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Introduction & Motivation

Modern Cars: More Safety and More Comfort!

e Controlled Suspensions: Improve Comfort + Handling

« Semi-Active Suspension Systems
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Introduction & Motivation

Modern Cars: More Safety and More Comfort! Semi-Active Suspension System

High performances achieved

e Controlled Suspensions: Improve Comfort + Handling

« Semi-Active Suspension Systems Lociain Lons

Problem: Dissipativity Constraints
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Introduction & Motivation

Force A Semi-Active Suspension System

* High performances achieved

* Moderate Costs

* Problem: Dissipativity Constraints

- >
Deflection
speed

Controlled damper
(characteristic set)
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Problem Statement & Objectives

Control of Semi-Active
Suspension Systems

Throughout Literature:

- Skyhook, Groundhook Control:
[Karnopp, D. (1974)]

- Clipped Strategies (LQ, H-):

[Tseng, H.E. (1994)], [Sammier, D. (2003)]
- ADD, Mixed SH-ADD:

[Savaresi, S.M. (2005), (2007)]

LPV/H. Approaches:

[Poussot-Vassal, C. (2008)],
[Do, A.L. (2010)], [Nguyen, M. Q. 2015]
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Problem Statement & Objectives

Control of Semi-Active How to handle dissipativity
Suspension Systems constraints of dampers?
Throughout Literature:

Natural approach (process + constraints)

—> Model Predictive Control (MPC)
- Skyhook, Groundhook Control:

[Karnopp, D. (1974)] Not-So-Rich Literature:
- Clipped Strategies (LQ, H-): - Considering Quarter-Car Models:
[Tseng, H.E. (1994)], [Sammier, D. (2003)] [Canale, M. (2006)]
- ADD, Mixed SH-ADD: - Clipped Analytical MPC:
[Savaresi, S.M. (2005), (2007)] [Giorgetti, N. (2006)]
LPV/H. Approaches: - MPC for Full Car, Road Preview
[Poussot-Vassal, C. (2008)], [Sawodny, O. (2014)]

[Do, A.L. (2010)], [Nguyen, M. Q. 2015] MPC for Full Car, Computational Time Issues

[Nguyen, M. Q. (2016)
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Control of Semi-Active How to handle dissipativity
Suspension Systems constraints of dampers?

Limited Sampling Period

for Real-Time Applications
—>5ms
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Problem Statement & Objectives

Control Objectives:

. Use a Full Car 7-DOF Vehicle Model

. Take into account the Dissipativity Constraints of all 4
Semi-Active Dampers
. Compute MPC control law in less then 5 ms !

Prediction of States and Road Disturbances ? —> Extended Observer
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System Model & Constraints

Full Vertical Suspension System Model

Dynamical Equations of Motion

Ms.Zs = _stl - str - Fsrl - Fsrr

Front Ixe = (_str + stl)°tf + (Fsrl - FST'I')'tT
Iy(b = (Fsrr + Fsrl)-lr - (str + stl)-lf
'm,usij.zu':gij . Fs;‘j - Hzij
I front, rear
j: left, right
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System Model & Constraints

Full Vertical Suspension System Model

Dynamical Equations of Motion

Ms.2s = —Fsp1 — Fypr — Fori — Forr
Front 1.0 = (=Fyfp + Fop) ts + (Fong — Farr) £,
Iy.6 = (Forr + Font) b — (Fogr + Fap)).lg
— F,

I: front, rear o
i left, right Tire's Forces

thij — ktij'(zusij - sz‘j)

RT MPC Semi-Active Full Veh. - Marcelo MENEZES MORATO - 9/37



System Model & Constraints

Full Vertical Suspension System Model

- X Dynamical Equations of Motion

. 4 Zs

8 '{ms,l‘,’,l_\,, 1,}

mszs = _stl - str - Fsrl - Fsrr
Front Ixe = (_str + stl)°tf + (Fsrl - Fsrr)-tr
Iy¢ = (Fsrr + Fsrl)-lr - (str + stl)-lf

mus,-j-zusij = Fsij - F;tzz'j

i: front, rear

i left, right Tire's Forces

thij — ktij'(zusz'j - ZT‘z'j)

