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Politecnico di Milano

Move Research Team

mOve carries out research, innovation and technology transfer activities
in the areas of automotive controls, intelligent vehicles and smart
mobility.

" POLITECNICO
MILANO 1863
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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)
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Introduction to Vertical Dynamics

Vertical Dynamics and its Influence

Vertical
movement

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

Y AW

Related movements (main):
 Heave

* Roll

« Pitch

Lateral;
movem ent

(sway)

Forw
(surge)
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

Ee = uy(Fy)

E, = (M + m)g + DynamicLoad + [AerodynamicLoad]
Fy = l/‘y(Fz)

F,/F,
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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

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

O

Damper: force function of stroke speed
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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 HF — -
Az
Az
Slowly variable/adaptive \E@‘ | Quasi static ca. SOW

&
F § High frequency ca. S0 W
Az
Az
E
Az
AZ
E
Az
AZ
F
Az
Az

Semi-active

Industrially viable, but control is challenging

Quasi static ca. SOW

Load-leveling (height
adjuster)

They change the characteristics without
injecting mechanical energy

Active partiall)' loaded Mid ffequenc)/ 1-2kW

(«slow-active»)

1.5-7TkW

Active fully loaded | |
(«full-active») l El

High frequency
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Semi-Active Damping Control

Actuator Technology

FORCE V4

y 4 Rebound

Speed
(relative)

Compression

O
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HigWeed Low-speed High-speed
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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 N
(Magneto-Rheologic or Electro-

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 PN 4000 =
aximum damping /
3000 : \\ ] 3000 /
—
2000 /‘/ 2000 yu
-~ // | 1000 i
__ 1000 o
g 0 <l N g o
o Minimum dampin
“ —1000 ///7 ping € 1000 .
-2000 / i -2000 5 j
-3000 //( -3000
-4000 4 -4000
i i Mid damping ; ; e
-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)
LN I ’
________________________________________ A
c k
(shock absorber) (spring) 7z
m
................ ly (unsprung
----------------------------------- mass)
——————————————————————————————————— A
------ > kt Z
.......... (ire
I L Lt ' 7 ity
road profike =~ 48 e,
TR S I T Yo,
tea TTL LA Y ]
Z}”
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Semi-Active Damping Control

The quarter-car model and its features

" Example of parameters
i P M =400Kg
I B L m =50Kg

oo %j % P S z I z k =20KN /m
— — y = B
" z, r z, k, =250KN / m
| — i - c=1L3KN:-s/m
k : | “1

/1111777

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

" Linearizing Around an equilibrium point .
Sprung mass (SZ
B e SR (. Oz Oz
xl_xZ X = . u=[5Z], y=
c k 6 r
(damping) (stiffness) z . k C k C Zt 6Zt
X,=——X——X,+—X,+—X, . !
N M M M M 521‘
=1 ‘ < X, =X,
({icr‘; Zt . k C k+kt C kt
i X, =—X+—Xx, - X, ——Xx,+—Lu
m m m m m
- Y =X
/11711717
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 = s2 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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Magnitude (dB)

Semi-Active Damping Control

The quarter-car model and its features

10

Frequency response of Fz(s)

increasing damping

increasing damping

Frequency (Hz)

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

Matteo Corno
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Semi-Active Damping Control

The quarter-car model and its features

Frequency response of deef(s)

10 ' ' %t % & ¢ 1 - green: ¢=2600
Ns/m

1 blue : ¢=1300 Ns/m
red: c=750 Ns/m

increasing damping E increasing damping

Magnitude (dB)
o

—-151 E _

10° | | | 10°
Frequency (Hz)
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Semi-Active Damping Control

The quarter-car model and its features

Frequency response of deeﬂ(s)

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

5t increasing damping

increasing damping

I
a
1
|

—-10k- i _

Magnitude (dB)

—20F increasing : E =
damping :

10° 10"
Frequency (Hz)
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Magnitude (dB)

Semi-Active Damping Control

The quarter-car model and its features

Frequency response of Fz(s)

10 | l Iincrelasinglstiffn'essl B blue : k=20000 N/m
green: k=40000 N/m
red: k=10000 N/m

Frequency (Hz)
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Semi-Active Damping Control

The quarter-car model and its features

Frequency response of deeft(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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Magnitude (dB)

Semi-Active Damping Control

The quarter-car model and its features

Frequency response or Fz,_A(S)

increasing stiffness

increasing stiffness

increasing stiffness

10
Frequency (Hz)

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

Matteo Corno
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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)
g . ‘ over a time-window 0-T as «standard» input for
o | — S o the comparisor
0 ?damping :' - spring
= stiffness The experiment is made with all the parameters
- / """""""""""""" at their «xnominal» value is the (1,1) position
2 ;
g — — ~ ~?-~t-’-9-qy--‘-?‘§§§---~ Fach point on the trade-off map is obtained by
g tire stiffness changing a parameter (one only)
‘g 1 ----------------- — :
B | =
3 = |
g | | I W S T Nominal | —
= ; parameters
= : :
safet '

1 [G@0)-z @)
normalized tire load variation _°
[ G =2,(0)) dt
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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

Matteo Corno - 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 M
freely controlled e
(MS% = OF T £
<
moz, =k, 6z, -6z, )~ 6F . F ]
by eliminating oF: T
mass)
2 2 N (7N 7N t
Ms“Z(s) + ms™Z,(s) + kt(Zt(s) — Zr(s)) =( il .
elasticity)
_________ =
there is an additional dynamic constraint: =TT
The two objectives cannot be independently set T777777]
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Semi-Active Damping Control

The quarter-car model and its features

. M
(damcl;ins) !:5 Z B ] Z
LJF % ((((( ’ ZV —
U= y=
e Z C Zt
| X = | ] | _
ki Zy
I _Z ‘|

/1117777

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

i If we linearize around an
- equilibrium point we loose
! - L - - the effect of the damping
c k . .
L A z, _|# | variation
.| u= Y=
A |
| R X = - — - -
£ “1
£ . we loose the effect of the
— | “1 damping variation.

/1177777

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

= 0 ‘ | | 6000 : . : . |
£ 20 |
Q 0
- - 4000 - I
£ -
-40
_ 2000 - i
@ 1000 | —
: 3
o
%-woo - LL
-2000 ]
5000 | 2.5 Hz
= —7.5 Hz
g 0 '4000 I —— 15 HZ il
5 * Static
-5000 | . : , -6000 | | | I |
0 5 10 15 20 -1000 -500 0 500 1000
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Semi-Active Damping Control

Actuator Technology — Dynamic Properties

Furthermore, the suspension response is more complex: | | , , .
_. 500Ff T

* Hysteresis
* Dynamic response

Speed [mm/s
o

-500 | el

4000

2000 4

Current [mA]

5000 B I I I 1 I |

Force [N]
o

-5000 [ i

0 0.05 0.1 0.15 0.2 0.25
Time [s]
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Semi-Active Damping Control

Actuator Technology — Dynamic Properties

Furthermore, the suspension response is more complex: | | , , .
_. 500Ff T

* Hysteresis
* Dynamic response

Speed [mm/s
o

-500 | el

4000

2000 4

Current [mA]

5000 B I I I 1 I |

Force [N]
o

-5000 [ i

0 0.05 0.1 0.15 0.2 0.25
Time [s]
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Semi-Active Damping Control

Actuator Technology — Dynamic Properties

Hammerstein-Wiener Model T
l H(s) = P1P2P3Ps s* + 26ws + o*
w2 (s+p)(s+p)(s+p3)(s+py)
)
—>  M(s) —> 5
C(i,A2)a(T) —» H(s) —*
Az
-
6000
Mish = P1D2 §+% o= s000 |
z (s+p)s+py) Static |
. . Damping 2000
Magnetization dynamic Characteristics =
L% .--o.)—-“—-.—‘.--..‘
s I . s Measured
w = +Model i = 0A
4000w Y Model i = 24 1
Model i = 5A
-6000 ' | ! ' '
-1000 -500 0 500 1000

