road profile spectrum

3t
2L

Peak at the heave
E) ‘£ 25} reasonance
S =
= L frequency
= = 21
g e
o Z 15}
a¥ = 1
0.5
; 0 [ Mid-to-high frequency realistic excitation
0 1 2 3 4 5 0 Y 10 15

Frequency [Hz
Matteo Corno 7 POLITECNICO MILANO 1863



Semi-Active Damping Control

Calibration
Road profile Performance indexes
20 realizations of the ISO road profile « Acceleration index:
1 T
=— | A,(t)dt
h(x) =|XN,VAn2%1073 (12_31) cos(2miAnx + ¢;) Ja Tfo +(6)
| 1 » Vertical jerk index
. T
( Amplitude R Phase lag _1 2d
. ]]z T ]z(t) t
fixed by the randomly 0
| standard generated
Y I , I , I , l , , - Indexes are reported as percentage improvement
H 1 s Road proflle In time with respect to the original Mix SH-ADD:
ol ]
.%' 0 4, _]A = jH}‘lDD
= zZJ)z __ Z)JZ Z1)Z
=l Jimpr = JSHADD X100
8 AZI]Z
& -2r 1 -
0 0.5 1 L5 2 2.5 3 3.5 4 4.5 5]
Time [s

7 POLITECNICO MILANO 1863
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Semi-Active Damping Control

Calibration

The continuously modulating Mix SH-ADD is benchmarked against the Product SkyHook.
Index values are the average over the 20 experiments.

" AZ 139860_8 roa'd 0 J: ISO8608 roald Benchmark with switching Mix SH-ADD:
Az _
_ 9 -20 | © Jimpr = 9%
X jz — £90
3 * ]impr = 62%
3 0 -40 t
55 2
~ = 60| Benchmark with Product SH:
\. « Better filtering of road excitation
aol—2 < -80 — | | o
v@\\\&%\f\ \»®\’\\o"'€€\ : - Slightly higher vertical jerk.
¢ 93
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Semi-Active Damping Control

Calibration

The Mix-1-Linear is benchmarked against the Mix-1-Sensor algorithm.
Index values are the average over the 20 experiments.

10 A, I508608 road 0 J. 1508608 road Benchmark with switching Mix SH-ADD:
. ]fnipr = —49% - due to reduced setup
51
g Jz — 0
Q * ]impr 43%
9{1 0
=3
= L Benchmark with Mix-1-Sensor:
« Better filtering of road excitation
-10

« Better reduction of vertical jerk

7 POLITECNICO MILANO 1863
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Semi-Active Damping Control

Validation
10} m— [ OngWave| | [ \
L
o
0 | | | | | | | |
0 | 9 3 4 5 6 7 8 9 Performance
indexes are the
8 ones
] introduced for
< the validation
-9 ‘
o B e - on the ISO road
profile.
10
L
2

N /

0.8 1

Time [s]

1.2 1.4 1.6

Matteo Corno
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Semi-Active Damping Control

Validation
A, longwave . J. longwave
— 20
=
g 0 -50 . 0 .
| S « Improvement in terms of A, filtering on all
S -10 : : :
20| v ool validation profiles (up to 10%),).
0 1 2 3 4 5 0 1 2 3 4 5
A. bump « Reduction of J, on all validation profiles (up to
20 - -
B 96%).
5 10
2
] 0
EE-10
-20 " .
3 4 ) 5
] A. country road  Better filtering of road excitation on validation
_ profiles.
=
g o . _—
Sx « Comparable vertical jerk on all validation
= profiles.

1
)}

O NN @S"

.'\.'» N e LA
A S o

P N
v&\\\" *.)\’\\‘
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Semi-Active Damping Control

Validation
oo A. long:x;i,ve . J. longwave
'§ 150
S 50 f « Expected degradation of performance in
520 terms of A, filtering, due to reduced setup.
O—— 100
L 0 « Comparable or lower J, on all validation
A bump 0 profiles (up to 46% improvement on country).
60 HoH
50
I 1 1 -lm -n 1 n n n i
oot oo ol - Better filtering of road excitation on /ongwave
A, country road J. country road
5 — . and bump, comparable on country road.
0 LN  Better reduction of vertical jerk on bump and

SHADD

anpr

country road, comparable on /ongwave.

J

1
g |

2\ AL LOW i

PR AR )
AN o\ \_,

R B A .

Ao VT Y v

7. + N 5 ,\'
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Semi-Active Damping Control

Calibration

(A) traditional calibration

propose calibration

>

” feedback on performance
L

(B) automatic performance-based paradigm

'

suggest test
> >
-~

data record

: Savaia, Sohn, Formentin, Panzani, Corno, Savaresi — :
: Experimental Automatic Calibration of a Semi-Active Suspension Controller :
: via Bayesian Optimization, :
: Journal of Systems and Control, 2021 [in press]

88 Matteo Corno

(C) semi-automatic preference-based paradigm

suggest comparison

>

. ..... APL

preference

[Bemporad, 2020] — Active preference learning
: based on radial basis functions.

« Advantages w.r.t. (A)
> time/cost of experiments

« Advantages w.r.t. (B)

» model-free
» optimization tailored to subjective preference
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APL Methodology

APL: problem statement

\

« x € R™ decision vector (R™ decision variable space). «

o m: R"XR" - {—1,0,1} preference function defined as:

Assumptlon properties of 7.

—1 if z; is better than x- > reflexivity

m(21,22) =<0  if 21 is as good as Ty e m(xy,x1) =0 Vx; € R"
1 if z; is worst than z, % , o
....................... i » anticommutativity
o m(xy, Xxp) = —m(xp,X1) VXq, % €R®
Find best preference vector, :
inside the feasible space. . > transitivity
: m(xy, X2) = m(xz, x3) = —1
= Tl'(xl,X3) = —1 Vxl,xz, X3 € R" :
ﬁnd x* S.t. 7,‘_(x*,x) S O, Vx e R‘n, l S T S U | .

......................................................................... ’ B 1166
l u € R™: lower and upper bound on x. = l = [0]’ u= 166

POLITECNICO MILANO 1863
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APL Methodology

APL: general scheme

Initialization + scaling

1) Learn the surrogate function

2) Define the acquisition function

3) Generate the next sample to test

90 Matteo Corno

Underlying OF

Al

15} . :

1AL AV L fe) ~ S < o

) 3 Pm(enm) =00 | f(@) - f@2)| Sof
IACN I 5 s o 1 ) — () > 0

L T SO SO :

-a(x)

Generate 3 samples with LHS.

« |t. 1. observe m(x{, x,) = —1 (x] = xq)
| XN+1

o |t. 2: observe m(xq,x3) =1 (x; = x3)
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APL Methodology

APL: general scheme

Underlying OF

Surrogate function (scaled)

-0.5 0 0.5

Initialization + scaling 2f
‘ 15}
N 1F
1) Learn the surrogate function » f(x) 05}
J -3
2) Define the acquisition function - a(x)
08¢
0.6}
04+
3) Generate the next sample to test - | Xn+1 0.2}
91 Matteo Corno
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* minimize 1678 4 cTe
Be 2

é subject to ('™ —WMB < —5+e, Vhib,=—1, g
(U — W) > ey Vhib, =1,
(W —WNE <o te,  Vhib, =0,
(W) WG > —g—¢, Vh:b, =0, *

N
fz) =Y Bip(ed(z, x;))
1=1

RBF-interpolant



92

APL Methodology

APL: general scheme

U.nderlying QF IDW exploration function

- —72
Initialization + scaling 2r 1 oo0s}
15} | | | | I ] 0.06 f
1t [ 1 [ \ ] 0.04
. ~ 3 0.02
1) Learn the surrogate function : (%) os5f | ,
. 0
S 2 1 0 1 2 3 - 1
_ o ) ; Surrogate function (scaled) 5 Acquisition function
2) Define the acquisition function a(x) ' ' ' of
0.8} i
-2
0.6
0.4} 1 4T
L i 6}
3) Generate the next sample to test = Xy11 o2 ;
0t 1 1 ! 8L i i i
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