Semi-Active Suspension Forces
Fs, = k?:j'(zsij - zusij) + Fdij

sij
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System Model & Constraints

Full Vertical Suspension System Model

Dynamical Equations of Motion

Ms.2s = _stl - str - Fsrl - Fsrr
Front Ixe = (_str + stl)°tf + (Fsrl - Fsrr)-tr
Iy¢ (Fsrr+Fsrl) (str+stl) lf

mus,-j-zusij = Fs;’j - F;tzz'j

i: front, rear : L

i left, right Linearization on Small Angles
Zsp = lf (¢) +i5. (0)
zs;, = 25 — l5.(@) — t7.(0)
zs,-z:zs+l ( ) 7‘(0)
Zs,, = Zs + br.(§) — £r.(0)
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System Model & Constraints

Damper Dissipativity Constraints

Dissipativitiy constraints

Cmin

Zd;f

Achievable
Domain
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System Model & Constraints

Damper Dissipativity Constraints

Fd t Cmax

Dissipativitiy constraints

Cmin g - ~y
\j Zd;f Usj
Achievable
Domain AC@J S AC’L] S Acz]
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System Model & Constraints

State-Space Representation

1 Wk = Cuzlk] + Digwlk] + Dagulk]

i {a:[k+1] = Agzlk] + Buw[k] + Bgd.u[k]}

Full Veh.

L = [ Zg 0 ¢ zUng Zqur Rusy, “uSpr <8 0 ¢ zusfl zqur Rusp,  “uUSpr

U = |:ufl Ufr Url Upp

w:[z”'ﬂ Z”'fr “rpl RTry

Yy = I: ZSfl szr RSpl  “Spp zuSﬂ zusjcr RUSp zusrr]
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System Model & Constraints

State-Space Representation

i ) zlk+1] = Agzlk] + Biugwlk] + Bog.ulk]

FullVeh.

L = [ Zs 0 ¢ zus,vl zqur Rusy AuSpr <8 0 ¢ zqul zqu,. Rusy  AuSpr

U = [ufl Ufr Upl Upr

W= |: z”'fl z”'fr Rl Rrpy

Yy = [ zSﬂ szr RSpl  “Spp zqul zu.s'fr RUSp zusm«]
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Disturbance Model

wlk + n|] = w|k]
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Observer Design + Experimental Validation Disturbance Preview:
[Sawodny, O. (2014)]

« MPC —> Need for State and Disturbance Knowledge Disturbance Model

wlk + n|] = w|k]

» Future Disturbance Estimation —> Enhance CL Performance

 Extended H2 Observer Pole Placement

- Trade-Off: Convergence Speed vs Noise Attenuation C (ﬂa Q)
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Observer Design + Experimental Validation

H, Extended Observer Design

Aj’i’s
Ad Bld ] i CL'[/C] |
0 I | | wlkl
Ca Diqg |- olk]
— | ikl
Cobs
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Observer Design + Experimental Validation

H, Extended Observer Design

w[;i]] — Age w[[’]f] + Busulk] + Lylk - glk)
g[k] — Cobs 2[[21] + DQdU[k]
e
ylk] = [C’d Dld]. :;[[k]] + Dogulk] + F,vlk]

RT MPC Semi-Active Full Veh. - Marcelo MENEZES MORATO - 15/37



Observer Design + Experimental Validation

H, Extended Observer Design

Z[[’Zill]] — Ay i[[z]] + Buyulk] + [Llylk] - glk)
g[k] — Cobs 2[[21] + DQdU[k]
e
ylk] = [C’d Dld]. :;[[k]] + Dogulk] + F,vlk]

RT MPC Semi-Active Full Veh. - Marcelo MENEZES MORATO - 15/37



Observer Design + Experimental Validation

H, Extended Observer Design

w[[’;_tlll] — Age w[[‘jj] + Busulk] + [Llylk - glk)
@[k] — Cobs Z[[IZ]] + D2du[k]
g
ylk] = [C’d Dld]. :;[[k]] + Dogulk] + |Fuulk]
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Observer Design + Experimental Validation