Speed [mm/s]
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Semi-Active Damping Control

Control Oriented Semi-Active Damping Model

Considers a nominal damping

M; = —k(z—z)—c(z—2%)—Fy
Y () = mg = k(e—z) e G —2) - Fy— kil —z)
Fo = PluzFy)

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—z)—c"(z—2)—Fy
L %) =4 mg = g—z)+PG—%)+Fa—Klz—)
Fo = Blu—Fy)

uc @(Cmimcmaxaco) C R

D(Comins Cmaser €)= { V(U,V) R X R|(U — (Cmax — cO)V) ((cmin — )W — U) >0}
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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 ! / i z(t)
- itis a "lumped” approach ta — 11 J,
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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
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Semi-Active Damping Control

Road Profile Generation

Pebble Road A Cement Road Belgian Road CT1 Pebble Road B

Dislocated Washboard 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 i
: Algorithm u(kT,) | Semi-active
| Z(NkTe) [ SyStem X(kTe) (state)
I o L4
N. A, X4, Objective
Zr(kn)

7~  POLITECNICO MILANO 1863
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Semi-Active Damping Control

Optimal Control and Benchmarking

JX(Nux,z;) =min Jo= ol(N,u,x,2:) (1 = ot) Ly (N , 1, x,2r)
Subject to
2a(”) :x(k+1) = (In+A() ) Tex(k) + BT [ (k) u(k) "

i u=> (Cmin_CO)(Z..'—Z.r)
U < (Cnm_co)(Z—Zt)
[ u< (cmin—c)(2—2)
| %2 (Cmar—")(2—2)

ifz—z >0, A +

Hz—a< 0 3

« 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

Comfort / Road—holding trade—off

optimal comfort
bound

low damping nominal damping

high damping

X P

optimal road-holding bound

Road-holding

|T\
T
I
|
I
I
L4

o
e
T
’

o
Q
!
’
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Semi-Active Damping Control

Sky-Hook Concept (Ideal Sky-Hook)

Damping force:
c proportional to
M body-speed only

""""""""" A M
(sprung mass)
c k
(damping) (stiffbessy - l—a - A
z
k
(stiffness)
m z
(unsprung
mass)
___________ z
m
k (unsprung
t e, t mass)
(tee 0
stiffness) A
e
kt Zy
(tire
o stiffness)
Zy TR
LTI -
zr
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Semi-Active Damping Control

Sky-Hook Concept (Ideal Sky-Hook)

Damping force:
c proportional to
M body-speed only

""""""""" A M
(sprung mass)
c k
(damping) (stiffbessy - l—a - A
z
k
(stiffness)
m z
(unsprung
mass)
___________ z
m
k (unsprung
t e, t mass)
(tee 0
stiffness) A
e
kt Zy
(tire
o stiffness)
Zy TR
LTI -
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 t , .
only, Cmin and Cmax if the sprung mass is raising and
' suspension extending = the
extension| =] damper does what we want -

Cmax

7~  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

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

l

v

compression

T

if the sprung mass is raising and
suspension compressing > the
damper is amplifying the sprung
mass movement =2 Cin

7~ POLITECNICO MILANO 1863




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 B 0= oo
e Red: ideal

% vk Green: on-off (simple)

—_—t — P e e e e e ——— el —— ——
AY

? approximation
m i
L Vellow: linear ) o 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

ct)=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
(prn mase) c(t) = Cpin if —2z(2—-2)<0
____________ -
k
(damcping) tj % (slml';ss) z (stiffness) -
m
(umnz -
----------- 1 (uHSPrU)ng
m.g,kt'fss, S I A pe A
e C k
damper
e .
4 A
zr
/117111
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Semi-Active Damping Control

Acceleration Driven Damper Control

Comfort / Road-holding trade—off
¢« SH 2-states

a ADD

¢ GH 2-states

R

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 e 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 . : T N S S N :
10

Frequency [Hz]
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Semi-Active Damping Control

Acceleration Driven Damper Control

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

I
o

L
o

Magnitude [dB]
|
o

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

s 18 ASUUUUUORS SNURNRS SNNON SOUOE NUUOS JOON SO0 OSSR *
— ADD :

|
N
o

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

I

_30 . : T N S S N :
10

Frequency [Hz]
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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

C;, (1) =cChax  If (z —a?z?)<0 A 2(z- zt)>0 v (z —a’z?) >0 A E(GZ- zt)>0
c;,(t)=cpi, If (Z —a%z?)<0 A 2(Z- z,)<0| v (Z —a%z*) >0 A E(z- z,)<0
\ ’ \ ] \ l
Y v v'

Frequency Selector SH 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) (*w?)

2
. 9 W
We can see that f(t) >0 = sin“(wt) < 02+ a2
If we call Dy(w)—A{t: f(t)>0,0<t<T}

Matteo Corno - POLITECNICO MILANO 1863



Semi-Active Damping Control

Frequency Range Selector

D.(w . Over a period T:

D ( )I—>01fw<<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+(a))| ,

—1lifo> a
|D+(w)| _l P
T 2

Matteo Corno - POLITECNICO MILANO 1863



Semi-Active Damping Control

Frequency Range Selector

$)

Magnitude [dB]
I |
& o & o

|
N
e

i : .
| - - - Passive (C;) | ; 5 T R
---Passive (c__) | 5 5 AR REE S S :
max : 5 : | o X

SH-ADD (=20)

|
N
)

I
W
-0
o
(=}
—
o

Frequency [HZz]
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Semi-Active Damping Control

Single Sensor Mix Algorithm

C;, (1) = Croax 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: @

« Stroke velocity m

« Corner acceleration and velocity

Two sensors for each corner
« Potentiometer
e Accelerometer

Matteo Corno - POLITECNICO MILANO 1863



Semi-Active Damping Control

Single Sensor Mix Algorithm

C;, (1) = Croax 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: @

« Stroke velocity m

« Corner acceleration and velocity

Two sensors for each corner
« Potentiometer
e 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?

Matteo Corno - POLITECNICO MILANO 1863



Semi-Active Damping Control

Single Sensor Mix Algorithm

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

I
o

L
o

Magnitude [dB]
|
o

- - =Passive (c_, )
min
Ll : 5 e : : P *
-+ =-SH 2-states : : : : : P

s 18 ASUUUUUORS SNURNRS SNNON SOUOE NUUOS JOON SO0 OSSR *
— ADD :

|
N
o

I

_30 . : I R N N N B :
10

Frequency [Hz]
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Semi-Active Damping Control

Single Sensor Mix Algorithm

Single sensor Mix Algorithm

Frequency response of Fz

Magnitude [dB]
I
o b o

L
0

|
S

in) : : : : N :
= SH-ADD (x=20)

1—sensor SH-ADD (x=20) S :
10° 10"
Frequency [Hz]

- - = Passive (c_.
m

|
N
0

:
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Both versions of the algorithm are switching algorithms:




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 Rkt 1 Crom )

Cref€ [Cnm’n yCmax

2 1 2

« Smooth
« FEasily
parametrizable

* [t converges to
the switching
algorithm when
Kgy INCreases

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.