' Explorati A
Eploon [ = 0550
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APL Methodology

APL: general scheme

U.nderlying QF IDW exploration function

i —712
Initialization + scaling 2r 1 oo0s}
15} | | | | | ] 0.06 f
kA LA 11 I VAR Lo
. A 3 0.02
1) Learn the surrogate function : (%) os5f ,

. C . . ) Surrogate function (scaled) 5 A'cquisitio'n functiqn
2) Define the acquisition function - a(x) [ ' [ ol
0.8} .
-2
‘ 06} :
0.4}t 1 . AT
L 1 6}
3) Generate the next sample to test XN+1 02 ;
Or 1 1 1 8 1 .
-1 -0.5 0 0.5 1 -1 -0.5 1

minimize a(zx)

subject to [ <z <wu
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APL Methodology

APL:

general scheme

Initialization + scaling 2]

y

1) Learn the surrogate function

2) Define the acquisition function —@ |

08¢

3) Generate the next sample to test = Xpn41

Observe

(X, Xy 41)

94

Matteo Corno

Underlying OF

) IDW exploration function

15}

OO osl

0.025

0.02

0.015

0.01

0.005

Surrogate function (scaled)

Acquisition function

06}

02p

—— 2 1
4

O L
1 -

-2

3
0.5 0 0.5 1 -1 -0.5 0 0.5 1
Qe e
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APL Methodology

APL: general scheme

. U.nderlying QF . > %10 IDW exploration function
Initialization + scaling 21— 1 T T 1 1] ° {\ / A '
6 4t ]
15} -
V4 3
, ) 1 1 T 2
- 3 / 5 A 8
1) Learn the surrogate function | £(x) o5l L \
. / 3 2 410 ¢ 1 2 3 0% 3 45101, 7 405 8 2
] ] Surrogate function (scaled) 5 ] A'cquisition function
2) Define the acquisition function a(x) ' ' '
08t 8 | 0.8
. 7 4 0.6
06}
04}
) 04r / 02t
3) Generate the next sample to test = Xpn41 0216 ! ' or
ONQ 510 | | 02l ! | ]
\ o -1 0.5 0 0.5 1 -1 -0.5 0 0.5 1
Observe .
(X, Xy+1) XN s.t. Xy = x*as N — oo

95 Matteo Corno
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APL Methodology

Simulation study

Nini:  Number of initial samples.

Exploration parameter of acquisition function. ﬁglcjrzzz r(?fany ‘ Sensitivity analysis
€ Shape parameter of RBF. freedom (via simulation)
o  Tolerance of (QP) learning problem. l
Conclusion

---------------------------------------------------------------------- -_

Explorann exploitation trade-off:

« ¢ is the most important

a(z) = f(z) (x) . I)g?g_e) x* only for & sufficiently hyperparameter.

« Fine-tuning the others gives

high 6 sh |
: too high & shows slower small benefit (once 6 is tuned).

convergence
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Bridging-the-gap from theory to practice

Bump test scenario

Bump test scenario f

A
> .
S(¥r,9R) Bump test scenario
driver perception Negotiate a speed bump at constant speed.
VAR - (30 km/h using CC system)
comparison (z;, ;) driver preference T

Suspension in a car influence (mainly):
« Vertical movement 2> A,

« Pitch 2> @
 Roll (negligible in this case)

Matteo Corno 7 POLITECNICO MILANO 1863



Bridging-the-gap from theory to practice

Preliminary Experiment

T T
@ 1]

Preliminary Experiment el °
1) Understand our capability to perceive different 140} | hard-soft soft-soft || e 2 I
120

2) Fit rough model of underlying OF.

-
o
o

|

|
behaviors of the car. _ . | .

|

|

|

Parameter Rear Jp
(0]
o

60
hard-hard hard-soft
Bump test scenario
A, ¢ 40
201

driver perception

______________ 0

0 20 40 60 80 100 120 140 160
Parameter Front dp

comparison (012, river prference 4 benchmark settings in the
"""""""" /—v parameters space:

\ xl/ x2/ X3, X4_
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Bridging-the-gap from theory to practice

Preliminary Experiment

Same procedure as in APL
 to learn the surrogate

 Driver is able to express committed preference.

« Transitive property satisfied = ranking: s_s, h_s,s_h, h_h.

99 Matteo Corno

/Fﬂﬁa%d;ha@\
- i T e—
L,x‘ 7l
"0
50
100
2 100 ' 150
150 5

Parameter Front 9p
Parameter Rear 9y

Preference-based identification
of the underlying OF.
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Bridging-the-gap from theory to practice

Simulation

Tuning hyperparameter § via simulation

heuristics: equivalent to 20
O-f = 0.05 ‘—: Steps of "l'eSO|ution”, :

- expressing our preference Stopping criterion
----------------------------------------------------- -l'},]e APL procedure Converges
f_vzlilue | | | Wheﬂ
—d0=1
—0=10 . " "
*********************** 5 =50]] 3 consecutive “zeros
‘ Best § = 10 OR

e atleast4 "zeros” in 5
consecutive iterations

f(ay)

OPTIMUM

0 5 10 15 20 25 30 35 40
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Bridging-the-gap from theory to practice

Preliminary Experiment

Experimental protocol Task description

T APL suggest a pair-wise comparison: x; VS x;.
2 Update 9r and 9y according to x;.
* Driver: express :
oreference. 3 Perform first bump test.
« Co-driver: update 4 Update 9 and 9 according to x;.
parameters. 5 Perform second bump test.
6

Driver expresses his preference m(x;, x;).

Remarks:
« Driver must be well-focused on his perception (and familiar with the setup).

» The 2 bump tests should happen close in time.
« The test must be informative enough (eventually repeat).
 Driver must not know value of 9 and V5.

POLITECNICO MILANO 1863
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Experimental results

APL Experiment

APL Experiment
1) Semi-automatic preference-based calibration via APL.
2) Sensitivity analysis w.r.t. § (validate simulation results).

« § =1 (3 repetitions) = 614, §1B, 61C
Too low exploration expected.

* § =10 (2 repetitions) = 6104, §10B APL
Best compromise.

suggest comparison

(1 repetition) =
High exploration (too slow convergence) is
expected, but most accurate result.

preference
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Experimental results

APL Experiment: comparison § = 1

Exploration history §1A4 Exploration history 1B Exploration history §1C 6 5
160 ' ~ 160 @ ] O i il i 4
140 . 140 ' 1 140 —— 1 —
3 ; !

120} ' 120 ] ! ' ' ' ' 120}
] = | sl
> D | D : D
5 100 5 100 g 100
% = =
2 80 £ 80 2 80P~
Q 4] Q
5 £ :
= 60t = 60f 5 60f
A~ ol [al)

40+ 40} —| 40t

ol ‘ : .
20t e 20t 518 20}
0 L L ; 0 1 1 “l 7 0 1 1 1 4
0 50 100 150 0 50 100 150 0 50 100 150
Parameter Front Parameter Front 9 Parameter Front 95
« APL & = 1 shows poor exploration of parameters space.  Legend

: «  Red dots: all samples x4, ..., xy

% Blue star: best preference in-sample xj
: + Blue dots: equal-optimum outcomes
.« Contour plot is the surrogate function

 Final result strongly depends on the initialization phase
(first 3 samples).

