Examples of hybrid MPC
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Hybrid MPC for cruise control

GOAL:

command gear ratio, gas pedal,
and brakes to track a desired
speed and minimize consumption
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Hybrid Model

e Vehicle dynamics

max = Fe — Fp — Ox x = vehicle speed

o= traction force

Fb: brake force

> discretized with sampling time s =0.5S

e Transmission kinematics

Ry(1) . .
w = L x (0 = engine speed
'S
_ M = engine torque
& k. | 1 = gear
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Hybrid Model

e Engine torque —C. (w) <M< C(j'(w)
: v
e Max engine torque C.l (w) a0
e
51 VS 160 - N
gyl 10 / \
40 |— = mele——1 170 *
- ? | | 1 | = > 120 //
m ! ! o ° . ° .
BEL =] Piecewise-linearization 100
1000 2000 3000 4000 5000 sere /
- = - Couple —— Puissance (PWL Toolbox, Julidn, 2000) 8o
60 1000 2000 3000 4000

requires: 4 binary aux variables
4 continuous aux variables

(Note: in this case PWL function is convex = could be handled by
linear constraints without introducing any binary variable !)

* Min engine torque Ce (W) = aqw + B1
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Hybrid Model

e Gear selection: for each gear #i,

define a binary input g; € 10, 1}

e Gear selection (traction force):

_ Bg()
ks

define auxiliary continuous variables:

7
IF g, =1 THEN F,, = 90\ ELSE 0

S

ke

depends on gear #i

> | Fe = Fep 1+ Fe1 1+ Fe2 1 Fe3 + Feq + Fes

e Gear selection (engine/vehicle speed):

D = R-(/ (Z) 7 similarly, also requires 6 auxiliary continuous variables

ks
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Hysdel Model

IRTERFACE

d

p

STSTER car {

{

STATE { REAL
YPUT { REAL
BOOL

ARAMITER{

DEAL
REAL
REAL
REAL
REAL
REAL

}

IRPLERENTATION
AT {REAL Fel, FeZz,

}

nass =

position, spe
torque, F_brake;
gearl,

gearé,

1020,

beta friction
Rygearl
Rgear3
RyearS
wheel rim = 1

= 3.72
1l.32
0.75

Fe3, F

ed, }

gear3, geard, gearS, gearR;

A* Jzg TF

= 25; /* T/m*s */
71, REALL PRgearZ = Z.048;
1; REAL Rgeard4 = 0.971;
&; REAL RgearR = -3_.545;
4; - IR

24, Fel, FeR;

REAL wl, wz, w3, w4, ws, wk;
EOOL 4PWL1,dPWLZ,dPUL3,dPWL4;
REAL DCel ,DCeZ , DCe3,DCed; }

55 { dPWL1

dPWLZ

dPWL3
dPWL4E

L { Fel =
Fez =
Fel3 =
Fed =
FesS =
FeR =

wZ =
w3 =
wd =
wsS -

wR =

= wPWLl- {wl+wiZ+w3twd+oS+wh) <=0;
= wPWLZ- {(wl+wZ+w3twd+oS+wh) <=0;
= wPWL3- (wl+witw3twd+oS+wh) <=0;
= WPWLE- (Wl+twI+tw3Itwad+oS+wRh) <==0; }

{IF
{IF
{IF
{IF
{IF
{IF

= {IF

{IF
{IF
{IF
{IF
{IF

gearl
gears
gears3
geard
gears
gearR

gearl
gearZ
gear3
geard
ge=arsS
gearR

THEN
THEN
THEN
THEN
THEN
THEN

THER
THEN
THER
THER
THENR
THER

torgue/speed_factor*Rgearl;
torque/speed factor*RgearZ;
torque/speed_ factor*Rgear3;
torque/speed_ factor*Rgeard;
Torquesspeed ractor*Rygears;
torque/speed_ factor*RgearR;

speed/speed_factor*Rgearl;
speed/speed_ factor*RgearZ;
speed/speed_ factor*Rgear3;
speed/speed_factor*Rgeard;
speed/speed factor*Rgears$;
speed/speed_factor*RgearR;

}

DCel
DCeZ
DCe3
DCed

CONTINUDDS

{I¥ dPULL THEN (aPULZ-aPVUL1l)+ (bPWLZ-bPULL)*{wltwZtv3tvdtuS+wl);
{I¥ dPULZ THBEN ({aPUL3-aPVULZ)+ (bPUL3-bPULZ)* (wltuwZtw3tvdt+usStwl);
{IT APUL3 THBEN (aPUL4-aPUL3)+ (bPMIL4~bPUL3)* (wltuwZtui+udtustnl);
{I¥ dPUL4 THEN (aPULS-aPUL4)+ (bPULS-bPUL4)* {wltwZtw3tvdtuStwl);