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

2 T T T | 1 2

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 = SAlic, in Cmax] (Cnom + ksuZpAz + kappZpAz)

Matteo Corno - 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 Comaxl (cnom + ksuzpAz + kappZpAz)

We can extend the approach to the single-sensor philosophy

" LX ] 2
Crof = Cpmin, if(Zz —a?28) <0 :
ref i (& - a'2) W) Crer = SQlcypucmqnl (Kas|SQl o) (25 — @?25))
_ of 2
Cref = Cmax lf(zb —a Zb) >0

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

-  POLITECNICO MILANO 1863
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Semi-Active Damping Control

Calibration

(A) traditional calibration

propose calibration .
>

” feedback on performance
[0

Matteo Corno - POLITECNICO MILANO 1863



Semi-Active Damping Control

Calibration

(A) traditional calibration

propose calibration .
>

” feedback on performance
[0

(B) automatic performance-based paradigm

suggest test N
> >
-

data record i

Matteo Corno - POLITECNICO MILANO 1863



Semi-Active Damping Control

Calibration

’—----------------------------------------------\
l Experimental MR damper curves
I | m&_ ]_ I_ ________
I _— T~ . = & & 1 Min damping curve | |
I I . = — - = = \Max damping curve
I 1500 ™ \ Controllability region |
i I oom[7eee
I sl T \‘
él 0 g .01
: ': T
| =W B - -
....
I | I 1000 i S~ |
I | 1500 k\ |
| ~-

| 2000 g A

| I - [
I 2500 L | | | | i | | | |

I I -1 08 -06 -04 02 0 0.2 04 06 08 I
I I StrokeSpeed [m/s] I

Damping reference | Corner accelerations (x4)

command (x4) Stroke velocities (x4)
EEEEEEEEEEEEEEEEEEEEEER ContrOl Strategy ‘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

[ ——
E s hub TN R

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) jective fn (f(-))

¥ acquisition max

acquisition function (u(-))

t=3

new observation (x;)

posterior mean (y(-))

posterior uncertainty

(I—‘( ) i:ﬂ(‘))/__\

e S

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.
\.

- POLITECNICO MILANO 1863




Semi-Active Control

Calibration

Bayesian Optimization
Several acquisition functions:

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

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

jecti ion i El.(z) := B — fal*
Objective function is modeled as a () [ (=) = fa]"]
realization of a Gaussian Process El is efficient to compute and to maximize

At each optimization step:

Knowledge Gradient: We allow the decision-

An acquisition function determines maker to return any solution she likes,
f(X) where to sample the parameters
space next. Entropy Search: acquisition function values the
, , - information we have about the location of the
Frazier, P.I. (2018). A tutorial on bayesian optimization. . . ) ; .
arXiv preprint arXiv:1807.02811. global maximum according to its differential
entropy

Matteo Corno < 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.

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

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

7~ POLITECNICO MILANO 1863



Semi-Active Damping Control

Calibration

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

h(x) = ?’:0 An2k1073 (g—‘;) cos(2miAnx + ¢;)

3 . . . 3.5 .
[ v = 50km /h } Road profile in time oo, Road profile spectrum
3t
2k
Peak at the heave

g g25 reasonance
C _
— L frequency
=, =, 2
p 215
o= =
: ks
oy = 1

Matteo Corno



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
" Amplitude Phase | Lt
Amp ase lag e EGRE
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:
o} ]
.%' 0 4 _]A = jH}‘lDD
= zZJz __ ZJZ Z1)Z
=l Jimpr = JSHADD X100
8 AZI]Z
& -2r 1 .
0 0.5 1 L5 2 25 3 3.5 4 4.5 5]
Time [s
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Semi-Active Damping Control

Calibration

10

(1

[%]

SHADD
impr
o

&

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

£l ST G 0 J; 1508608 road Benchmark with switching Mix SH-ADD:
Az _
_20 | * ]impr - 9%
* T = 62%
40+
3
60 | Benchmark with Product SH:
-9 | | | 4 \ | | | « Better filtering of road excitation
RIS AU , —— . cal iark.
\}$ \\\&% \)@ \\d&% Slightly higher vertical jerk
039" Q3°

Matteo Corno 7~ POLITECNICO MILANO 1863



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, ISO8608 road 0 J. 1508608 road Benchmark with switching Mix SH-ADD:
. ]fnipr = —49% - due to reduced setup
5t
g Jz — 0
= * ]impr 43%
Q 0
Tx
AL
| 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| | [ \
S,
e
0 | | W, | | | | | | B
0 1 2 3 4 5 6 7 8 9 Performance
: | | | ! ! indexes are the
— 2T = Country road
5, ones
. OWM introduced for
& the validation
5L Ll
| | | | | on the ISO road
profile.
T 10
S5,
&
: \_ Y

Time |[s]
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Semi-Active Damping Control

Validation
A. longwave . J. longwave
— 20}
3
g 0 -50 b 0 . .
= | * Improvement in terms of A, filtering on all
=& -10 . . . 0
»p /V | il | validation profiles (up to 10%),).
0 1 2 3 4 ) 0 1 2 3 4 ) ) ) )
« Reduction of J, on all validation profiles (up to

96%).

 Better filtering of road excitation on validation
profiles.

A. country road

“

3

[%]

« Comparable vertical jerk on all validation
profiles.

SHADD

mpr

J

1
oy |

% A
X - o) : -,ﬁ Pry
‘«,’\'o&\‘\k o
N
v)\\\"\' ’;\\\‘

o

7~ POLITECNICO MILANO 1863
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Semi-Active Damping Control

Validation
A. longwave J. longwave

200 — Tt . 0 — —
§ 150
g 10 = 50 f « Expected degradation of performance in
55 % terms of A, filtering, due to reduced setup.
S0 T 100 ; . | | :

? ¥ & &8 3 & B « Comparable or lower J, on all validation
0 da DE profiles (up to 46% improvement on country).

60 +
=
Q—- 40 +

50 t
.2
==
=0
-100
20 : " ; . . . .
oo s - Better filtering of road excitation on /ongwave
A. country road J. country road

5 o] & . . and bump, comparable on country road.
% 0 S « Better reduction of vertical jerk on bump and
e country road, comparable on /ongwave.
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Semi-Active Damping Control

Calibration

(A) traditional calibration

propose calibration

>

” feedback on performance
{0 Je

(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]

(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

7~ POLITECNICO MILANO 1863
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APL Methodology

APL: problem statement

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

4

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

—1 if z; is better than x5

m(T1,22) =40  if 21 is as good as To e

1 if x; is worst than z,

Find best preference vector,
inside the feasible space.

find z* s.t. 7(z%,2) <0, Vz e R", <z <u

0..
]
.....
lllllll
']

Assumptlon properties of 7.

> reflexivity
n(xl,xl) =0 Vx, € R"

» anticommutativity
m(xy, xX2) = —m(x2,%1) Vxq,x, €R®

> transitivity
m(x1,x2) = m(x2,x3) = —1
= Tl'(xl,X3) = -1 Vxl,xz, X3 € R"

Matteo Corno

= [} -

166
166
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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

Matteo Corno

Underlying OF

2 L
15} . :
AN FAVR —1 if f(&1) = f(&2) < =0y
R 3 m(Z1,%2) =0 if |f(z1) — flz2)| < oy
PACII A s e it )~ f@) >y
8 2 10 1 2 8 e
: oy: comparison tolerance :
-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)

. POLITECNICO MILANO 1863



APL Methodology

APL: general scheme

Underlying OF

2
Initialization + scaling 2 -
‘ 1.5}
. ~ 3 : subject to (VW — W3 < —g+¢, Vh:b,.=—1,§
1) Learn the surrogate function » f(x) 05} . : ey, Vit |
) 3 2 4 0o 1 2 3 (WO -9 <ote  Vhib=0, i
(U — WIME> o e, Vh:b =0, :
820 e
. L . Surrogate function (scaled)
2) Define the acquisition function - a(x) ' ' ' B
08¢
06
/ N
f(@) =Y Bigled(z, z,))
3) Generate the next sample to test X1 | i=1
OF 1 1 1 J
105 o 05 1 RBF-interpolant

Matteo Corno
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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 ;
o} -8 |
1 0.5 0 0.5 1 -1 0.5 0 0.5 1

: Explorati A
Eormton [ = f9-0t0
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APL Methodology

APL: general scheme

Underlying OF

Initialization + scaling 2f
18 |f
1 A
- 3
1) Learn the surrogate function : (%) 05}

Surrogate function (scaled)

2) Define the acquisition function - a(x)
08t
‘ 06}
04F} 1
3) Generate the next sample to test XN +1 2 ;
0 [ L
1 0.5 0 0.5 1