H, Extended Observer Design

* Problem Definition:

|Ter(2)||2 <y under e[k =0]=0
limg_, elk] = 0 for v[k]=0
elk + 1] = (Aops — L.Cops).€lk] — L.F VK]
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Observer Design + Experimental Validation

H, Extended Observer Design

* Problem Definition:

|Te,(2)||l2 <y under e[k =0]=0
limg_, elk] = 0 for v[k]=0
elk + 1] = (Apps — L.Cops).€lk] — L. F k]

H2 Norm —> Impulse to Energy Gain!
Noise —> Estimation Error
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Observer Design + Experimental Validation

H, Extended Observer Design

* Problem Solution:

> 0,
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Observer Design + Experimental Validation

H, Extended Observer Design

* Problem Solution: Pole Placement

" P P(Aascnl) _y Oue _y ] m©)  |C(u, 0)
0 | >0,
- * ]I N
R 1 0 .
x P 0| >0, N =7 > Re(C)
o« % I
Trace(R) < vy
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Observer Design + Experimental Validation

Experimental Test-bench:
The INOVE Project and Vehicle Test-bench INOVE Soben-Car
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Observer Design + Experimental Validation

The INOVE Project and Vehicle Test-bench

Qs T Ethernet
)

Host PC

(Matlab/Simulink)

—-...

),
@ Target PC

(xPC Targer, NI PCI Cards)

Experimental Test-bench:

1I'0
Interfaces

C—
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NIDAQ (Analog, Digital, PWM)

<z

©

INOVE Soben-Car

Physical Connections

Process
(Actuators and Sensors)




Observer Design + Experimental Validation

Road Profile Estimation

Validation Results:
Road Estimation
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Observer Design + Experimental Validation

0.05

Angle (rad)
o
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0

0.02
0.01

Angle (rad)
o

-0.01

-0.02
0

Validation Results:
Roll & Pitch Angles
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Validation Results:

Observer Design + Experimental Validation Roll & Pitch Angles
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Optimal Solution

Equivalent Controller

H: Fil [ i[k] }
> Filtering A
Extended w[k]

State Observer
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Optimal Solution Proposed Optimal MPC Design

- MPC —> Optimization of Performance Indexes

T
COMFORT : J. = / 32(t)dt <+ Body acceleration 3
0
T
HANDLING : Jp, = / 62(t)dt <> Body roll angle 6
0
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Optimal Solution Proposed Optimal MPC Design

- MPC —> Optimization of Performance Indexes

T

COMFORT : J. = / 22(t)dt <> Body acceleration s | + Chassis Displacement
0

T

HANDLING : Jp, = / 62(t)dt <> Body roll angle 6
0
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Optimal Solution Proposed Optimal MPC Design

« MPC —> Optimization of Performance Indexes

- Cost Function

IO, alk],w, Ny, Ne) = S _l(E) (T 4 PR T TR
zslk + g1k =~ 7
+Z[§3 e M Zu [k + j|E].Qu.ulk + j]k]
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Optimal Solution Proposed Optimal MPC Design

« MPC —> Optimization of Performance Indexes

Computational
e Cost Function Time >> TS

- Computational Time Constraints —> Faster Approaches

IO, alk],w, Ny, Ne) = S _l(E) (T 4 PR T TR
zslk + g1k =~ 7
+Z[§3 e M Zu [k + j|E].Qu.ulk + j]k]
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Optimal Solution Proposed Optimal MPC Design

N , M. Q. (2016
« MPC —> Optimization of Performance Indexes [Nguyen (2016)]

Computational
e Cost Function Time >> TS

- Computational Time Constraints —> Faster Approaches

IO, alk],w, Ny, Ne) = S _l(E) (T 4 PR T TR
zslk + g1k =~ 7
+Z[§3 e M Zu [k + j|E].Qu.ulk + j]k]
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Sub-Optimal Pratical Solution