{ position = positiontTs*speed;
speed = speedtIs/nass*(FeltPFeit+Fel+Fed+FeStRel-
¥ _brake-beta friction*speed);

wemin <= wliwZiw3twd-wS-wh;
wltwZtudtwitwitwl <= wenax;
-P _brake <=(; /* bhrakes camnot accelerate ! *{
F_brake <= max_brake_ force;

~torque- (alphalt+betal* {(vl+tvZ+wI+wd+uS+twRl) <=1;
tarcue- |aPULL+bPVLL* |wl-wZ-w3twdtwStoR) -DCel+tDCeZ4DCe3+DCed)-L<=1];

-{gearl-gearZtgear3tgeardtygear Styeark)<=-1;
(gearltgearZtyearItgeardtgearbtgearR)<=_;
Felt¥eZ-Fe31Fed+FeSt¥eR <= max_force;
-Fel-Fei-Fe3-Fed4-FeS-Fel <= -max_ force;

dPWL4 - dPUL3; dPUL4 -> dPULE;
dPUL4 - 4PWLL; dPUL3 -> 4PULEZ;
dPWL3 -: dPWLLl; dPWLZ -> dPULL; }

go to demo /demos/cruise/init.m
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Hybrid Model

e MLD model

x(t+ 1)
y(1)
E50(t) + E3z(t)

=

Az(t) + Byu(t)+B26(t) + B3z(t) + Bs
Cz(t) + Diu(t)+D26(t) + D3z(t) + Ds
Eax(t) + Equ(t) + Es

e 2 continuous states: x, v

e 2 continuous inputs: M, F;

e 6 binary inpUtSI dry 91 925 939 G G5

e 1 continuous output: v

e 16 auxiliary continuous vars:

e 4 auxiliary binary vars:

e 96 mixed-integer inequalities

(vehicle position and speed)

(engine torque, brake force)
(gears)
(vehicle speed)

(6 traction force, 6 engine speed,
4 PWL max engine torque)

(PWL max engine torque breakpoints)

© 2009 by A. Bemporad Controllo di Processo e dei Sistemi di Produzione - A.a. 2008/09

7/55



Hybrid Controller

e Max-speed controller

maxy, J(ug,z(t)) = v(t+ 1|t)

S.E.

{ MLD model
2(t|t) = ()

MILP optimization problem
Linear constraints 96
Continuous variables 18
Binary variables 10
Parameters 1
Time to solve mp-

MILP (Sun Ultra 10) 45 s
Number of regions 11

(Parameters: Renault Clio 1.9 DTI RXE)

Objective: maximize speed

(to reproduce max acceleration plots)

u(t)

250

200

150

100

50

x(t)

(x(t) is irrelevant)
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Hybrid Controller

e Max-speed controller

200

150

100

50

Velocity (km/h)
et
50 100
Road Slope (deq)
6000
5000
4000
3000
2000
1000
50 100
Time (s)
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Hybrid Controller

* Tracking controller

Miny, J(ug,z(t)) = vt + 1[t) — vy(t)| + plw]

" { MLD model
o 2 (Llt) = x(t)

250

MILP optimization problem

200
Linear constraints 98
Continuous variables 19 150
Binary variables 10
Parameters 2 vd(t) 100
Time to solve mp-MILP
(PC 850Mhz) 43's
Number of regions 49 >°

© 40 80 120 160 200

go to demo /demos/cruise/init exp.m v(t)
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Hybrid Controller

e Tracking controller

Velocity (km/h), Desired velocity

120

[

100

80

60

40

20

0 100 200

Road Slope (deg)

0 100 200

Time (s)

5

6000

5000

4000

3000

2000

1000

min [o(t + 16) = va(D)] + ple]

p = 0.001

Brakes (Nm)

100 200

Power (kW)

(km/h) Gear Fraction of Max Torque (Nm)
10000
1
8000
0.5
6000
; [
4000
0.5 2000
-1 0
100 200 0 100 200 0
Engine speed (rpm) Engine Torque (Nm)
200 100
100 50 W
0 0
-100 -50
-200 -100
100 200 0 100 200 0
Time (s) Time (s)
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Hybrid Controller

e Smoother tracking controller

minu, J(u,(8)) 2 [o(t 4 1]t) — vg(t)] + plo]

MLD model
S.C. "(‘(f, + 1‘/) — ‘(‘(/)‘ S amax!s
z(t|t) = x(t)

MILP optimization problem
Linear constraints 100
Continuous variables 19
Binary variables 10
Parameters 2
Time to solve mp-MILP
(PC 850Mhz) 47 S
Number of regions 54