IDW exploration function

0.08 |

0.06

0.04

0.02

Acquisition function

-1

-0.5

minimize a(z)

subject to [ <2 <wu

Matteo Corno




APL Methodology

APL: general scheme

. U.nderlying QF . 2 IDW exploration function
Initialization + scaling 2r 1 oo
L 0.02
15} : - - - - :
0.015 f
f ) 7 1 T i 0.01 |
3 4
1) Learn the surrogate function o £ (%) osb—1 \I/ | B e 1
| I 0 : - 2
\ ) 3 2 4 0 1 > 3 1 05 0 0.5 1
Surrogate function (scaled) ] Acquisition function
2) Define the acquisition function a(x) ' G
0.8} 1
\ y Ot
0.6}
g ) 0.4} 1 1
3) Generate the next sample to test — X1 21 5 ' 2
0 L .
) g -1 0.5 0 0.5 1 -1 0.5 0 0.5 1
Observe
(%, Xy41) eee

Matteo Corno




APL Methodology

APL: general scheme

. U.nderlying QF . > %10 °IDW exploration function
Initialization + scaling 21— 1 1 T 1 1] ° {\ / A '
6 4t ]
15} -
7 3
, ) 1 1 T 2
- 3 / 5 b 8
1) Learn the surrogate function o £ (x) 05l L \
. / 3 2 410 ¢ 1 2 3 °% 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 2> x*as N — oo
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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

afz) = z( z) _@(z) . 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

Matteo Corno - POLITECNICO MILANO 1863



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.
VA - (30 km/h using CC system)
comparison (z;, z;) driver preference T

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

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

Matteo Corno




Bridging-the-gap from theory to practice

Preliminary Experiment

T T
@ 1]

Preliminary Experiment h °
1) Understand our capability to perceive different 140} | hard-soft soft-soft || e oI
120

2) Fit rough model of underlying OF.

—

o

o
T

|

|
behaviors of the car. _ . | .

|

|

|

Parameter Rear U5
[e0]
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 Jp
1
1

comparison (z;, z;) driver preference T 4 benChmark Settlngs In the
................ _— parameters space:

X1, X9, X3, Xy

Matteo Corno - POLITECNICO MILANO 1863



Bridging-the-gap from theory to practice

Preliminary Experiment

: Same procedure as in APL
: to learn the surrogate.

Test# | 1 | 2 | 3 | 4 | 5 | 6 [N
06"
A 2. x ox ox oxn 6 \
e - —
0.4
0.2
beSt xl x1 x1 xz xz X3

100
150 150

Parameter Front o,

Parameter Rear vp

 Driver is able to express committed preference.

» o , Preference-based identification
« Transitive property satisfied = ranking: s_s, h_s,s_h, h_h. of the underlying OF.

Matteo Corno - POLITECNICO MILANO 1863



Bridging-the-gap from theory to practice

Simulation

Tuning hyperparameter § via simulation

heuristics: equivalent to 20
of = 0.05 <« steps of “resolution”, :

- expressing our preference Stopping criterion
----------------------------------------------------- -l'},]e APL procedure Converges
f_vzlilue | | | Wheﬂ
—0=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

Matteo Corno



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 9z 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.

Matteo Corno - POLITECNICO MILANO 1863



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, 61B, 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

Matteo Corno < POLITECNICO MILANO 1863



Experimental results

APL Experiment: comparison § =1

160
140

120}

Parameter Rear 95

40

201

100

80

60

Exploration history 414 Exploration history 4158 Exploration history §1C 6 &
‘ ' ' o[ ‘@/’; - 160 ' Y
140 ' y | 140
3 ; -
120} ] 120+
= o =
& 100 : 5 100}
~ ~
g 8ot £ 80
= .
5 60 £ e0f
~ [l
40 40
*1
el 20+ 613 20+
1 i 1 0 i 1 II 7 U 1 A 1 1 4
50 100 150 0 50 100 150 0 50 100 150
Parameter Front g Parameter Front g Parameter Front g
APL 6 = 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).
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Experimental results

APL Experiment: comparison § =10 /6 = 50

5 Exploration history 610A 4 6 Explora.tlon hlstory 5103 13 5 6 Exploratlon hlstory 450 22
160 . : 160 | T i :
140 140 -
120} 120
= & ]
= = =
g 100 g 100 5
e e =
g e g e L
= g
= 60} § 60 g
jal A i
4 40t
20 20} -
610B
0 8 | ! - 1 ) 0 7 L ..gx i o L g 1 L
0 50 100 150 0 50 100 150 0 50 100 150
Parameter Front g Parameter Front 9 Parameter Front Jp
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) |

Matteo Corno



Experimental results

APL Experiment

—
ﬁ(@
T S R

5100 g 100 2
&L = R
5 sl : £ w0
- s T e e £ g} S~ =
& & L ? Loy~
© = Y
2 = q 2
s
g s 0
o E)
Purmncter Front

{

Parameter Rear Jp

160 _--====__ 1 |+ Confirm poor exploration of § = 1
~ | ~
140 S @ ]
ol ‘\\ ' ‘ o « Equal-optimum points with § = 10
Trtesee—T are inside equal-optimum area
100
' .
80| * § = 10 best compromise
ol (considering Neony)
@ JlA
i @ J1B . . .
40 Q o « Exploration-exploitation trade-off
20t @ 5108 in agreement with simulation
O 650
oL |
50 100 150

Parameter Front 9p

Simulation ----

15 2

36

Matteo Corno

13
> 39*

i How to 5
: validate/explain :
: this result?
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Experimental results

A preference-based comfort index

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

[6)]
T

1/ /Azdt Vertical acceleration RMS
@L \/ / H2dt 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
[
-
N
(&)

-
o
T

Rotation speed [deg/s]

v 4P V. P71 (
s u=[m Jh Jnj Jn]input -1 if J}—J}< —0y
. € 1—1,0,1§ output i
yEL youtp m(u) =40 if|J}—J} <o,
= D = {(ug,¥1), ..., (ug, yx )} dataset
1 if Ji)‘ = JJA > 0y

\

~~< POLITECNICO MILANO 1863
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Experimental results

A preference-based comfort index

Learning procedure 5
: subject to Ty + A — Jf‘;; = )\J;S < —05+¢en Yh:y,=-1,
Slﬁ;kﬁvarla?le.ngln.lmlzatlo.n problem, FAMNE =T =ME 20 —en  Yhiga=1, i> 2 (and )
which constraints imposes: FANE =T A <oy ten Vhim=0, |
ﬁ(xh)=yh,Vh=1,...,K J,‘L;-F/\J,{:—J,Z—AJ{;Z—O'J—E}L ‘v’h:yh=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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PDF

Experimental results

A preference-based comfort index

J* from dataset DriverT
(113 preference data)

\ Tnean |

007 008 009 01 011 012

0.13

0.03

0.025

0.02

FError

0.015

0.01

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)

‘ A =0.12

Matteo Corno
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Experimental results

BO with J* Experiment

setup
'I) Automatic Calibration Via BO Wlth ]/1. NN EE R EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
2) Check if BO optimum is similar to APL>
results Validation. ..........................................