103 Matteo Corno
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Experimental results

APL Experiment: comparison § =10 /6 = 50

5 Exploration h1story 010A ; 6 Exploratlon hlstory 5 10B 43 5 6 Exploration history 450 22 .
160 o 160 ' ; '
140f 140
120

100F

Parameter Rear 5
o)
o
Parameter Rear 95
o)
o

120

100

Parameter Rear v
o)
o

60 60 60
407 oF
o2
20 = A 20 T axnnlA 20— L — =1
| 5104 510B | S550:
0 8 | o3 ) e — " 0 7 | 9 T — 4 0 5 .10 | 17 — 4
0 50 100 150 0 50 100 150 0 50 100 150
Parameter Front 9 Parameter Front 9p Parameter Front 95
Exploration pattern | ! Definition of equal-optimum area from ¢50:
« first rule out "bad points” (exploration) | smallest-height contour-line enclosing all :
 then surround optimal point (exploitation) | equal-optimum outcomes (ar = 0.07) |
__________________________ o4
104 Matteo Corno
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Experimental results

APL Experiment

- 160 | ] _--====__ 1 |+ Confirm poor exploration of § = 1
e - : N

140} : \//- ' e )]

: .| N _| |+ Equal-optimum points with § = 10

-~

e il are inside equal-optimum area

3 8

100 |

g 8 8

d = 10 best compromise
(considering Neony)

Parameter Rear Jp
®
S
[ )

D
o
T

. @ 1A
: | @ 0B = g . _
: 0 Q no ] = « Exploration-exploitation trade-off
?f 20} @ 5108 | ] in agreement with simulation
- O 650 | -
o O

50 100 150
Parameter Front Jp

----
_ Howto
15 21 13 17 ;vaolldate/explaln

A — : this result?
36 > 39* / :.T.?Hg.g..ef..c.ﬁf?... evreeeresmesesseesaseaneaneaneent
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Experimental results

A preference-based comfort index

Parameters: 9p = 42, 9 = 125; v = 25.8 km/h
Vertical acceleration

[6)]
T

W Vertical acceleration RMS
_ . %
\/ / p2dt Pitch rate RMS

Learn weighting coefficient A from preference

U

Supervised multiclass classification problem . . .
P P « f:U - Y interpretation function

Acceleratifn [m/s?]

]
6]
T

o
o r
(&)
-
-
[

—_
o
T

Rotation speed [deg/s]

) (
s u=[% Ik Jn Jag]input -1 if J} = J} < —0y

« y€{-10,1} output Fw) =20 M-S <o,
= D = {(ug,¥1), ..., (ug, yx )} dataset ’
1 if JZA — JJ)‘ >0y

7>  POLITECNICO MILANO 1863
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Experimental results

A preference-based comfort index

! minimize €

Learning procedure : o€
: subject to Iy 4+ AL — J,‘l;- - )\J,f;- < —0oy5+¢en Vh:y,=-1,
Slﬁ;kﬁvarla?le.ngln.lmlzatlo.n problem, T ANE =T = NE > 05— Vhiyi=1, :‘f> 2 (and o))
which constraints imposes: FANE =T A Soyten Vhim=0, |
(xp) = yp, VA =1,..,K T A Mg = iy = Ny 2~y —en Vhiy =0,
: A>0,0;,>10°% >0
Cross-validation procedure
Mean prediction error:
 Training set = to train the model solving optimization pb. measure how far is the
model from correct label
 Validation set - to detect overfitting (E,4;). prediction
\ /
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BLF

Experimental results

A preference-based comfort index

J* from dataset DriverT
(113 preference data)

—— A\ PDF

* Eval
® 2Etot

0.03

0.025

0.02

Frror

0.015

0.01

1 0.005

E:,: has a convex quadratic-like shape.
= best 1" = 0.117.

« A far from A* are outliers (big £,,;, = overfitting)

« Model J* cannot make E,,; = 0 because of noise
o regressors (sensors measurements)
o labels (human preference)

‘ A1 =0.12

Matteo Corno
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Experimental results

BO with J* Experiment

- setup
'I) Automatic Calibration Via BO Wlth ]/1. CrEsEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES
2) Check if BO optimum is similar to APL>
results Validation. A A A A A

Same scenario:
- bump test
- at 30 km/h.

suggest test "ﬁ"
)

J=JV +0.12JF

data record

109 Matteo Corno
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Experimental results

APL Vs BO

1.76 160 R
-« equal-optimum area from APL
1.74 140 i + equal-optimum area from BO i
1.72 . 120
D
17 & 100 . J* gives interpretation of APL result
. = - model of driver preference
S 168 € 80
2 0  APL with § > 10 retrieve optimal
e I solution according to J4
1.64 40
1.62 20 APL is time/cost effective
0 :
0 50 100 150 ‘e BO ~40 min Vs

Parameter Front Jp

e APL ~50 min (but..)
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Semi-Active Damping Control

Full Body Control

Bk >
T'qgng :
. >|  Maneuver maneuver Scheduling
! > adapter
Vbody
>
ZC FLJZC FR» C_'
Z ,Z , . . eq,FL
d,FL» Zd,FR Ze rir Ze RR e _eart
Zd,RL»Zd,RR > G
P P SkyHook- eq,FR
Z FL Z FR . . ..C’FL’ ..C,FR’ Acceleration _
“C; ’ "C, ’ Flltenng ZC,RL’ ZC,RR Driven Ceq,RL
ZcRL» Zc,RR > . —_
Za,FLr Zd,FR Damping =
Lo (SHADD) Ceq,RR
Zd,RL» Zd,RR S _—

Cref = Salic, . ¢ 1(Cnom + ksuzpAz + kappZpAZ)
111 Matteo Corno
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Semi-Active Damping Control

Full Body Control

40.317 40 40
* PoliMi gain 0.12 buono = 20 g 20
40.316 ) E
=0 50
40.315 & 2
£ 20 £ 20
40.314 40 L, A N N
0 5 10 15 20 0 5 10 15 20
time [s] time [s]
40.313
40
40.312 = El
17812  17.814  17.816  17.818 E Z 20
2 :
Thanks to the use of the driver scheduling, itis g
. et 8
possible to slow down the load transfer and & &
thus yield a more stable feeling while A N EE I I N R
negotiating corners. ¢ 5 M0 1820005 10 1520
time [s] time [s]

12 Matteo Corno
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Outline

e Introduction

« Semi-Active Damping Control
Actuators
Models
Benchmark
Causal Control

e Semi-Active Stiffness Control

Actuators
Benchmark
Causal Control

 Sensing Preliminaries
« Alook at the future

e Conclusions
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Semi-Active Stiffness Control

Actuators

O O

A mechanical spring does not allow for any kind of modulation
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Semi-Active Stiffness Control
Air Spring — Pneumatic Spring

-l@lil?]i—![ —

Equivalent «k» (-
computation (see i ey,

S section on load- Air inlet/outlet
levelling control)

IO IIIIIIIITITIII ISP AT ITII SIS TIIITIIIIII I IIIII IS IIIIII” o

//IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.IIIIIIIo
&
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring

Alr
bellow

4
-‘———“ 4
e 1 .

e e

Equivalent «k» . a(Z —Z

computation (see )y et

S section on load- Air inlet/outlet
levelling control)

L L L L L L L L L Ll bk dddddddddddddddddddddddddddd dodod

//IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.IIIIIIIo

¢/
Yy,
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Slow Active

\ Air -
s \
A A bellow
s \
\ \
\ \ sl
s s |
N \ ‘H
N N |
N N ||
N N
\ N 1
\ \ :
\ \ I
N N -
N N IE
N \ 1
\ \ B
N \ €5
N \ |
N \ “
N N |
\ \
N \
\ A
\ \
N .
A \ Equivalent «k» 3 positions: |
‘\\ S computation (see load: hold: g,
\ R ) . : ! / ' '

Nty section on load- discharge Air inlet/outlet
levelling control)
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

| }

6z E i
o] I |
| . F
i N J— T _J

S o e o o e e e e e o e e e e e e e o e ==

118
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

O

—1

S y

Matteo Corno

119 7 POLITECNICO MILANO 1863




Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

Hard configuration (j
i Valve NAE
configuration configuration

S y

120 Matteo Corno
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

Hard configuration

S Valve System
@ configuration configuration
1
|
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

Hard configuration (j
i Valve NAE
configuration configuration

S y

122 Matteo Corno
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

Soft configuration (j
] Valve NAE
configuration configuration

Closed Hard

S y

123 Matteo Corno
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

Soft configuration

Valve System
configuration configuration

Closed Hard

OI

O
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

Soft configuration (j
i Valve NAE
configuration configuration

Closed Hard

S y

125 Matteo Corno
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Semi-Active Stiffness Control

Kick-back

Mechanical characteristic
[
Hard configuration

Soft configuration

x10%

FIN]