- LPV Representation

- New Control Inputs

RT MPC Semi-Active Full Veh. - Marcelo MENEZES MORATO - 25/37
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Sub-Optimal Pratical Solution Fa,. = Cnom,,; -Zdef;; + AcCij.Zdef,;

N’

- LPV Representation Ui
T
- New Control Inputs Control Inputs=[Acﬂ Acsr  Acr Acw]

T
P = [ (’zs.fl T zu:?fz) (zs.fr _ zu:?fr) (Zérz T zu.srl) (zs.rr - zu:‘irr) ]
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Sub-Optimal Pratical Solution Fa,. = Cnom,,; -Zdef;; + AcCij.Zdef,;

N’

- LPV Representation Ui
T
- New Control Inputs Control Inputs=[Acﬂ Acsr  Acr Acw]

T
p=| (s = 2ing) (50, = 2y,) (B = i) (2ore = 2 |

BEPY — By diag(zaig, K]
D%;V — D2d'diag(zdéfz'j [k])

]
|
—

=
< =
T+
L
1.

Ad.ilj[k] -+ Bld.w[k] + Bgd(p)AC[k]}
Cd:c[/-c] + Dld.w[k] -+ ng(p).AC[k]
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Sub-Optimal Pratical Solution

- LPV Representation

- New Control Inputs

Fdij — Cnomij Zdefw _|_ AC’L]Zdefw
D e —

uij

T
Control Inputs = [ Acsi Acgr Acy Acw]

T
P = [ (’zs.fl T zU:Sfl) (zs.fr _ zu:?fr) (Z‘;rl T zu.srl) (zs.rr - zu:‘irr) ]

Affine on p
S [ xlk+1] = Agalk
DRSS A

Full

-+ Bldw[k]
+ Dldw[k]

BYV = By, diag(ziz, [K)

Dyg " = Daa.diag(2aey, [k])
+  Baa(p).Aclk]
+  Daa(p).Aclk]
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Sub-Optimal Pratical Solution

Fd t Cmax

Dissipativitiy constraints

e [ PV Representation

« New Control Inputs

Cmin

- Linear Constraints \/ Zdef
Ac < Aclk] < Ac “oomain
r<zkl<T
i _ { wk+1] = Agzlk] + Bigwlk] + Baa(p).Aclk] }
Y|k = Cyxlk] 4+ Digwlk] 4+ Dag(p).Aclk]
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Sub-Optimal Pratical Solution

Fd t Cmax

Dissipativitiy constraints

e [ PV Representation
[Nguyen, M. Q. (2016)]

« New Control Inputs Mixed Integer Constraints

Cmin

- Linear Constraints \/ Zdef
Ac < Aclk] < Ac “oomain
r<zkl<T
i _ { wk+1] = Agzlk] + Bigwlk] + Baa(p).Aclk] }
Y|k = Cyxlk] 4+ Digwlk] 4+ Dag(p).Aclk]

RT MPC Semi-Active Full Veh. - Marcelo MENEZES MORATO - 25/37



Sub-Optimal Pratical Solution

Computation of LPV MPC Law

LPV Matrices fixed through prediction horizon
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Sub-Optimal Pratical Solution

Computation of LPV MPC Law

LPV Matrices fixed through prediction horizon
The FMPC Method, Proposed by [Boyd, 2008]

- LPV —> fixed at instant k

Approximate J,
Primal-Barrier Term
- Primal-Barrier Interior-Point Method instead of linear
inequality constraints
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Sub-Optimal Pratical Solution

Computation of LPV MPC Law

LPV Matrices fixed through prediction horizon
The FMPC Method, Proposed by [Boyd, 2008]

- LPV —> fixed at instant k
Solving the

. . , , approximate QP
- Primal-Barrier Interior-Point Method with infeasible

Start

- Infeasible Start Newton Method Newton Method,
use of dual
variables,

primal and dual

residual search
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Sub-Optimal Pratical Solution

Computation of LPV MPC Law

LPV Matrices fixed through prediction horizon
The FMPC Method, Proposed by [Boyd, 2008]