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

suggest test LN
-

J* =J¥ 012875

data record
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Experimental results

APL Vs BO

176
174
172

17

S 1.68
166
164

1.62

« equal-optimum area from APL
i « equal-optimum area from BO i

160
140

120

- J* gives interpretation of APL result
- model of driver preference

100

« APL with § > 10 retrieve optimal

Parameter Rear 95
o
S

%0 solution according to J*
40
20 APL is time/cost effective
0 :
0 50 100 150 -« BO ~40 min Vs

Parameter Front Jp

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

Full Body Control

Ceq,FL
—_—

Ceq,FR
—_—

Ceq,RL
—_—

Ceq,RR
—_—

Bk
>
Tqgng :
. >|  Maneuver maneuver Scheduling
4 > adapter |
Vbody >
7 7 ZC,FLJ ZC,FRJ
d,FL»4d,FR» Ze RL» Z¢.RR Mived
Zq RL» Zd,RR
5oz SkyHook-
. . c,FL)»4c,FR .
ZeFLy Ze FRy Eilterin s .. Acceleration
5 , 5 ’ g Z¢ RL)Zc,RR Driven
c,RL' Zc,RR . . Damping
Zd4,FL Zd,FR/ (SHADD)
Zq,RL»Zd,RR

Matteo Corno

Cref = SAl[c,. . Cmax] (Cnom + ksuzpAz + kappZpAZ)

WNT

POLITECNICO MILANO 1863



Semi-Active Damping Control

Full Body Control

40.317 40 40
* PoliMi gain 0.12 buono = 20 = 20
40.316 A )
= 0 SR
40.315 = .
< 20 £ 20
40.314 -40 -40
0 5 10 15 20 0 5 10 15 20
time [s] time [s]
40.313
30 40
40.312 = 20 el
17.812  17.814  17.816  17.818 B £ 20!
2" 5
Thanks to the use of the driver scheduling, itis & o 3
. g @}
possible to slow down the load transfer and B 40 =
thus yield a more stable feeling while 0 | | | [ | | | |
negotiating corners. o 5 10 15 20 o 5 10 15 20
time [s] time [s]
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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

Matteo Corno



Semi-Active Stiffness Control

Air Spring — Pneumatic Spring

L]

Alr
bellow

: B
..
—I. 4“
- - -

="\ e

W ]

Equivalent «k»
computation (see

sectiqn on load- Air inlet/outlet
levelling control) e

"'I;;);IIIIIIIIIIIIIIIIIIIIIII/IIII/IIIIIIIIIIIIIIIIIIIIIIII/I’ .~
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring

Alr
bellow

e e

LG L]

Equivalent «k» | a(Z B Zz) v

computation (see

sectiqn on load- Air inlet/outlet
levelling control) 0

GIIIIIIIIIEIIIEIIIIIIIIITIITIIE T IIIEIEIIIIIIIIIIIIIIIIIIIIII Y

//IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IELEETITTTI TSI S

;

s

’

‘|

4

E

)
%
%
%
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Slow Active

\ Air
N 2
s § be”OW
A A
N N
A A
\ N -
N\ N
N N
} \
N N
N \ ‘
s \ B
N \ T
4
s \ ¢
\ A i
A A
N N
\ N
N 3
8 N
N N
N N
g A
N
N g§ H o
\ I\ Equivalent «k» 3 positions: =
\\ A computation (see load: hold: ¢ et ]
N\ : _ L ! .

N> section on load discharge Air inlet/outlet

levelling control) 0
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

|' }
0z E I
o] I |
| . F
i N J— T _J

N o e o o e e e e e e e e e e e e e o e =

Matteo Corno



Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

Matteo Corno - POLITECNICO MILANO 1863



Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

Hard configuration O:
il Valve NAE
configuration configuration
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

Hard configuration

S Valve System
O configuration configuration
I
1
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

Hard configuration O:

Valve NAE
configuration configuration

Matteo Corno - POLITECNICO MILANO 1863



Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

Soft configuration O:

Valve NAE
configuration configuration

Closed Hard
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

S Valve System
@ configuration configuration

Soft configuration

0 Closed Hard
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Semi-Active Stiffness Control

Air Spring — Pneumatic Spring — Semi-Active

Soft configuration O:

Valve NAE
configuration configuration

Closed Hard
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Semi-Active Stiffness Control

Kick-back

Mechanical characteristic
[
Hard configuration

Soft configuration

x10%

FIN]

40

0
-40 -30 -20
Stroke [mm]
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Semi-Active Stiffness Control

Kick-back

Mechanical characteristic
[
Hard configuration

Soft configuration

x10%

FIN]

40

30

0

0
-40 -30 -20
Stroke [mm]

10 20

POLITECNICO MILANO 1863
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Semi-Active Stiffness Control

Kick-back

«10% Mechanical characteristic
4 | I
Hard configuration
Soft configuration
== == ==New hard configuration
35— (0] Original equilibrium point —
3 |

\
_ \
z L \ B -
[T 2 N ] I
S
15— —
§
1= |
0.5 — —
0 | | | | | - | |
-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 oL S _
L 2 N
A
o \ _
1= —
(e e o e - —
05— —
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 — 8W

Law of conservation of mass

Mmain T Maux1 T Maux2 = CONSL.

Flow trought valves o G )% (P )YTH
Qm,i — 2itty vpmax\J RTup(V—l)

pmax pmax
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Semi-Active Stiffness Control

Model Identification

( ;
_’y-pmameam + 7R(Tmain'mmmn_Taum,l'mauz,l" aum,?'mauz,Q)

pma’i'n' = Vma.in Vmain
5 — A/R(Tmainma.uz,l'i'Tau:,lmauz,l)
Paux1 = 7 o
) s 'YR(Tmainmau:,2+Tau:,2mnuz,2)
Pauz,2 = Ve
T i i (1_7)'Tmmﬁn'vmain _|_ (7_1)'R'T3w,in’mmain - 'Y'R'Tmain‘(Tau:c,l'mauz,l+Tauz,2'mauz,2)
pLU Vinain Vonaen ‘Prnain Virain ‘Prmain
2 ) ~
T = (7—1)'R'Ta,u1:_l Manz,1 _|_ 'Y'R‘Tm.ain 'Ta.u:r.,l Moz, 1
aur,1 Vuu:l:,l Pavz,1 Vau:,l‘pauz,l
2 0 .
T 5 = (7_1)'R'Tau1,2'mﬂ"172 + 7'R‘Tmain'Taum,2'mau1,2
aur,2 —

Vaum,Z'puuz,2 Vauz,Z‘pauz,Z

y+1

2
: _ A C 2y Pmin L Pmin % >
Mmain = 51 ° Avymazul ~ Pmaz BlaG=1) |\ e ~\ipe Sign(paux,l — Pmain)+
2 foinnt
'I'S . A C . 2’)’ Pmin,2 L _ Pmin,2 1
2 * Ay;mazC2 * Pmaz,2 BT 2(=1) | \ Prmac2 ra—
3T

2
. 2 y o/ y 7
maum,l =481 A'u,'ma,:vo'ul ’ pma'w\/RTupgy_l) [(;:::;Z) a (%ﬁ)

] Sign(pauxﬂ = pmaz'-n)

] Sign(pma.in - (pa,'u,:z,l)

y+1

Pmaxzx,2 Pmaz,2

ka = (pma:in _patm) - A

Matteo Corno

2
. 2 min, & in, ¥ Y
Mayx,2 = 52 - A‘u,ma;r:Cv2 ! pmam,2\/RTup 27(,7_1) [(p 2) = (p—:z) I Szgn(pmmﬁn = (pa'u.:z:,Z)

//"’;7"" v
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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 = = Py est| | Prmain 7€l = = Pgin 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 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 = = * Prmain €St
qt - 7h
— 6.8 = 68+
=) A
o 6.6 o 661
= =
2 6.4 2 64
g &
A 6.2 A~ 6.2
6 - 6t .
O open — closed Q closed valves
5.8 1 1 I 1 1 1 I 58 1 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

5.17 -
opened, the pressure
5.16 |- _ |
"old” mathematical (and consequently the
5.15 models - elastic force) has a

_ jump. The mathematical
model is able to
describe the pressure

i dynamics at the valve

5.14

Pressure [Pa]
[
&

5.12

- —— o e e e e e = - -
'T..l.....
.

5.11 - opening.
5.1 e Pmain,real —
--------- Prnain,sim O The old models do not
5.00 | | | | | | | | . 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 Car designed to have a

very comfortable on '\ good handling. on cUrvy-
straight road; FIXED r‘??fds' FIXED high-
low-stiffness and stiffness and FIXED high-

i Hardening — . dam pl ng
FIXED low-damping STRAIGHT Hardening

CONSTANT SPEED )

Good-Comfort - Poor SOFT (or «skyhook») Good—HandImg — Poor-
handling / \ comfort

Softening

Matteo Corno



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 suspensions stiffness
as soon as starts braking
manoeuvre

___PRO__| _CONs

Minimized  Effects given by
control/ suspensions
response time  unbalancing

Matteo Corno

control stratégies com parison
T

Hardening independently front and rear
suspensions stiffness when braking
manoeuvre /s started and left and right
suspensions are at the same stroke

___PRO__| _CONs

Left and right

suspensions : i
balanced for /m,z;r C;VGHme‘
each side eaye




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
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Semi-Active Stiffness Control

Load transfer forces

Accelerations

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

[ole]le

Matteo Corno 7~ POLITECNICO MILANO 1863



Accelerations

140

Semi-Active Stiffness Control

Load transfer forces

Estimator

Matteo Corno

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.