© 2009 by A. Bemporad
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Hybrid Controller

e Smoother tracking controller

Velocity (km/h), Desired velocity (km/h) Gear Fraction of Max Torque (Nm) Brakes (Nm)
120 | 5 10000
1
100 8000
4
80 0.5
6000
60 3
0
— 4000
40 S
L=_ 2
-0.5
20 2000 ‘
0 1 -1 0
0 100 200 0 100 200 0 100 200 0 100 200

Road Slope (deq) Engine speed (rpm) Engine Torque (Nm) Power (kW)

6 6000 200 100

4 5000 F r
100 50

2 4000

0 3000 ] 0 0

-2 2000 '
-100 'ﬂ -50

-4 1000

-6 0 -200 -100

0 100 200 0 100 200 0 100 200 0 100 200

Time (s) Time (s) Time (s) Time (s)
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Traction Control System

© 2009 by A. Bemporad Controllo di Processo e dei Sistemi di Produzione - A.a. 2008/09 14/55



Vehicle Traction Control

Improve driver's ability to control a vehicle
under adverse external conditions (wet or icy roads)

Model Controller
nonlinear, uncertain, suitable for real-time
constraints implementation

MLD hybrid framework + optimization-based control strategy
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Tire Force Characteristics

Tire Forces

Longitudinal Force

—

Slip Target

/.one

g . . >
Maxzmum Maxzmgm Maxzmum Tire Slip
Braking Cornering Acceleration
Longitudinal
Steer Angle Force

Lateral
Force
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Simple Traction Model

(Borrelli, Bemporad, Fodor, Hrovat, 2006)

T , :
d—l s e Mechanical system
()

T e | 1 g
Manifold/ T . g We = — | Te— bewe — -
Fuelino —— O ,/(. Jr

ueling .
T
U1 —
: MayTy
M
e Manifold/fueling dynamics
T — [),"7‘(/(/, — T/')
Asphalf{ary) '
o e Tire torque T, is a function of
T slip Aw and road surface
adhesion coefficient u
ce
W (3 .
e gl 5 Y Aw=—=— =2 wheel slip
01 045 02 026 a3 Q.36 04 (]] ,.[
Aw |
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Hybrid model

Torque

Torque

- Nonlinear tire torque T, = f(Aw , )
M“ T~
PWA Approximation
(PWL Toolbox, Julian, 2000)

=8
~
-
)

Mixed-Logical

HYSDEL ‘ Dynamical (MLD)

v, Hybrid Model

Manifold/ Tc g (discrete time)
Fueling = ¢ /
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MLD model

x(t+ 1)

y(1)

Az(t) + Byu(t)+B246(t) + B3z(t) + Bs
Cz(t) + Diu(t)+D20(t) + D32(t) + Ds
E>6(t) + E32(t) < Esx(t) + Eiu(t) + Es

State x(t) 4  variables
Input u(t) 1 variable
Aux. Binary vars 9(t) 1 variable
Aux. Continuous vars z(t) 3 variables
Mixed-integer inequalities 14

q The MLD matrices are automatically
generated in Matlab format by HYSDEL

gotodemo /demos/traction/init.m
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Performance and constraints

e Control objective:

N
min > |Aw(t+k
i—l8
= MLD dynamics

t) — Awdes|

e Constraints:
o Limits on the engine torque: -20 Nm < 73 < 176 Nm

A

* Note: a logic constraint

(hysteresis) may be also Controller ON
taken into account Controller OFF

Min Max

S

Slip
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Experimental results

[rad/s]

—_
Ui

controller 15

Z‘r/:igerea/ ON \‘EJM\O
:
(250 ms 3
delay from =
commanded ;i;
to actual :
engine torque S
> initial g
overspin) 5

Controller Region

- ZdﬁgeZ‘ S peea’

N
(@)

d\/erdge

a\/erdge driven

whee!/ S peea/

non—driven

wheel! s /Deea/
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Experiments

indoor ice arena
(u~ 0.2)

2000 Ford Focus
2.0l 4-cyl engine
5-speed manual

transmission

® 504 regions

e 20ms sampling time

e Pentium 266Mhz +
Labview

f/;/"(//(/ (/ »//f/'(tk/jkm/zxz/;%
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Hybrid Control of a DISC Engine

(N. Giorgetti, G. Ripaccioli, Bemporad, I. Kolmanovsky and D. Hrovat)
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DISC engine control problem

Objective: Develop a controller for a Direct-Injection Stratified Charge (DISC)

engine that:

o Automatically chooses operating
mode (homogeneous/stratified)

e Can cope with nonlinear dynamics

Homogeneous Stratified

e Handles constraints
(on A/F ratio, air-flow, spark)

e Achieves optimal performance
(tracking of desired torque and A/F ratio)
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DISC engine