40

-40 -20
Stroke [mm]

7>  POLITECNICO MILANO 1863
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Semi-Active Stiffness Control

Kick-back

Mechanical characteristic
[
Hard configuration

Soft configuration

x10%

FIN]

40

-40 -20
Stroke [mm]

7>  POLITECNICO MILANO 1863
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Semi-Active Stiffness Control

Kick-back

. «10% Mechanical characteristic
I [
Hard configuration
Soft configuration
== == ==New hard configuration
35— (0] Original equilibrium point —
3 — —
25— —
\
\
_ \
z | \ L - ——
w2 N 'I I
A
\
1= _
0.5 — -
0 | | | | I - I |
-40 -30 -20 -10 0 10 20 30 40
Stroke [mm]
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Semi-Active Stiffness Control

Kick-back

. «10% Mechanical characteristic
I [
Hard configuration
Soft configuration
== == ==New hard configuration
35— (0] Original equilibrium point —
O New equilibrium point
3 — —
25— —
\
\
_ \
Z L N\ _
L 2 N
A
T \ _
1= _
(e e o o - - —
0.5 — -
0 | | | | I - I |
-40 -30 -20 -10 0 10 20 30 40
Stroke [mm]
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Semi-Active Stiffness Control

Model Identification

Law of ideal gases

pV = mRT

Law of conservation of enerqy

SU = 6Q + 6H — §W

Law of conservation of mass

Mmain T Maux1 T Maux2 = CONSL.

2 y+1
Flow trought valves s A o 2y (pmm )7 ) (pmm )7
ot s max\l RTup(V — 1) | \Prmax Pmax
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Semi-Active Stiffness Control

Model Identification

(

A 5 _7'pma.invma.in + 'YR(Tmain'mmain-Tauz,l‘mauz,l—Taum,Tmauz,?)
pmam -

Vmain Vmain
. m 'VR(Tmainma.uac,l+Tauz,1maum,1)
paum,l - Vau:z:,l
. — 'YR(Tmainma.um,E +Tauz,2maua:,2)
paum,2 - Vau:z:,2
T T (]‘_’y)'Tmain‘Vmain _l_ (7—1)'R'T37,ain'mmain o 'Y‘R‘Tmain‘(Taux,l'mauz,1+Tauz,2‘maum,2)
LU0 Vmain Vm ain ‘Pmain Vma.i'n. ‘Pmain
2 . 3
T — (7_1)'R'Tauz,1'ma’”’ma1 ol 'Y‘R'Tmain'Tau:n,l‘mau:c,l
auz,l Va.u:z:,l ‘Pauz,1 Va,ua:,l ‘Pavz,1
2 . .
T — (7_1)'R'Tauz,2'mﬂ“1v2 i 'Y'R'Tmain‘Tau:z:,2'maua:,2
auz,2 Va'u,:n,2 ‘Pavz,2 Va.uz,2 ‘Pavz,2

741

2
" 2 3 g X Y.
T = 51 - TG pmam\/ BT (7=T) Kf,’g;’;) - (5—;’;’;)
2 y+1
+s A C . 2y Pmin,2 7 _ | Pmin,2 1
2 v,maz“v2 * Pmazx,2 RTup,Q(’Y—l) Prmaz,2 p_maa:,2

o 2 min
Mayz,1 = S1° Av,mazovl * Pmaz RTupEY'y—l) |:(p >

Pmax

] s":gn(paum,l - pmain)‘|‘

] S'ign(paum,2 = pmain)

y+1

: v .
o (]Z.’))::Z:) ] Szgn(pmain - (paua;,l)

2

a+1

\Fk = (pmai'n, = patm) - A

Matteo Corno

2
5 2 Pmin,2 v Pmin,2 v .
Mauzx,2 = S2° Av,mam0v2 : pmax,2\/RTup 27('7—-1) [(pmaz 2) - (m) szgn(pmam - (pa,ua:,Z)

‘i L

- ' '
i

K
|
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Semi-Active Stiffness Control

Model Identification

x10° x10°
7.5 i T T T T T T T 7.5 i
| Prain teal = = iy est| | Prmain 7€l = = Prgin est
= T = T
=3 =)
o o
5 6.5 5 6.5
A 2
) )
— i
A A
6 6
O open valves O closed — open
55 1 I 1 1 1 1 I 5.5 1 1 1 1 1 I 1
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Time [s] Time [s]
Ry . . . . . . 7010
| Pmain real = = * Pmain est | Pmain real = = * Prnain €St
7h - TH
— 6.8 = 68¢
=) A
o 6.6 o 661
= =
2 6.4 2 64
& &
A 6.2 A~ 6.2
6 - 6t .
O open — closed Q closed valves
5.8 1 1 I 1 1 1 I 5.8 1 I I 1 1 1
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Time [s] Time [s]
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Semi-Active Stiffness Control

Model Identification

Opening of the valve

x10°

el el e i P L L Ll

O When a valve is
opened, the pressure
(and consequently the

- elastic force) has a

_ jump. The mathematical

model is able to

describe the pressure

i dynamics at the valve

- opening.

5.17 -

“old” mathematical
models

5.15

5.14

Pressure [Pa]
()
3¢

5.12

. — o o o o e e
'T..l.....
.

DPmain,real —

Pmain.sim A The old models do not

5.09 - -
| | | capture the real
37.8 37.85 37.9 37.95 38 38.05 38.1 38.15 38.2

Time [s] behaviour.
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Semi-Active Stiffness Control

General Control Scheme

Car designed to be
very comfortable on
straight road; FIXED
low-stiffness and
FIXED low-damping

Good-Comfort - Poor
handling

Matteo Corno

\

BRAKING
MANOEUVRE

HARD

Hardening —

STRAIGHT
CONSTANT SPEED

SOFT (or «skyhook»)

/S’Oﬂenmg\.

Hardening

Car designed to have a
good handling on curvy-
roads; FIXED high-
stiffness and FIXED high-
damping

Good-Handling — Poor-
comfort

POLITECNICO MILANO 1863



Semi-Active Stiffness Control

Longitudinal Control Example

pitch plot

pitch peak [deg]

deceleration [g]

The «all-hard» K
configuration
guarantees the best
«anti-dive» effect in
braking (and «anti-
squat» in acceleration)
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Semi-Active Stiffness Control

Longitudinal Control Example

If the hardening-switch is
immediately applied when
braking, an unbalanced
equilibrium roll angle may
arise

~ POLITECNICO MILANO 1863
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Semi-Active Stiffness Control

Hardening independently front and rear
suspensions stiffness when braking

— v manoeuvre /s started and left and right
suspensions are at the same stroke

___PRO__| _CONs

Hardening suspensions stiffness
as soon as starts braking
manoeuvre

___PRO__| _CONs

control stratégies com parison
T

Left and right

Minimized — Effects given by . Pitch
control suspensions SUSLEnSIons improvement
response time  unbalancing biE ceq’ o delayed
each side

—
-
—

Ksoft = Khard Ksoft = Khard

7 POLITECNICO MILANO 1863

137 Matteo Corno




Semi-Active Stiffness Control

percent pitch improvement probability density average steer probability density

30 0.12 T 40 T - 1.4 -
[ instantly instantly [ instantly instantly
["independently independently s [independently independently
5 1 ]
25 0.1
30

N
o
T
N
(&)

>
probability density

probability density
o
o
(o]

=)
number of experiments
S

number of experiments
o

0 10 20 30 40 50 0 10 20 30 40 50
[%] [%]

9 [deg]

improvement improvement

Pitch-unbalancing negative effect: can be
seen with the steer-angle correction
needed to keep a straight line

Pitch-unbalancing effect: the «instantly»
control approach guarantees (slightly)
better performance

138 Matteo Corno 7 POLITECNICO MILANO 1863




Semi-Active Stiffness Control

Load transfer forces

Accelerations

————— Control Valves commands :
—————— Vehicle

[ole][e
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Semi-Active Stiffness Control

The load transfer force of each corner is
estimated using a linear system that
takes as input the longitudinal and lateral
acceleration of the vehicle's COG.