7~ POLITECNICO MILANO 1863



Accelerations

Semi-Active Stiffness Control

Load transfer forces

Estimator

50g;omparison load transfer force - suspension stroke.a
T T 5

3000 |

2500

2000

1500

1000

500

Force [N]

o

&
8

-1000

-15600

-2000

Suspension stroke
— Estimated load transfer| {40

Stroke [mm]

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= T3],
{inversion=1} {s=stroke}
Load tra ———
- S . -
Extension Wait steady state Fz
[Fz_fast < -T3J; . [after(time5)];
— {s=stroke} afterimed)); » {inversion=1}
H Wait Init Wait
Suspensions strokes I Y| Compression _
_— _— _— _— _— _— _— _— _— _— _— _— _— _— _— Ex{enSIon
after(timel) <«—([Fz 2 T1]:{s=stroke Fz < -T1]:{s=stroke}— after(timel)]—|
Control logic |
/F F [Fz<T2] [Fz2T1] hoiinedl (FzT2) [F2s-T1]
fl S1 Tl
-_— - — ’ -_— -
A Z A {stroke>s} - 81f1 - [stroke<s}]
Z l S Z'r l s2=1
— — -_— = P Finished compression Wait Finished extension
[after(time3)]
Fyr 51 Frr

— &5 — ’ — [after(time2)||linversion==1}inversion=0} > after(time2)||inversion==1}{inversion=0 B

Az S A
\_ 17; 2— [ 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 F2>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 T
- -l'__t:ad transfer force slow | | Full Hard
T2
Braking maneuver 800 - Spring control action
' = -1 81=0 s2=1
————— -;a 600 -
S < o OPEN CLOSE OPEN
' o 400
e = - s1=1 5220
2 200 e —————————
o
E ! ‘s
é(o"-s 0= —— Full Soft
6 = AX - Longitudinal acceleration || -200 I '
= Ay - Lateral accekeration 0 5 10 15
5 ;

=]

Time[s] " ' Time [s]
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Semi-Active Stiffness Control

As soon as the estimated
load transfer force is Cc X | Pitch | ension
greater than T1, valves get Soft configuration
g g Hard configuration s1=0
closed. Then if the force is o | [ Core ogic I
lower than T2 valves get
opened again.
= 1T
()
=,
5
1200 o g5t —
1000 |- o
i B'raking maneuver 800 ol )
; N—— Z 600 B
£ « S 400f 05 ' :
5. 200 | 0 5 10 15
54_ Time [s]
8 0 e
< -5+
— Ll scadn | 200 .
K Time [s] L '

Time [s]
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Semi-Active Stiffness Control

Kick force occurs if the valves

are opened when the | - _ Az corner | ,
pressure of the auxiliary \ * [Varves ooens Soft configuration
. . . vV .
chambers is different with 15+ - P ga’d et |
P ore logic
respect to the pressure of the o _— ?
main chamber. < i L | * |
This phenomenon worsens E, Kick force
the peak of vertical S5
acceleration by 38%. 1 ® 057 1
o 2

. Blrakmg maneuver 8 < 0 i

0 e —— Z 6
E.l 1 s i
g 10 104 102 103 104 105 106

— 1L Time [s]

=]

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

Wait steady state Fz

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

Extension
[Fz_fast < -T3]; ﬁer i 4".

[Fz_fast= T3],

[after(time4)]; {s=stroke}

[after(time5)];
— W L & W]

I ¥ ) Wait Init Wait
Compression )
I Extension
I after(timel) <«—([Fz 2 T1]:{s=stroke Fz < -T1]:{s=stroke}— after(timel)]—|
.
I [Fz<T2] [Fz=T1] [after(ime1)] [Fz>-12) [F2s-T1]
{stroke>s} - s2=1 - [stroke<s}]
I Finished compression Wait Finished extension
I [after(time3)]
I [after(time2)||linversion==1}inversion=0} > after(time2)||inversion==1}{inversion=0
I Slow opening

147
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Semi-Active Stiffness Control

Control action V2 - Rear Right

400 T T
Valves get opened if the T —— — = Load warsfr e |1 o
load transfer force is : (\ S
lower than the threshold a0

Force [N]

T2 and the StrOke is el | - 81=152=0
equal to the closing one. 500
-1000 Full Soft

-1200 . |
0

5 10 15
Time [s]
- Control action V2 - Rear right
T T
1 Suspension stroke /-\_\‘ 1
Braking maneuver L Spring control action Full Hard
1 I 25
0 ——— E‘ZO - —151=0 s2=1
s . ek
215
2} o
n 10 —181=182=0

Acceleration [m/sz]

5 —
b T i,

0 e Full Soft
.5 =

-5 | |
6 —— AX - Longitudinal acceleration || 0 5 10 15
p — Ay - Lateral accekeration Time [s]
0 10 15

Time [s]
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Semi-Active Stiffness Control

. Pitch
The core logic and the 2 | L ,
controller bring to the Satioahfigaration
. Hard configuration
Same Improvement 15k Core logic
because the closing = ol R
strategy is the same. 5 1l
3
i ox
S
A 05F
B'raking maneuver 0r
0 — jpr——
' 0.5 ' '
0 5 10 15

&

Acceleration [m/sz]

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

~ &5 &
T T

=]

Time [s] 10 o
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Semi-Active Stiffness Control

o . AZ
The new condition leads . . o OECOTAL ,
. . [ Soft configuration
to a delay in the opening : Hard configuration
. 15 | ; Core logic =
that solves the kick-force . |Valves opening|  |=-=- controlier
problem. ! | Core logic .
. 1r | | o0
E !
S Valves opening| -
w 05 I 4
B Controller
g
= 0 Fas—
B'raking maneuver
'_.v ————— 05}
.ﬁ;: M | I | | | | | I |
.§_3 10 10.1 10.2 10.3 10.4 10.5 10.6
54_ Time [s]
g

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

~ &5 &
T T

=]

Time [s] 10 1o
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Semi-Active Stiffness Control

F----------------------‘

Wait steady state Fz Compression

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

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

[Fz_fast= T3];
{s=stroke}

Extension Wait steady state Fz
[Fz_fast<-T3]; . o [after(time5)];
{s=stroke} afterimed)); . {inversion=1}
) Wait Init Wait
P i — S . - N . - N
after(timel) <«—([Fz 2 T1]:{s=stroke Fz < -T1]:{s=stroke}— after(timel)]—|

AF
+ _ _ ATFR
4

[ . \\
Traction!
[Fz<T2] [Fz=T1] [after(ime1)] [Fz>-12) [F2s-T1]
[stroke>s} > :;:i - [stroke<s}
o Finished compression Wait Finished extension

[after(time2)||linversion==1}inversion=0} >

after(time2)||inversion==1}{inversion=0
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Semi-Active Stiffness Control

When maneuver inversion is
detected a rapid opening and
closing sequence is actuated in
order to change the working curve,
selecting the one that minimize the
stroke for the second maneuver

Torce.