Two distinct regimes: Thotle W e
- /“'_ ’ ']TEMP CMAP \ Q\WICONIOI
Regime fuel injection air-to-fuel ar 1 ’\ [ U Fusleca
ratio = (©8 SOS
-y W A _d ﬁ_____//\ 5
H — weg :
Homoger]eous intake stroke A=14.64 e L T e
combustion
’@rueco Ll i
Stratified compression A>14.64 \ | TINEE .
combustion stroke - -
e Mode is switched by changing fuel injection timing (late / early)
e Better fuel economy during stratified mode
Periodical cleaning of the aftertreatment system needed
(A=14.00, homogeneous regime)
TORQUE
CON_TROLﬁ 7
jpr s the stratified operation
TORQUE | ; . . :
CONTROL | purge ) AIR-TO-FUEL can only be sustained in a restricted
CONTROL .
- part of the engine
TORQUE operating range
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DISC engine

- States: intake manifold pressure (p,,)

- Outputs: Air-to-fuel ratio (A), torque (t),
max-brake-torque spark timing (8.,,.;)

- Continuous inputs: spark advance (0), air flow

(W), fuel flow (W)

- Binary input: spark combustion regime (p)

- Disturbance: engine speed (w) [measured]

Constraints on:

¢ Air-to-fuel ratio (due to engine roughness, misfiring, smoke emiss.)
® Spark timing (to avoid excessive engine roughness)

® Mass flow rate on intake manifold (constraints on throttle)

e Dynamic equations are nonlinear
¢ Dynamics and constraints depend on regime p
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DISC dynamics

Nonlinear model of the engine developed o= \;3\;\\_3\\_4
. MAF [— | Fuel Injector
and validated at Ford (Kolmanovsky, Sun, ...) = -5
Al ) \.»___," o W\ _‘({\
EGR Vahe Yo U g
Assumptions; /() L ﬂﬂﬂ_//—ﬁw phi)
-no EGR (exhaust gas recirculation) rate, &Ugi/] I\ J\ie""l’;“ao
- engine speed=2000 rpm. = e
e Intake manifold pressure: Pm = Cm (W,,, - W(,y,) = Cm (W,,, - A:(,y,pm>
e In-cylinder Air-to-Fuel ratio: \ — 4 cyl /vcyll)m
W W
* Engine torque: & =i £ Tpump T Tind with Ty, frv Tpump functions of p,,

= (00 + 0,(6 — 8,,1)2 )Wy where 8, 6;,3,,,, are functions of A, d and p

Tind —

v  Good for simulation

® Not suitable for optimization-based controller synthesis
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Hybridization of DISC model

DYNAMICS (intake pressure, air-to-fuel ratio, torque):

e Definition of two operating points;

I p-dependent dynamic

e Linearization of nonlinear dynamics;

e Time discretization of the linear models. equations
CONSTRAINTS on:

e Air-to-Fuel Ratio: A,,;,,(p) <Mt) < A,,..(P);

e Mass of air through the throttle: 0 < W,;, < K; ‘ p—dependent
o Spark timing: 0 < 8(t) < §,,,:(M P) constraints

CHybrid system with 2 modes (switching affine system) ]
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Integral Action

Integrators on torque error and air-to-fuel ratio error
are added to obtain zero offsets in steady-state:

er(t+1) =e-(t))+T - (T,.(_,f —T) T =sampling time
6/\(t e 1) — 6/\(t) mpd (AI(/ - )‘)

Trefs Aref brake torque and air-to-fuel references

4

Simulation based on nonlinear model
confirms zero offsets in steady-state

(despite the model mismatch)
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MPC of DISC engine

N-1
mgin J(E:x(1)) = Z u?\, Ru;. + yZ.ka + :1‘:2r +19Tk41
k=0 x(t) = current state

. ro=—s2(t),
subj. to { hybrid model

NN = control horizon

e Tl il o ! F B /
6 — [110. ‘ro, ~O, I 1[3\?_1. ’7."\"_1-‘ ;;/"\Ir_l] y

where: uj. ”[ hk — H[ horef: H f H/ refs ) Joi 7 %) refs Pl — Pre j] 4

Ye — :Tl; — Tref: Ak _/\'1'(-.'./3 51111)1. _5Af = A(Sr(z’f]/
Lk — .]7711.,/\7_1)711.,7'(;/'? €r.k> C)\,L-_]/
0 0O O
([ W \ G 0 0 sy, 0 O
O rw., O O 4
and: R = / 0= 0 g 0 S=| 0 s, O
0 0 rs O 0 0 qns 0 0 s,

Reference values are automatically generated from t,; and A, by numerical
computations based on the nonlinear model
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DISC Engine - HYSDEL List

SN
REAL
REAL
REAL
REAL
REAL

}

OUTPUT {
REAL lambda, tau, ddelta;