Load transfer force

Accelerations [EEEPEENENN LOad transter Torce S

Estimator
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Semi-Active Stiffness Control

350g:omparison load transfer force - suspension strokse

Suspension stroke
— Estimated load transfer| |40

Accelerations

Load transfer forces

130

Force [N]
Stroke [mm]

Estimator

Time [s]

It recognizes and manages h
mixed maneuvers

It predicts suspension behavior
Unique input for each corner )

141 Matteo Corno
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Semi-Active Stiffness Control

Load transfer forces

@elalige) Valves commands

The control logic is made of four identical
finite state machine, one for each car
corner. The inputs are the estimated load
transfer and the suspension stroke and
the outputs are the valves commands.
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Semi-Active Stiffness Control

Wait steady state Fz Compression

[after(time5)]; . . [Fz_fast=> T3J;
I_O a d t ra {inversion=1} {after(time4)]; {s=stroke}

Extension Wait steady state Fz

[after(time5)];
{inversion=1}

[Fz_fast<-T3];

{s=stroke} [after(timed)];

I —
Suspensions strokes ] ‘ ai n wai

Compression
Extension
— after(timel)] [Fz = T1];{s=stroke Fz < -T1];{s=stroke}—p after(timel)]—p| -
/ g [Fz<T2] [Fz=2T1] [Fz>-T2) [F2s-T1] I

F F [after(time1)]
fl Sq rl
-_— - — ’ -_— -
AZ l Sy A YA {stroke>s] = 223 < [stroke<s]
— _z: — — _r l’ Finished compression \/Wait Finished extension
[after(time3)]
Ffr S1 F;‘T
— - - P — — [after(time2)||inversion==1)inversion=0} [after(time2)||inversion==1]{inversion=0; 1
Az s A
17; 2— > — Z_ 7; Slow opening

\_ _
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Semi-Active Stiffness Control

As soon as the estimated
load transfer force is Compression Init Extension
greater than T1, valves get [Fz>T1] [Fz<-T1]

closed. Then if the force is
lower than T2 valves get [Fz>T2 ] [Fz <T2]
opened again.

Control action V1 - Front Left

1200 | T
1000 L #(:ad transfer force slow | | Full Hard
T2
Braking maneuver 800 - Spring control action
| .
— —181=0 s2=1
0 £. 600 -
©
< S ol OPEN CLOSE OPEN
£ - - s1=182=0
o
E=g 200 [ e L e e e
é(‘-’_,-s 0= * Full Soft
6 - AX - Longitudinal acceleration || —200 I I
. — Ay - Lateral acceleration 0 5 10 15
° Time[s] " " Time [s]

144 Matteo Corno
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Semi-Active Stiffness Control

As soon as the estimated

load transfer force is Cq ) | Pitch | ension
greater than T1, valves get | Soft configuration N
. . / Hard configuration s1=0 \
closed. Then if the force is | o | [——core ogic oo |
lower than T2 valves get \‘ /
opened again.
R
k=
S
1200 o o5t —
1000 L slow
Blraking maneuver 800 ok .
0 S— Z 600 |- -
Nﬁ; :Lé 400 1= 0.5 ' :
S, —" 0 5 10 15
5, Time [s]
6 = AX - Longitudinal accgleration I -200 | |
B Ay - La?eral acceleration 0 5 10 15
i Time[s] " ” Time [s]
145 Matteo Corno
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Semi-Active Stiffness Control

Kick force occurs if the valves
are opened when the
pressure of the auxiliary
chambers is different with 15
respect to the pressure of the

Az corner

T I T ! AN
. Soft configuration N\
I Valves opens Hard configuration | _ "‘

. Core logic
l / /

main chamber. | : ]
This phenomenon worsens £ . Kick force
the peak of vertical 5
acceleration by 38%. 1 ® 057 I
10 %
. 3
1 Blraklng maneuver 8 < 0 i
0 —_— Z 6
:. S osf .
5 2
g 10 101 102 103 104 105 106
6 T L s | ” Time [s]
K Time([s] * Time [s]
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Semi-Active Stiffness Control

The controller has a stroke-
based opening logic to avoid
the kick-force.

Valves get opened if they reach
the same stroke value of the
closing instant.

Wait steady state Fz Compression

[after(time5)]; . . [Fz_fast=> T3J;
{inversion=1} 9 [after(time4)]; a {s=stroke}
Extension Wait steady state Fz
[Fz_fast<-T3]; . . [after(time5)];
= after(time4 = : .
ﬁ-“i——we—ﬂ— - e .

Wait Init Wait

Compression )
Extension
[after(timel)] [Fz = T1];{s=stroke Fz < -T1];{s=stroke}—p after(timel)]—p>|

[Fz<T2] [Fz=T1]

[after(time1)] [Fz>-T2) [F2<-T1]

Finished compression Wait Finished extension

[stroke>s] > tz;y < [stroke<s]

[after(time3)]

[after(time2)|[inversion==1]inversion=0} [after(time2)||inversion==1}inversion=0

Slow opening
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Semi-Active Stiffness Control

400 | Control action V2 - Rear Right |
Valves get Opened if the P — - Load vranster0ree [ oy
. o_ 1 e T2 u
load transfer force is f Sy omotcion] |
0 J O 1 S 1 s1=0 s2=
lower than the threshold 2 ol
T2 and the stroke is £ g0l 11 5220
equal to the closing one. oor \/,_J
-1000 Full Soft
-12000 ; 1|0 15
Time [s]
- Control action V2 - Rear right
Braking maneuver 30 zzzﬁzncs;zrt]rzltr::t?on /-\\\ -| Full Hard
! ! 25
0 —~—— E20F ~{ 51=0 s2=1
& £
= o 15
?z g 10 -{s1=12=0
g_4 I S — e
-5
6 — Ax - Longitudinal acceleration [| -50 5 10 15
-70 Ay - La::ral acceleration | Time [S]
Time [s]
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Semi-Active Stiffness Control

: Pitch
The core logic and the 2 , e ,
controller bring to the Soft configuration
. Hard configuration
same Improvement 15 Core logic
because the closing —~—~ Controller
strategy is the same. S 1l
S
L
S
a 05
Blraking maneuver 0r
-0.5 ' '
0 5 10 15

- AX - Longitudinal acceleration ||
= Ay - Lateral acceleration

Acceleration [m/sz]
S ) & IS & ) BN = -

o

Time[s] °
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Semi-Active Stiffness Control

- AX - Longitudinal acceleration ||
= Ay - Lateral acceleration

o AZ
The new condition leads . . _ fzcomer _
. . I Soft configuration
to a delay in the opening : Hard configuration
. 15+ | ; Core logic i
that solves the kick-force . |Valves opening|  |=-=--controlier
problem. '| Core logic !
. 1r | | .
E i
S os| Valves opening ; |
B Controller
8
< () S——
Blraking maneuver
o — 05
E,; 1 l 1 1 1 1 ] | 1
é , 10 10.1 10.2 10.3 10.4 10.5 10.6
5, Time [s]

o

Time[s] 1
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Semi-Active Stiffness Control

F----------------------‘

Wait steady state Fz Compression

[after(time5)]; . . [Fz_fast=> T3J;

{inversion=1} {after(time4)]; {s=stroke}

Extension Wait steady state Fz
[Fz_fast<-T3]; [after(time5)];
{s=stroke} [after(tlme4) {inversion=1}

Walt Init Wait

pﬁo'_ N . - N . - - .
after(timel)] [Fz = T1];{s=stroke Fz < -T1];{s=stroke}—p after(timel)]—p>|

Fz<-
[after(tlmel)] [Fz>-12] [
[stroke>s] [stroke<s]

The controller includes an Inversion
maneuver management, that
improves the pitch and roll angles if
maneuver inversion has occurred.

+

[Fz<T2] [Fz=T1]

Finished compression \/Walt Finished extension

[after(time3)]

[after(time2)|[inversion==1]inversion=0} [after(time2)||inversion==1}inversion=0

Slow opening
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Semi-Active Stiffness Control

(&
(&
I

7.5 —— . . . . . . |
When maneuver inversion is e E:j;‘t‘;)[[:x]]
detected a rapid opening and Tt < === Force (hard new) [kN]|
closing sequence is actuated in .\ ;

order to change the working curve, 6.5 | et 1t maneuver force |

selecting the one that minimize the

stroke for the second maneuver 6L |

force.