—>Open Loop
—> Controller
© Opening
e (losing

Matteo Corno

v wee Force (hard)[kN]
Force (soft) [kN]
= w = Force (hard new) [kN]| ]

1t maneuver force

R vl
L1 e : e
I Amnm le—s R
! I :\,
T7mmre— g
-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02
Stroke [m|



Semi-Active Stiffness Control

Roll
All the maneuvers except for the 2 ° .
first one benefits from the . 3rd 4 5
equilibrium change, achieving | 63%
improvements of up to 63% 1} °
05 f
5
= of
15 E
_05 - .
A
.§ 0 Soft configuration
g 1.5 Hard configuration | |
S 05 | - Controller
< 2 . i T |
X N/ 0 S 10 15
— Ax - Longitudinal acceleration .
— Ay - Lateral acceleration Time [s]
1'50 5 1I0 15
Time 5] Steering to the left Steering to the right
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Semi-Active Stiffness Control

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

Is 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 I T T I T T I
B passive damper - hard spring
I shadd - hard spring

[ passive damper - soft spring
[ shadd - soft spring
-passive damper - optimal spring| |
[ Ishadd - optimal spring
:optimal damper - optimal spring

60

50

40

%
o
T
|
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Semi-Active Stiffness Control

Causal Control — Neural Network Based

z,(t)

Zp(t)

Z(t)

S(t .
Neural Network ®) Zp(L)
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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

Matteo Corno - 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 )

Matteo Corno - POLITECNICO MILANO 1863



Semi-Active Stiffness Control

Causal Control — Neural Network Based

INPUT DATA DIVISION: | "-‘"?I

|

|

|

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

|

|

|

|

|

|

TRAINING SET.

« 15% used as
VALIDATION SET

« 15% used as
TEST SET

-

~ -
-~
-

Il I -

f -&:

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
40 - —T N 40 - T -
|
|
|
30 | ’ 30 -
|
|
20 - } |
| 20 - N
|
10 - n
| 10 - .
0- : 2
+
+ I 0r _
S — — — :
1
10 - - — E— —— -
20 - 4 — — : —
| | | | | | | 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 s ol | | |
£ | I | S l l
101 1 | |
I I 10 [ I B
o | 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

12

]
-kNN and CPassive

-kOptimized and CPassive

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 I I
- ky With presand accand ¢, .
- ky With complete datasetandc,_ .
10 .
>
8]
=
()
3
O
o
L
5 "
0
16 14 12 10 -8 -6 4
)
improvement [ /°]

166 Matteo Corno - POLITECNICO MILANO 1863



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
~ bumps (simulation study) : ] ‘
| T EEEEEEEEEEm—_——— N
control controlled | [ |
input output : . > Foom Car ||
. EsmsmEEnm = > Suspension FR } ] 2 dynamics | |
Simulator | ® MicroAutoBox Il : f=: = :
: . =90 DD 1 - |
7 road disturbance ) —_— ! . . I
| A | Sensing and . I
i [ B gt pro] | i estimation . I
% B 7 'IIIIIIII1I ° EEEEEEEN N I
2 st I 1 .'E: :
T
0 I \\ __________________ _l
|
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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 to‘l‘Tw
min — j 7, (t)2 dt , Cost function
to

I
|
I
I
|
I
I
|
I
I
| 1 . .
s T=1,...fcTw TW I g 5L Bump No.1 | |
| 0 -
: g 12 - I | | | Bulmp No.2 | |
subject to: , o . l . . .
— 10+ i
i g i Bump No.3 | |
A 0 10) = G DG A ' N ' >
’ model equations | = / o~ Bump Nod| |
. l O 1 | 1 | !
x(ty) = %(ty) Initial state : 0 ! 2 pace fu| ° 6 7
|
. | T Height [cm] Length [em]
s, €{01},vr=1,..,£.T, Input boundaries | szj eg7.5c e g1ooc
. : No. 2 7.5 200
z,(t) = Z(t), t € [to, to + Tyy) Road preview | No.3 10 360
: No. 4 12.5 610
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Comfort-oriented optimization

Optimization results

= Bump height profil .
S | S Optimal results
5 ol | Vertical acceleration is reduced thanks to valve
T switching.
0 : : :
T T T T 4 N\
e Acc. (hard) . . . .
§ 51 2 (soft) )| A bump is a single-event type of perturbation which
= mmm Acc. (Optima . .
50 / \/ =y particularly excites the body resonance (= 1.2 Hz,
)
= sl ~/ | most important chassis vertical movement).

20 T T : \
. —- s Chassis displ. (hard) . .

5 10} e Chassis displ. (soft) | Soft spring performs better than hard spring at

- /7 = = == Chassis displ. (optimal)

g LS \ g the body resonance frequency and ensures a natural
S¥> motion during settling.

-10 ' ' ' ' \ J
__op p g
— The controlled spring outperforms the passive
> . .
< configurations, especially in the release phase of the

L+ Optimal valv ition | 4 . . .

¢ | | | Optimal valve positio bump, while keeping the motion natural.

0 0.5 1 1.5 2 2.5 \ J
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Comfort-oriented optimization

Improvement indexes over bump types

I
o T T T T — — l
% 10 L ‘ Bump height plohle\ | | Take__ho me W\essages
= |
® 5| T
i :
0 n , : Improvement indexes:
= l ‘ ] A(,:(‘. (hard) ! .] _]SO t
I Acc. (soft) . I ]lmpr' = —f XlOO
é '/5\ "_.—~\ = mmm Acc. (optimal) 1 SOft
€ 0, (Y / VP o e e ——— - i
< \. / |
< \- .
i , | | 1 ! Improvements are up to 17%, depending on the
| . . . . . .
. ' | et i . velocity. This result is consistent with the previous work.
? 10 L ,’-\s Chassis displ. (soft) | |
2y /7 \ == = Chassis displ. (optimal) I I I I I
= /o ‘\ I X [ J10 km/h
Z‘-‘ [ — N ",‘-—---—-—-—-— : =—= 15 F -20 km/h
a N4 : g I 30 km/h
-10 | I 1 I I .S —
, x 1 : - 10+
- JOP | g
oL I g
2 | I : 5l
3 : -
CL - ‘ Optimal valve position | I —
I 1 I I 0 ]
0 0.5 1 1.5 2 25 | Bump No.1 Bump No.2  Bump No.3  Bump No.4
Time [s] :
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Comfort-oriented optimization

Energy release principle

|
% 10 L ‘ Bump height profile | | | Take__home W\essages
= |
- I
\ : trolled | incipl
0 l | J , (controlled) energy release principle
= l ‘ ! A(:(‘. (hard) | i i i I I
! dos || Itis a p.hy5|cal way to insert active energy into the system,
E |2\ AN — == Acc. (optimal) ! by storing and releasing pressurized air by valve switching.
8 (), ‘\ '/ VP o e e ——— - i
< = '\_/ I .
) , | | | 1 | Force jumps down
20 T T T T I H 1
Chassis displ. (hard) 1 Pressure inside
T ol Vi Chassis displ. (soft) || # chambers have different
‘% '/ \‘ m= = == Chassis displ. (optimal) I levels (valve Closed)
’_% 0 —‘/ \\ e S S R e e ————— I
A WL o 1
-10 | I 1 ! :
_ OP ' | ' ‘ I Pmain
Y I
o i | |
G |
a . . !
CL + ‘ Optimal valve position | 4 I
0 0.5 1 1.5 2 25 |
Time [s] :

Matteo
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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
T
| RS
b

T Optimal opening happen in proximity of the
= 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
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Experimental validation

Experimental setup

Availability of 4 multichamber I,’ T T

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 I E Fe" ‘_S_uip_eESI_OEEL__r"*
and is applied independently to the T s SuspensionRR b = = >

four suspensions.

\--------_’

Sensing and E
* Delay (estimated) due to estimation -
transmission and actuation: 30 ms T _E‘ ThnnmmmmmmREEEs
e ot+eo
« Control sampling time: 100 ms ®
\
| ——— -

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.

.

=" HYUNDAI
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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. )

o — - ” TS\ \ a 2l i ™ e o
e e o HYLINDAI
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Experimental validation

Experimental results

B wd 07 Experimental results
Nﬁ . FL corner, RL corner and pitch rate as signals of
= . Interest.
' len Dynamic valve switching outperforms the passive
II .................. - OP benchmark In a” Corners Performance are hlgher In
% : . the bump release (in line with expectations).
g N e AU T \ J
m. Hard ( .. . . )
g Soft Inequalities in the front/rear acceleration corners are
= = mm Optimal
— Holve sequence] J CL given by a different suspension sizing. Also,
- performance can be enhanced by lowering delays.
~ \_ J
<
£ /"“"““m The pitch rate is positively affected by suspension
'J:: - . . . . . .
£l sl control, even though only acceleration minimization is
=== == Optimal .
: - : : 2 enforced in the control problem.