SYSTEM hysdisc/{
INTERFACE {

pm

xtau
xlam
taud
lamd

}

INPUT {
REAL Wth [0,38.5218];
REAL Wf [0, 2]
REAL delta [0, 407 ;
BOOL rho;
}
PARAMETER {

REAL Ts, pml, pm2;

}
}

IMPLEMENTATION {
AUX{
REAL lam, taul,dmbtl, Imin, lmax;

}
DA {

lam={IF rho THEN 11l*pm+l112*Wth...
+113*Wf+11l4*delta+llc

+104*delta+10c }s

ELSE  101*pm+102*Wth+103*WE. . .

taul={IF rho THEN taull*pm+...
taul2*Wth+taul3*Wf+tauld*delta+taulc
ELSE tau0l*pm+taul02*Wth. ..
+taul03*Wf+tauld*delta+ttaulc };

dmbtl ={IF rho THEN dmbtll*pm+dmbtl2*Wth...

+dmbtl3*Wf+dmbtl4d*delta+dmbtlc+7
ELSE dmbtOl*pm+dmbtO02*Wth. ..
+dmbt03*Wf+dmbt04*delta+dmbtOc-1};

Imin ={IF rho THEN 13 ELSE 19};
Ilmax ={IF rho THEN 21 ELSE 38};
}
CONTINUOQOUS {
pm=pml *pm+pm2*Wth;
xtau=xtau+Ts* (taud-taul) ;
xlam=xlam+Ts* (lamd-1lam) ;
taud=taud; lamd=lamd;
}
OUTPUT {
lambda=lam-lamd;
tau=taul-taud;
ddelta=dmbtl-delta;
}
MUST {
Imin-lam <
lam-1lmax <
delta-dmbtl <
}

.
4

I
. ~e

0
0
0

4
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MPC - Torque control mode

|

min Z (ug, — ur) RQuy, — ur) + (Y — ur)' Q(yx, — yr) j
k=0
! &

+ (@41 — @) S(@pq1 — 1)

Solve
subj. to { L0 :,:E(t)’ MIQP p!'oblem
prle Iode! (mixed-integer
quadratic program)
u(t) = Wy (t), Wy(t), 6(t), p(t)] to compute u(t)
Weights:
001 0 00O To - T ]
p—| 0 0001 0 o\ P e
| O O O O Wth 1 :: | : » - Fuel Inpector
0 0 O 1/ r’% e s

0.04 O 0 [ eonv /} | A -
Q= 0. 001 S = 0 0 0 !
\001 ( 0 0.01 ) l“—“ |\J\] de

Ay v

PIGU N eMﬁ/’ld\S 1S on Z‘oﬁ?de
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Simulation Results (nominal engine speed)

. 1 S — . .
Engme”ﬁrga)ke Torque ® = 2000 rpm Air-to-Fuel Ratio
4 T T T T 40
408
3Br
06
404 . 20 F

40.2r
251

b Nm
&
e

308 20 -
3061
18 1.— 14
mar (Purge
392 1 L 1 . 10 1 1 1 1 Lean
0 1 2 3 < 5 0 1 2 3 4 5 NOx Trap)
Time (s) Time (s)
Combustion mode
homogeneous 1 / \
oz} : e Control horizon N=t;
ol | e Sampling time Ts=10 ms;
oab _ e PC Xeon 2.8 GHz + Cplex 9.1
stratified °f y \ ~ 3 ms per time step /
0 i 2 3 4 5
Time (s)

© 2009 by A. Bemporad Controllo di Processo e dei Sistemi di Produzione - A.a. 2008/09 33/55



Simulation Results (varying engine speed)

Engine Brake Torque

il
IR

1 | ) L 1
0 10 15

Time (s)

Engine speed

2500

29007

2200

Z200F

2100+

2000}

1900+

1200+

1700

0 . 10 5 20
Time (s)
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Air-to-Fuel Ratio
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A5t

an - S m—— )
~-l'. )

in

25§
20

4 - L

‘ 4 P‘—n‘,'—.ﬁ—__ gy e, e ol Lz i
10 :

) 5 10 1 20
Time (s)

20 s segment of the European
drive cycle (NEDCQ)

Hybrid MPC design is quite robust
with respect to engine speed
variations
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Simulation Results (varying engine speed)

Engine Brake Torque Air-to-Fuel Ratio

T A

b Nmf

45 5 55 6 6.5

200

10

Control code too complex
120

1700

(MILP) — not implementable !
0 5 10 15 20

Time ~—s—
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Explicit MPC Controller