—>(Open Loop

(&
I

—> Controller . N D 4
© Opening 45} ammie \\\;\ |

e Closing 17mmi—| i

4 1 | | Il | 1 ' | 1 1

-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02

Stroke [m]
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Semi-Active Stiffness Control

All the maneuvers except for the | Roll
first one benefits from the 3rd At Sth
equilibrium change, achievin

. : ° -63%

improvements of up to 63%

ARNNAR
AEVER

-
)]

Roll [deg]

RN
T

o
3}

Soft configuration
Hard configuration

Acceleration [m/sz]
<
3] o

Controller
L ~ 1
§ — Ax - Longitudinal acceleration 10 15
—— Ay - Lateral acceleration Time [S]
" 5 10 15 . ) .
Time [s] Steering to the left Steering to the right
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Semi-Active Stiffness Control

ls genuine semi-active stiffness control beneficial?
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Semi-Active Stiffness Control

ls genuine semi-active stiffness control beneficial?

52, Optimi I .
and s(t)
Quarter ca

« Offline optimization : perfect road profile preview

T ...2
: : : Ce 6zyp dt
 Find the sequence of openings/closings of the valve minimizing J = ;‘}6 ;’(t)d
0 Zrp 4t
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Semi-Active Stiffness Control

70 T T T T T

T T T T
B passive damper - hard spring
I shadd - hard spring
[ passive damper - soft spring
[ shadd - soft spring
-passive damper - optimal spring| |
[ Ishadd - optimal spring
:loptimal damper - optimal spring

60

50

40

30

JI1

20

10

-
o
T
I
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Semi-Active Stiffness Control

Causal Control — Neural Network Based

|
z, (1)

Zp(t)

Z(t)

S(t .
Neural Network ) Zp(L)

7 POLITECNICO MILANO 1863
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Semi-Active Stiffness Control

Causal Control — Neural Network Based

Collected features:

« Body position

« Body velocity Vehicle Body Features
« Body acceleration

* Tire position

 Tire velocity

* Main chamber pressure

« Auxiliary chamber pressure

« Absolute value of the pressure difference
« Opening signal

« (losing signal

« Current Valve State
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Semi-Active Stiffness Control

Causal Control — Neural Network Based

Collected features:

» Tire pOSItIF)n > Vehicle Tire Features
« Tire velocity
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Semi-Active Stiffness Control

Causal Control — Neural Network Based

Collected features:

« Main chamber pressure A
- Auxiliary chamber pressure > Multi-chamber Pressure Variables
 Absolute value of the pressure difference y,

160 Matteo Corno 7 POLITECNICO MILANO 1863




Semi-Active Stiffness Control

Causal Control — Neural Network Based

Collected features:

« Opening signal A
 Closing signal > Multi-chamber Valve Variables
« Current Valve State )
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Semi-Active Stiffness Control

Causal Control — Neural Network Based

pmmmm e m— | B I--lr__%--l__ -
INPUT DATA DIVISION: LA K L

|

|

|

: o 70% of the reduced
I dataset used as
|

|

|

|

|

|

|

TRAINING SET.

* 15% used as i : 1% Al o

VALIDATION SET G B LR

« 15% used as \;‘J :,ﬂ’ X L7

, TESTSET S I
____________ - e ‘-l’

Y
HIDDEN LAYERS (FULLY
CONNECTED)
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Semi-Active Stiffness Control

Causal Control — Neural Network Based

Performance mean at different number of layers Performance mean at different number of neurons
I I I I [ I I I
40 - T . 40 - 1 s
|
30 | ’ 30 -
|
20 - } |
| 20 - N
|
10 - n
| 10 s
0r | 1
I + I 0r _
S — — — :
1
20 | 10- == = == —— — -
| | | | | | | 1 | |
# Layers: 1 # Layers: 2 # Layers: 3 # Layers: 4 0-10 10-20 20-30 30-40 40 - 50 50 - 60
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Semi-Active Stiffness Control

Causal Control — Neural Network Based

Performance mean at different number of layers Performance mean at different number of neurons
I I I T [ I I
40 - T | I 40 - I I s
|
30+ | I I I I
| I I 30 - | | .
|
5 20 - i | I g ol | | |
£ | I | S l l
101 1 | |
I I 10 [ I B
oF | I I
— ! | + | 0r I I i
10| — —— — | == | ¢ I I
— + 1 —
20 I T — = : == : = =
| | | B | | | | 1 | |
# Layers: 1 # Layers: 2 # Layers: 3 I # Layers: 4 I 0-10 10 - 20 20-30 ’ 30-40 ) 40 - 50 50 - 60

Best Structure Configuration
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Semi-Active Stiffness Control

Causal Control — Neural Network Based

]
-kNN and CPassive

-kOptimized and CPassive

12

10

Frequency
(o)}

-18 -16 -14 -12 -10 -8 -6
[%e]

improvement
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Semi-Active Stiffness Control

Causal Control — Neural Network Based

Feature Reduction Analysis

1 5 I I I T I
- kyn With pres and accand ¢, .
- ky With complete datasetandc,_ .
10 *
>
(8]
c
()
S
O
()
|
L
5 "
0
16 14 18 10 -8 -6 4
0
improvement [%]
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Semi-Active Stiffness Control

Causal Control

The neural network proves the feasibility of causal control.
Too complex for actual implementation
Does not provide an interpretation
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Semi-Active Stiffness Control

Causal Control

The neural network proves the feasibility of causal control.
ToO ¢
Does Optimal comfort-oriented control of a multichamber spring

.................................................................... I T T T e e e T T e e Ve VTVt VTV Vot e Vet a Ve T VeVt Ve Vet m e araatavaiaiare:

Ty S S ——— -
control controlled I |
input output : Cimen) Car |

. u uspension FR l> dvnamics
— Simulator ——— | g :
4 | T % : T :
# road disturbance | l / : —— . i
P = — A | estimation : :
§10— J Bumphmghtpmﬁle\- I 'IIIIIIII‘I ° EEEEEENEN N I
1 | |t |

0 A o e - -

I
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Comfort-oriented optimization

Road preview

Comfort-oriented optimization Assumption: road profile
A Finite Horizon Optimal Control Problem is
solved over an optimization horizon T, in order

to find a globally optimal input.

Road preview is assumed. Four different
bump types are considered.

[
[
[
[
[
[
[
[
[
1 tot+Tw |
min — j 7, (t)2 dt , Cost function | or . .
sT=1,...fcTw Tw to | S 5L Bump N0~1|_
| 0
I g 107 Bulmp N0.2| ]
° I AN 5F n
subject to: , 0 '
. 10 B T T T ]
i g i Bump N0.3| |
PR i 1) = FE Dy r D)) D eerstized ' N ' >
’ model equations | = / T o—~——_ Bump Nod|
- l _ O 1 | 1 !
~ 0 1 2 3 4 5 6 7
x(ty) = %(ty) Initial state | Space fu)
° 1 Type Height [cm] Length [cm]
s, €{01},vr=1,..,f.T, Input boundaries | o] - i
5 . : No. 2 7.5 200
z.(t) = Z(t),t € [to, to + T,) Road preview , No. 3 0 160
: No. 4 12.5 610
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Comfort-oriented optimization

Optimization results

= i Bump height profile | | .
£ | Optimal results
5 ol . Vertical acceleration is reduced thanks to valve
T switching.

0
i~ Acc (hard) g . . . . A
% sl Ace. (soft) | A bump is a single-event type of perturbation which
é m= === Acc. (optimal) . .
s o — particularly excites the body resonance (= 1.2 Hz,
)
< 5l \-’/ | most important chassis vertical movement).