- LPV —> fixed at instant k
- Primal-Barrier Interior-Point Method

- Infeasible Start Newton Method

] Last array of control
- Warm Start Techniques steps U shifted (z7)

as start for next
computation
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Sub-Optimal Pratical Solution Simulation Results:

Objective:
Control all 4 Semi-Active ER Dampers
Provide Suitable Trade-Off Handling vs Comfort Performances
Abide to all Dissipativity Constraints
Computational Time <5 ms
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Control all 4 Semi-Active ER Dampers
Provide Suitable Trade-Off Handling vs Comfort Performances
Abide to all Dissipativity Constraints
Computational Time <5 ms

Simulation Scenario:
Straight Road, Constant Speed
Frontal and Lateral Bumps
Comparison with Analytical Clipped MPC, [Giorgetti, N. (2006)]
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Provide Suitable Trade-Off Handling vs Comfort Performances
Abide to all Dissipativity Constraints
Computational Time <5 ms

Simulation Scenario: N. = N, =10
Straight Road, Constant Speed
Frontal and Lateral Bumps
Comparison with Analytical Clipped MPC, [Giorgetti, N. (2006)]
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Sub-Optimal Pratical Solution Simulation Results:
Computation of Control Law
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Sub-Optimal Pratical Solution Simulation Results:
Road Profile + Estimation
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Sub-Optimal Pratical Solution

Profile {rn) Profile (rm)

Profile ()

Profile ()

Bump on all Wheels

Simul

ation Results:

Road Profile + Estimation
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Sub-Optimal Pratical Solution
Bump only on Left side

Excite Roll Motion
............ II

Simulation Results:
Road Profile + Estimation
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Simulation Results:

Sub-Optimal Pratical Solution Chassis Disblacement
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Sub-Optimal Pratical Solution Simulation Results:
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Simulation Results:

Sub-Optimal Pratical Solution Chaseis Acceleration

Control Approach Value Unit
Uncontrolled Damper | 2.22066 m/ S§MS
AMPC 2.11640 m/sgLMS
FMPC 210061 m/s2,q
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Sub-Optimal Pratical Solution

Simulation Results:
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Sub-Optimal Pratical Solution Simulation Results:
| Roll Angle
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Simulation Results:

Sub-Optimal Pratical Solution Semi-Active Damper Force

Force vs. Susp. Deflection Speed at Rear Right Corner
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Simulation Results:

Sub-Optimal Pratical Solution o
' Semi-Active Damper Force
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Simulation Results:

Sub-Optimal Pratical Solution o
| Semi-Active Damper Force
Force vs. Susp. Deflection Speed at Rear Right Corner
ol T T T ] ] | i
Maximal
: Minimal 3 3
o- | ___2C | AMPC —> ADD :

—
o

-10

Suspension Force (N)
o

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
Suspension Deflection Speed (m/s)

[N I A N S SN B T I AT T i 1 T N T TN LV VT N



Sub-Optimal Pratical Solution ~ Simulation Results:
| Semi-Active Damper Force

Force vs. Susp. Deflection Speed at Rear Right Corner
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Simulation Results:
Semi-Active Damper Force

Force vs. Susp. Deflection Speed at Rear Right Corner
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Conclusions

- LPV FMPC Technique —> Efficient Results!

* Time Constraints Respected + Good Trade-Off Handling vs Comfort

« AMPC —> Two State Control (Max Min)

« FMPC —> Wide Use of Damper Force

» Dissipativity Constraints of Dampers are Respected!

o Full 7-DOF Vehicle Semi-Active Suspension Control

* Good for Practical Implementation!
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- LPV FMPC Technigue —> Efficient Results!

- Time Constraints Respected + Good Trade-Off Handling vs Comfort

- AMPC —> Two State Control (Max Min)

- FMPC —> Wide Use of Damper Force

- Dissipativity Constraints of Dampers are Respected!

- Full 7-DOF Vehicle Semi-Active Suspension Control

- Suitable for Practical Implementation!
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Conclusions

Future Work

« Application to real vehicle Test-Bench
 Compare with [Nguyen, M. Q. (2016)]

« Couple FMPC and Mixed-Integer Programming Technigques ?
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Questions ?
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