Explicit control law: wlt) = f(0(1)) N=1 (control horizon)
where: w = [W,;, W; § p]’ > 42 partitions
0 = [pm €r €\ Tref Aref
P, ref Wth,ref Wf,ref 5ref], /"« Time to compute explicit MPC: N
~ 35;
Cross-section by the T+A plane e Sampling time Ts=10 ms;
A e PC Xeon 2.8 GHz + Cplex 9.1
éz: s | N — 8 us per time step y
~ 3ms on
u—controller
Motorola
MPC 555
43kb RAM

(custom made for Ford)
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Explicit MPC Controller (N=2)

Explicit control law: wlt) = FLOT))

N=2 (control horizon)

where: u = [Wy, W, § p]’ > 747 partitions

0 = [Pm €r €\ Tref Aref
g 17 ) V4 e /
Pm. ref W th.ref W f,ref Oref]

Engine Brake Torque Air-to-Fuel Ratio
4 40
40.8
40.6
40.4
40.2 7
mﬂ& . S
398 .
396 1
394
8l 1 2 3 4 5 1 1 2 3 ‘; 5
Closed-loop N=2 () | Closed-loop N=1 - Adequate !
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Explicit Hybrid MPC of Semiactive Suspensions

(joint work with N. Giorgetti, H.E. Tseng, D. Hrovat)
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Quest of Optimal Semi-Active Suspensions

M =suspended mass
M =unsprung mass

M, 71 x, sprung mass
7 velocity
suspension T 3, vf
P . L3 J: ey |
deflection Vs _
[ 1/
1o X, UNSprung mass
-“Iu S .
velocity
tire »
deflection *] |
l' s T(lv

For Semi-Active with Variable Damping, f(z)=C*(z,-x,)

- Cmax

/ Cmin

7

——  C=f(x)/(z,-,), where f(x)is the optimal active suspension force

Clipped Optimal

—— C=sat[ f(z)/(z,,)]
——  Optimal
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Quest of Optimal Semi-Active Suspensions

; Showed existence by posing as two point boundary problem,
M, T Hrovat, Margolis, and Hubbard, 1988.
AT Tt Showed the optimal solution can be solved from three Riccati Equations (state dependent
T3 | . % ",*::, @ switching), Butsuen and Hedrick, 1989.
v [ 2/ Showed the optimal solution (of unsaturated component) maintains a ‘linear’ (varying gain)

2 feedback form, Tseng and Hedrick, 1994.

Showed Clipped Optimal cannot be the optimal through a counter example, Tseng and

Hedrick, 1994.
A
] % Fv s A Does Closed Loop Form Optimal Solution Exist?

N. Giorgetti, A. Bemporad, H. E. Tseng, and D. Hrovat, “Hybrid model predictive control
application towards optimal semi-active suspension,” International Journal of Control, vol. 79,

no. 5, pp. 521-533, 2006.
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Sub-Optimal SA Suspensions

Steepest Gradient (SGM): fsam = sat[Ksgmz]

“Improve the action of a passive suspension”

Shock test of initial condition

rog = [0.09 0 0 0]

0.1 5

R TR o oIRRUARMA SGM 16% better than
" L - st | clipped-LQR
-0.1 -10
0 0.5 1 1.5 2 0 0.5 1 1.5 2
1
< \
8 Ohe o=k =F=N">
@0 o5 1 15 2
O : : . o
§ o———————=; Clipped-LQR is at least
S 2 g - 16% from the true optimal
B ~ = clipped-LQR| §
-20 - = = active-LQR AN
0 0.5 T o r4 0 0.5 1 15 2
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Semiactive Suspensions

M- 14

suspension T T4 v f
deflection "% | . '_'l'_' _
v T

- Quarter-car model
Mot - :
— > linear model

deflection R
- : /"u.s T t

Constraints: = b
LA o, o — k
1) Passivity condition: f(xg —2x2) >0 no O
X 4~T
2) Max dissipation power: ok no

fxa — 22) < (2-25.5 - ws) (x4 — 22)*2

3) Saturation: |f| < o

1), (2) are nonlinear & nonconve .
), @) ““ B | Hybrid Model

physical constraints
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Model

e State-space model r = Ax + Bf + Byw
0 1 O 0 x1 = tire deflection from equilibrium
A= £ 4 ‘ ro = Nng mass velocit
0 1 0 1 o unsprung y
0 Wws —we —2Aws | r3 = suspension deflection from equilibrium
0 1 [ —1 ] T4 = Sprung mass velocity
B = g By = 8 f = normalized adjustable force
] 0 w = road velocity disturbance
M .‘I' ,\v'u.s' ."' ks C Os j—. f
p = s Wus = 4/ , Ws = {/ s, = , =
Mys | Muys M 2/ Mk M,
e Output: \ \
dxg - M 14
dt 3 Lf
| | I Lk% 'En é
, | rf
e Cost: J = /(qxlajf + qxgx:% -+ xi)dt 2
Mys i
— /(:U’Q:r; + 23)dt I é
0
e Time-discretization: Ts = TO s SR
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Constraints