Tlme [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
120 109.26 % . 120 . ” : . . 120 . . .
o 104.35 % A
100 100 % _ g, g7 1 100l 00% 1 ol o228% 100% |
84.35% 88.08 %
80} 80 80t
S
¥ 60 60 * 60 r
E
= 40¢ . 40 + . 40 ¢
Jacc% (hard) -Jacc% (ha‘rd) -JPitchRate%(hard)
20 ¢ Joeeyy (s0ft) 14 201 [ Joein (soft) |4 20} 1 pitchraters (soft)
J(ﬁf% (optimal) Jlﬁf% (optimal) . B riichrater, (optimal)
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.

—cmln.kson -

deg/s]
=
—;
= et
—’\'_;
f/
/
\‘
\
%—
\
~
,
‘*
; ; J)
[ -
\ ‘,-’
! e
\ '
! ‘.ﬁ-b
\ —_.‘
é
a—‘—’
“‘—‘
.»
J"»
»'ﬂ.
‘
‘
=—,
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Stiffness and Damping Control

Coordinated Stiffness and Damping Control

piston
semiactive .
damper main -
chamber auxiliary
¢ chamber
Vmain Vaux

>
N

) \_ Pmain Paux

Fsusp:Fc‘l'Fk
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Stiffness and Damping Control

Coordinated Stiffness and Damping Contro with a hierarchical control

system
S
Force-tracking -
lgorithm ~ |_Cin £
- JEG = Tlim T/ [Zg + ,OAzQ] dt
—00
[Pmain, Zb, 2] /

[Z5:.2¢: 2552 | Comfort oriented control

Zy x = Ax + BFL?
FI@ = _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 — e
where  Foer = —cAZ + (_pma,@n — Patm)A — Mg
Daisy chain algorithms:

(pmaz'n — patm)A — Mg - FLQ
Cma:z:] Az}

N Gy = Sab[c,min,

Priority goes to the damper because of smoothness
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Stiffness and Damping Control

2) The ideal chamber pressure is:

i
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

Vevan = N7
e Vmaz'n,O i AAz T8 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.
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Stiffness and Damping Control

When (pmain —p:nam)Aé > 0

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

. POLITECNICO MILANO 1863
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Stiffness and Damping Control

When (pmain —p:nam)Aé > 0

We have two options

(pmain — pfnam) <0 and Az <0

— ™\

P__.is smaller than desired one Pmain Will increase

\/

Speed up the increase - close the valve

. POLITECNICO MILANO 1863
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Stiffness and Damping Control

while t < t_,,4 do
i (Prwin — B ... )2 = 0 then

St — 0
end if
if (Pmain — P, 4, )A2 <0 OR Az =0 then
if |peq p:’baznl < |pma,7,'n, R maznl then
8 = 1
else
St = St—1
end if A
d if Equilibrium pressure.
?n . Wait until you are close to the equibrium pressure to
i B i — Prain = 0 then
open the valve
St = St—1
end if
t<+—t+1

end while
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Stiffness and Damping Control

while t < t_,,4 do
i (Prwin — B ... )2 = 0 then

St — 0
end if
if (Pmain — P, 4, )A2 <0 OR Az =0 then
if |peq p:na,zn| < |pmazn — mazn' then
St = I~
else
St = St—1
end if Equilibrium pressure.
end if Wait until you are close to the equibrium pressure to
if Prmain — Py, g, = 0 then open the valve
St = St—1
end if It is a discrete time algorithm
bg—G+ 1

end while

Matteo Corno - POLITECNICO MILANO 1863



Stiffness and Damping Control

2
5
g OF
&
Q
=

_2 | | | | |
é"Q' 9| Skyhook control Multichamber complete sssssssss Optimal control
& 1+ - a | .
8 s : g 1F H : . ‘ § pPif
% O e - ; .. v - -"‘.9: 4 . %
5-1r LS ?OHEE ' WY VY-
p—t ) ' - ¥y B )
§ ) e - | 2
< | ] | | |

10 10.5 11 11.5 12 12.5 13
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Stiffness and Damping Control

20

15

Benchmark Sky-Hook
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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

Matteo Corno - POLITECNICO MILANO 1863



Sensing Preliminaries

Semi-active damper

o .
D e p——1 I E—
-——- - -

P . %

I Elongation (stroke) sensor

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

CoG IMU (3 accelerations
and 3 gyros) - Optional

- Electronic Control Unit
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Sensing Preliminaries

Lttt
Physical sensors (signal + noise):
- Body-accelerometer z+d_

- Stroke sensor (z—2z,)+d,

Body speed estimation

\

Vis)= A(s) -|1D(S)—
L

V(s) =A(s>Sig

/

—_—

+D(s)L
S+ &

e=2r-0.1
(OK beyond 0.1Hz)

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

Stroke speed estimation

-——

- ~

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

1l

-~

I I,
s+I',s+1°,

[ =2720,[, <T,
(OK below 20Hz)

Matteo Corno
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Sensing Preliminaries

0
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!\ e e —t -
e — 4 — - = o — - ~ NN\
A — b £ - - -f - —
o 2 — . a S NN SN
{ - { '\\ o 3\
| .

!
8

—— -
—_— .‘\. | \\\.‘\.\. "/

™
— 1
\
\
\
)
|
—1
"
Ly
7
%
7
9
-7

’ - »
\\\" . T it --“.I.
W,
e —

/_— -
/.
+
!

!
l‘l‘
l..
TAR
IN
|
|
1
| |
| )
§
N
i
)
)
]
N~
T
|
|
1
|
._
-‘
O
!
| )

4 eleongation sensors only + IMU 4 «twins» of accelerometers
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Sensing Preliminaries

04k 04 Az FLV,
= Measured = Measured S
2 : D
Estimated Estimated
02F 021 FR_V,
y e
7 7 PitchRate (Neural-
— ‘: -'Z
5 : Network) ——
S -021 S
$ G 02 RollRate RR_V,
> > B EEm—— ——
-04
04 -
06
L L L L d A A .0.6 1 A L L L L L 1 1 P I
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Future Development

Road Preview
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Future Development

Road Preview
IlIIIII“!Illlkl. ' el b el _ qtliel,l,_)#llllllln
o . ‘ AR Y i) & : > ' v e ; ,~_” v,."“‘, 0 S .‘ !;

XenoWare applications

120000 §

11000.0 -}

10000.0 i

90000 §

80000 §

70000 §
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- P b '
scanning
LIDARS? Bic: SICKAG

I
I
i
1

'
"
"
N U
NI
"
{0

|

'
1
'
'
'
'
'
'
1
1
1

Intensitétsverteilungsfunktion je Messpunkt
Bild 1: Die Lasersensoren tasten das Fahrbahnhohenprofil ab, wobei jedem Spot eine
individuelle Verteilungsfunktion zugeordnet wird
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Future Development

Active Suspensions

: Wheel-resonance(fv) . ]
Full-Active H i N ( f
Slow-active / ' a : ‘

i —
Load-levelling ' : B ’:
Mid-frequencies ;
| | 2 7

Semyﬁe f ? J" ‘

— i i
Adapfive : !

vlo’ : 1‘0' 1;3

Actuator: can be

«Slow-active» electro-hydraulic «Full-active»
or electro- _

Body-bandwidth mechanic Full-bandwidth
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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 tp1(z— 2% + pa(ze — 2,)7] dt

- i __Body acceleration
: Without control

Comfort objective i
g 5&2?333 n Contact objective
With p; and p, very small (all emphasis on :{>m With control
Comfort) M 5 10 1‘5 20 2.5 30 3.5 40 a‘s 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;]', uU=F

FOPY(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—BR7IN'
Qn=0Q — NRTIN’
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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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