2 Z Z >
. s Chassis displ. (hard) 4 . o A
£ 10l / Chassis displ. (soft) | | Soft spring performs better than hard spring at
- == = == Chassis displ. (optimal)
N SE— _ the body resonance frequency and ensures a natural
A : : :
motion during settling.
__op p g
— The controlled spring outperforms the passive
> . .
s configurations, especially in the release phase of the
L+ Optimal valve position | - . . .
¢ | | | Optimal valve position bump, while keeping the motion natural.
0 0.5 1 1.5 2 2.5 \ J
Time [s]
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Comfort-oriented optimization

Improvement indexes over bump types

10

Height [cm)]

Acc. [m/s?]

20

10

Displ. [em)]

-10
0)

Valve [—]

CL

T
Bump height profile ‘ |

I I I A(;c. (hard)
- Acc. (soft) .
,'/ 5\ "_’ N m= === Acc. (optimal)
‘\ '/ VN e
i ~-7 i
Chassis displ. (hard)
-
| '/ \s Chassis displ. (soft) |
'/ \‘ == = == Chassis displ. (optimal)
- —/ \‘ R R —
\ ”~
Ly - 4
L | Optimal valve position ‘ —
0.5 1 1.5 2 2.5

Time [s]

Take-home messages

Improvement indexes:

] impr —

_] _]soft %100

soft

Improvements are up to 17%, depending on the
velocity. This result is consistent with the previous work.

110 km/h
[ 20 krn/h
[ 30 km/h

—_
(S8
T

—_
o
T

Improvement index [%)]
ot

Bump No.1

(e}

Bump No.2

Bump No.3  Bump No.4
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Comfort-oriented optimization

Energy release principle

10

Height [cm)]

Acc. [m/s?]

20

10

Displ. [em)]

-10
0)

Valve [—]

CL

172

T
Bump height profile | |

I I I A(;c. (hard)
- Acc. (soft) .
P - m= === Acc. (optimal)
» Vs % N~
, \‘\ / VN e
L4
i ~-7 i
Chassis displ. (hard)
-
i '/ \s Chassis displ. (soft) i
'/ \‘ == = == Chassis displ. (optimal)
— —/ \‘ - N NN I S S e . —
N -7
Ly
L | Optimal valve position ‘ :
0.5 1 1.5 2 2.5
Time [s]

Matteo Corno

Take-home messages

(controlled) energy release principle

It is a physical way to insert active energy into the system,
by storing and releasing pressurized air by valve switching.

Force jumps down

Pressure inside
chambers have different
levels (valve closed)

Pmain

Pmain < Paux

POLITECNICO MILANO 1863
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Comfort-oriented optimization

Energy release principle

(controlled) energy release principle

4 )

Acc. (hard)
Acc. (soft)
m= === Acc. (optimal)

The valve is optimally closed so to create unequally

pressurized chambers (energy storage phase).

\_ J
~

" Airis released by opening at an instant where the
kick force is beneficial for the vertical acceleration.

Acc. [m/s?]
3
g
| RS
!)

7 F Optimal opening happen in proximity of the
L maxima (and minima) of the vertical acceleration, so
>
CL + | | | | ' | . Optimal v.lalve position | - \ to Cut the wave pea ks )
0 0.5 1 1.5 2 2.5

Time [s]
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Experimental validation

Experimental setup

Availability of 4 multichamber I,’ R - - WEEESETEN - >

air SpringS. FEEEEEEEEEEEERN ECU EEE -S-U;-GFSI-O;--- E N

The control strategy is computed by - > \---—--j___p____iR__ > dynamlCS
an external rapid prototyping ECU O E Fe- ‘_S_uip_eESI_OEEL__r"*
and is applled independently to the ' Tomn e Suspension RR r Ty 2

four suspensions.

\--------_’

A Sensing and E
* Delay (estimated) due to . estimation -
transmission and actuation: 30 ms - _E‘ TrnmEEmmEEEEEE
o o+eo
« Control sampling time: 100 ms et
\
| ———— -

Comfort indexes:

» Single corner vertical accelerations (given by
single-axis accelerometers)

« Vehicle pitch rate (given by a central 6-DOF IMU)
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Experimental validation

Openloop strategy with activation threshold

How to make optimal control «online»
Closed-loop global strategy
The ECU should at each iteration:
1. preview in advance the road profile;

2. solve an optimization problem.

Impossible to tackle in practice with
current available computational power.

.
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Experimental validation

Openloop strategy with activation threshold

How to make optimal control «online»

Closed-loop global strategy Open-loop strategy with activation
threshold
The ECU should at each iteration:

The ECU at each iteration:

1. preview in advance the road profile; 1 Takes values of acceleration:

2. Apply in open loop the global optimal
valve sequence (found offline using same
system parameters) when a threshold in
acceleration is exceeded.

2. solve an optimization problem.

Impossible to tackle in practice with

current available computational power. .
P P Activation threshold (2 m/s?) is chosen

y robustly to noise and disturbances. )

i - ‘—::; 3 ﬁ;‘c‘. »,x"' gﬁgﬁ%&% ~~~~~~~ —w“"‘“‘ H%ﬁfu n @ H M
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Experimental validation

Experimental results

B fwd 07 Experimental results
5 . FL corner, RL corner and pitch rate as signals of
= . Interest.
' e Dynamic valve switching outperforms the passive

. I Il .................. - OP benchmark In a” Corners Performance are hlgher In
% : . the bump release (in line with expectations).
= Wal\mwr e\ e, \ /
A 4 )

. Hard .. . .
g o Inequalities in the front/rear acceleration corners are
== mm Optimal
o Talve sequencel  CL given by a different suspension sizing. Also,
- performance can be enhanced by lowering delays.
= | . y,
= /i .
£ X’. A The pitch rate is positively affected by suspension
'J:: - 7 . . . . . .
gl \ Lo control, even though only acceleration minimization is
== = == Optimal .
' ' ' ' ' enforced in the control problem.
0 0.5 1 1.5 2 2.5 3 3.5
Time [s]
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Experimental validation

Experimentally measured performance indexes

Experimental indexes (normalized with respect to soft passive configuration)

FL vertical acceleration RL vertical acceleration Pitch rate
120 10996 7 . 120 : o ; . ; 120 ' ' '
o 104.35 % A
100 100 % _ g, g7 S 00% 1 ol o228% 100% |
84.35% 88.08 %
80} 80 80t
S
% 601 60 60 -
=
=40t 40 + 40
J,f;f% (hard) -Jﬁﬁ% (hard) 0 Jpitchrate (hard)
20 Jag% (soft) ] 20 - :IJagc;%(soft). ] 20 | [ pitchnates: (soft)
JEL. (optimal) JEL. (optimal) B 5 iscrarer, (optimal)
0 ' 0 : 0 :
5% 16% 12%
Improvement on Improvement on Improvement on
front acceleration rear acceleration pitch rate
{ First experimental evidence of benefits induced by stiffness modulation ]
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Experimental validation

Experimentally measured performance indexes

The Energy release principle can be used to derive a SH-like causal control law for semi-active stiffness control.

179

0 2 4 6 10
Time [s]
Pitcl hR te

/\/‘V\J L] I\N\ WM\, wm *

Matteo Corno
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Stiffness and Damping Control

Coordinated Stiffness and Damping Control

piston
semiactive .
damper Al "
chamber auxiliary
c chamber
Vmain Vaux
k Pmain Paux

[
N

Fsusp:Fc+Fk
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181

Stiffness and Damping Control

Coordinated Stiffness and Damping Contro with a hierarchical control

system
s
Force-tracking
LQ . T ..2 2
- JEE = Thm T 2+ pAz®] dt
— 00
[Pmains Zb, Z¢] /

125532352552 ] Comfort oriented control

Zy x = Ax + BFL?
FIQ = _Kx

Quarter-Car
model

1

Avoid end of stroke
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Stiffness and Damping Control

Force tracking algorithm

The force tracking algorithm tries to minimize €r = Faet — F'@
where Fa_cw? — _—CAZ+ (_pmm_;n B patm)A = MQ
Daisy chain algorithms:

(pmain — patm)A — Mg — FLQ
Cmaa:] Az}

) Eu= sat[cmm,

Priority goes to the damper because of smoothness

7>  POLITECNICO MILANO 1863
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Stiffness and Damping Control

2) The ideal chamber pressure is:

1
p:nain = Patm T Z [CznAZ -+ Mg + FLQ]

the main chamber pressure is not a directly controllable variable, a pressure tracking
logic is needed

- pmain’)’A

Pmain Vmaz’n,O + AAZ + S - Vauw :

the valve position s does not change the sign of the pressure derivative, (that depends on
the stroke speed only), but affects its absolute value, which increases with closed valve and
decreases vice-versa.