1) Passivity condition:

” Y >0 0y = 1] < [24 — 22 > O]
flea—22) 20 | = (5 — 1) (>0
F 0y = 1] — _5f-: 1]
no | ok s : .
T, T, _OU — O — 5}" — O]
ok no

2) Max dissipation power:

Flzg —23) < (2-25.5 ws)(wq4 —xp)?| @@= | F>0

f: (2-25.5 - ws)(xqg —xp) if (x4 —22) <O
—f+(2-25.5 - ws)(xqg — xo) Otherwise

where I — {

g
=)

3) Saturation: fl<o| == j”;
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HYSDEL Model

/* Semiactive suspension system

(C) 2003-2005 by A.Bemporad, D.Hrovat,
E.Tseng, N.Giorgetti

*/

SYSTEM suspension {

INTERFACE {
{

REAL x1 [-0.05,0.05];
REAL x2 [-5,5];

REAL x3 [-0.2,0.2];
REAL x4 [-2,2];

REAL u [-10,10]1; /* m/s*2 */

{
REAL vy;

}
PARAMETER {

REAL Aldot,A2dot,A3dot,Addot,B4dot,ws;

}
}

REAL All,Al12,A13,A14,B1,A21,A22,A23,A24,B2;
REAL A31,A32,A33,A34,B3,A41,A42,A43,A44,B4;

IMPLEMENTATION ({

{

BOOL sign;
BOOL usign;

REAL Fy;

{

sign =

usign =

x4-x2<=0;
u<=0;

{

F={ IF

sign THEN u- (2*25.5*ws) * (x4-x2)
ELSE -u+(2*25.5*ws) * (x4-x2) };

x1
X2 =
X3 =
x4 =

[

y=Aldot*x1+A2dot*x2+A3dot*x3
+A4dot*x4+B4dot*u;

{

= Al1*x1+A12*x2+A13*x3+A14*x4+Bl*u;

A21*x14+A22*x2+A23*x3+A24*x4+B2*u;
A31*x1+A32*x2+A33*x3+A34*x4+B3*u;
A41*x1+A42*x2+A43*x3+A44*x4+B4*u;

8
sign

F>=0;

~sign -> ~usign;

-> usign;

P TR

>>S=mld ('semiact3"', Ts)

>>[X,T,D,Z2,Y]=sim (S, x0,0U);

© 2009 by A. Bemporad

get the MLD model in Matlab

simulate the MLD model
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Hybrid PWA Model

A;yz(k) + Bpyulk) + Fir)
Cikyz(k) + D;yulk) + gix)

e PWA model z(k+1)
y(k)

¢ 4 continuous states
(z1,72,%3,%4)

e 1 continuous input
(normalized adjustable
damping force f)

* 2 polyhedral regions
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Simulation in Simulink

B sad sEx]

File Edit View Simulation Format Tools Help

DI EEH& &£ BR[| ) |2 INormal LI\

[TT U] 2 l_l
input signal i
Hybrid PUWWA System <! ,_I
PWA mode
Ready |100% 3  odeds 1./

B pwa output

0

Time offset. 0

© 2009 by A. Bemporad

| u PWA mode

aE PP L ABE O A &

0

Time offset. 0
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Control Strategy: MPC

past ~ future
S

/Prg&ted (oK) Model
/9—._|——".OUtPUtS d Predictive (MPQ)
il_l ( Manlpulateg(t+k) Control

Inputs

v

t t+1 t+T

® Attimet solve with respectto thug,. .., 410N
open-loop, optimal control problem:

N-1
min - 2'(N)Qna(N) + > (q127(k) + a325(k) + v (k))

UQ,y--- U N -1
k=0
subject to hybrid (MLD or PWA) model

QN = terminal Riccati weight (for infinite horizon cost)

* Apply wu(t) = ugptimal control move) and discard the
remaining optimal inputs);

® Repeat the whole optimization at time ¢+1
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Performance Specs

N-1
min ( Y 1100z%(k) + 100x5(k) + j:ﬁ(k)) +2'(N)Pz(N)
18,
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Hybrid MPC - Example