183 Matteo Corno POLITECNICO MILANO 1863
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Stiffness and Damping Control

We have two options

(pmain — p;ljnain) >0 and Az>0

/

P.....is greater than desired one Pmain Will decrease

\/

Speed up the increase - close the valve

7>  POLITECNICO MILANO 1863
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Stiffness and Damping Control

We have two options

(pmain — pf,knam) <0 and Az <0

— ™\

P__.is smaller than desired one Pmain Will increase

\/

Speed up the increase - close the valve

7>  POLITECNICO MILANO 1863
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Stiffness and Damping Control

while t < t_,,4 do
if (Prmain — P, 4:,)A%2 > 0 then

St — 0
end if
if (Pmain — P, ,;,)A%2 <0 OR Az =0 then
if |peq p:nazn| < |pma7,n - mazn' then
St =
else
St = St—1
end if .
) Equilibrium pressure.
end if : : L
) Wait until you are close to the equibrium pressure to
if prmain — P, .., — 0 then
open the valve
St = St—1
end if
t<—t+1

end while

186 Matteo Corno
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Stiffness and Damping Control

while t < t_,,4 do
if (Prmain — P, 4:,)A%2 > 0 then

St = 0
end if
if (Pmain — P, ,;,)A%2 <0 OR Az =0 then
if |peq p:zaznl < |pmazn o ma'l,'n,| then
St =
else
St = St—1
end if Equilibrium pressure.
end if Wait until you are close to the equibrium pressure to
if Prmain — P4 = 0 then open the valve
St = St—1
end if It is a discrete time algorithm
t<+—t+1

end while
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Stiffness and Damping Control

2
g
i
o OF
&
Q
o

-9 1 | | | |
"*‘Q' o | Skyhook control Multichamber complete ssssssass Optimal control
é 1 B at ‘ .
% 0 iz v‘ ’ ! =" ’ [ ¥ v
5-1rEHY T ALK iV ¥-
8| Al :
< | | | | |

10 10.5 11 11.5 12 12.5 13
Time [s]
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Stiffness and Damping Control

20 15 20
10 10
o Benchmark Sky-Hook .
- m
%5 .10} 10 |
™ 10
-20 | -18 20t  -18
-30 -30
WEe el e . . ony
pass wu\{\c\‘aﬂ\b c Omp\ep\ed i f's‘)ﬂz?)\ed dampmg
\e"e DeCOU Deco
Qomp
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Outline

e Introduction

« Semi-Active Damping Control
Actuators
Models
Benchmark

Causal Control

e Semi-Active Stiffness Control

Actuators
Benchmark

Causal Control

« Sensing Preliminaries
« Alook at the future

e Conclusions
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Sensing Preliminaries

Semi-active damper

I Elongation (stroke) sensor

0 Vertical accelerometer (Az)
sensor (body-side)

CoG IMU (3 accelerations
and 3 gyros) - Optional

- Electronic Control Unit

191 Matteo Corno
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Sensing Preliminaries

NN
Physical sensors (signal + noise):
- Body-accelerometer z+d,

- Stroke sensor (z—2z,)+d,

Body speed estimation

\

Vs)= A(s) -|1D(S)—
L

v (s) =A(s>sig

/

—_—

+D(s)L
S+ &

V(s)=(Z(s)+D(s))s

e=2r-0.1
(OK beyond 0.1Hz)
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Stroke speed estimation

-——

- ~

V(s)=sZ(s)+sD(s)

I I,
s+I',s+1°,

[ =2720,[, <T,
(OK below 20Hz)
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4 «twins» of accelerometers

4 eleongation sensors only + IMU
Matteo Corno
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SW-sensing complexity increase;

IMminaries

Cost and HW-complexity reduction;

reduction
Matteo Corno

Sensing Prel
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Sensing Preliminaries
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Outline

e Introduction

« Semi-Active Damping Control
Actuators
Models
Benchmark
Causal Control

e Semi-Active Stiffness Control

Actuators
Benchmark
Causal Control

 Sensing Preliminaries
« Alook at the future

e Conclusions
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Future Development

Road Preview

Theoretical distance from
bump obtained integrating
o the front left speed

dist [mm]
. &
T
!
.
1
']
1
’
'
’
{4
1
1
'
1’
y 4
1
1
'
1

height [mm]

201
0 . ; [ | | | | . Lowspeed ( <15 km/h)

197 Matteo Corno 7 POLITECNICO MILANO 1863



Future Development

Road Preview

Jﬁ'*"'TIZ#I'I I T I O B I
R 2‘ ,; XenoWare applications

12000.0
11000.0—}
10000.0—|
9000.0—§
8000.0§
7000.0/ |
6000.0—}
5000.0 |
4000.0
3000.0
2000.0
1000.0—§
0.0

Abtastwinkel: 0.5°

Challenge:
integrate :
navi g ation jeder Strahl entspricht einem Messpunkt

AND road-

B L P E
. sIcK 5
scanning - 5 |

I_ | D A R S ? Bi: SICKAG
Intensitatsverteilungsfunktion je Messpunkt

Bild 1: Die Lasersensoren tasten das Fahrbahnhdhenprofil ab, wobei jedem Spot eine
individuelle Verteilungsfunktion zugeordnet wird
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Future Development

Active Suspensions

«Slow-active»

Body-bandwidth
(control cut-off around 3-5
Hz)

199 Matteo Corno

Body-resonance (fs)

Full-Active

\

Wheel-resmianoe (fw)

Slow-active / : \ »

Load-levelling : \
—

Semi-Ackive
—_—
Adapfive

=

Frequenza (Hz) 10

Actuator: can be

electro-hydraulic «Full-active»
or electro- |
mechanic Full-bandwidth

(control cutoff around 20-30 Hz)
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4-quadrants e-motor + ballscrew
EH semi-activeamper (no oil-
free)

Full-active (by Multimatic)

)

Just launched (13/9/22) Ferrari Purosangue
Completeley new full-active architecture (by multimatic)




Future Development

Active Suspensions

« Easier than semi-active suspensions

« System is LINEAR

« Classical linear control design tools (optimal control, Hinf, etc...) can be used
« Multi-variables and multi-objective control systems can be (easily) designed

Example: LQR regulator assuming the state vector is
measurable (or estimated).

J = lim - j[z Fp1(z— 2% + paze — 2,)?] dt

o __ Body acceleration
' Without control

Comfort objective '
) 5&2?333 n Contact objective
With p; and p, very small (all emphasis on E{> | With control
Comfort) "o 5 1‘0 1I5 zo zls 3Io :;5 4Io 4‘5 50

1 T
J = lim —j (x'Qx + u'Ru + 2x'Nu) dt
T—co T 0

p 0 0 O 0
_10 0 0 O _ n |0
Q_ 0 0 Pz O/R V—,N—O
0O 0 0 O 0

— . . , —
x=|z—2, 2, 2z — 2z, Z;|', u=F

FOPL(t) = —K°Px(t)

0=A,P+PA,+Q,—PBR™1B'P, P >0,
symmetric and unique solution

K°Pt = R=1(B'P + N")
A, =A—BR™IN'
Qn=0Q — NRTIN’
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Outline

e Introduction

« Semi-Active Damping Control
Actuators
Models
Benchmark

Causal Control

e Semi-Active Stiffness Control

Actuators
Benchmark

Causal Control

 Sensing Preliminaries
« Alook at the future

e Conclusions
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Conclusions

« Control Engineering Look at Suspension Control

« Objectives

« Control Oriented Models

« Technology

 Algorithms with an practical engineering perspective

« Tuning and Calibration
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