. 2 2 -2 .Figure 1 =%
J e (q 1L 1 + q3x 3 + 4 4) File Edit View Insert Tools Desktop Window Help ~
Ded& h RQAM® L 08 &8 ~
>>refs.y=1; % weights output #1
= * s i
>>Q.y=Ts*rx4d;s output weight 0.04 5
>>Q.norm=2; % quadratic costs 0.02 - 1 1
>>N=1; % optimization horizon
L - - = | o0
>>]limits.umlin=umin;
>>]imits.umax=umax; -0.02 . -1 :
-0.04 : -2
0 1 2 0 1 2
>>C=hybcon (S,Q,N,limits, refs) ; S 1
0.05 . 05 1
>> C oy, 0 { = 0
: : -0.05 . -0.5 )
Hybrid controller based on MLD model S <semiact3.hys> [2-norm]
-0.1 : -1 '
4 state measurement (s) 0 1 2 0 1 2
1 output reference(s)
1 input reference(s) 1 1.5
4 state reference(s)
0 reference(s) on auxiliary continuous z-variables 05 1 .
@
4 optimization variable(s) (2 continuous, 2 binary) = 0 % 0.5 y
13 mixed-integer linear inequalities =
sampling time = 0.01, MIQP solver = 'cplex' 05 0
Type "struct(C)" for more details. '10 1 2 '0'50 1 &
>>

>>[XX,UU0,DD,zz,TT]=s1m(C,S, r,x0,Tstop) ;
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Closed-loop MPC in Simulink

| EJ sim_mpc

=[]

File Edit View Simulation Format Tools Help

h e d& © B 222 = ITstop INormal

BB e

© 2009 by A. Bemporad

)
— Umld IE‘
9 mien i To Wordspaces —
0 gl % = fockB
S oot i ¥ = Cx+D: = |
Constant ? - R
: — H bl’i d State-Space
| | Hy
Hybrigl Controller Road
Disturbance IV‘
< i | 2
— ' ——
Ready 100% /| ode4S 4
| W Block Parameters: Hybriltontroler [x]
Control of hybiid systems basefl on MIP mask) (ink)
Parameters -
Controles
IC
MLD model
IS
oK Cacel | Hep | pol |

Controllo di Processo e dei Sistemi di Produzione - A.a. 2008/09

B P1: MPC(N=1)=20.4906, Clipped-LQR =20.4906, ... =)(0/E3
Edit View Insert Tools Deskiop Window Help ~

File

IR EE I

0.05 2
= U%W«,QW&A«; N O Aot en
-0.05 : -2 :
0 1 2 0 1 2
0.1 1
2 0

;
B

u
o o
%

b

power
(= ha
Er"

[t
10 >
0 1 ] 1 2
1 :
. — MPC
% § — - — - clipped-LQR

-1 E — — Active-LQR

0 1 2
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Explicit Hybrid MPC

>>FE=expcon (C, range, options) ;

>> |

Explicit controller (based on hybrid controller C)
4 parameter (s)
1 input (s)
8 partition(s)

sampling time = 0.01

The controller is for hybrid systems (tracking)
[2-norm]

This is a state-feedback controller.

Type "struct (E)" for more details.
>>

© 2009 by A. Bemporad

B Figure 1 5G] %)

Ble Edt Yiew Insert Tools Desktop Window Help
DEedsd [k RKQMe v 0B = O
Polyhedral partition - 8 regions

|
,I

0.02

0.015
00

0.005

-0.005
0.0

0015

.0'[-]8.02 -0.015 001 -0.005 0 0.005 0.01 | 0.015 0.02

8,

Section in the (x;,x,)-space for x,=x,=0
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Explicit Hybrid MPC

B sim_mpcexp =/2E3 | [l P1: MPC(N=1)=20.4906, Clipped-LQR=20.4906, ... (=)(0/EJ
File Edit View Simulation Format Tools Help File Edit View Insert Tools Deskiop Window Help ™
| b " | | P J ) »>
NEEHS $BR D (> afap Nomd ~ FBpew |DedE& b RAQAO® | 0E|
)
PN H 0.05 2
To Wodspaced
= 0 i ;fi ] S0 oty e
-0.05 : -2
State-Space ] 1 2 ] 1 2
. .. /W™ mode
1 Explicit 2 1
= . To Workspace14
Explicit Hybrid Controller Road s
i Disturbance ! |X| Q 0 ?q .
il i | l_>_|
Ready 100% | T=0.00 ode4S 4 0.1 ; 1
1 2 0 1 2
10 2
#define EXPCON NU 1 o g y
fdefine EXPCON NX 4 = 0 "”m—;’/"”ﬁ—\":’ g 0
#define EXPCON NY 1 L =
fidefine EXPCON_'I‘S 0.01000000 _10 . _2 .
Hderfine EXPCON_REG & 0 1 2 0 1 5
#define EXPCON _NTH 4
fidefine EXPCON NYN 4 1 ;
Generated #define EXPCON NUC 1 ;
C d #define EXPCON NUB O 0 : — MPC
-COde fidefine EXPCON NGAIN 1 : e s
#define EXPCON NH 21 ! clipped-LGR
B> [fdefine EXPCOVNF G = — — Active-LQR
static double EXPCON F[]={ -1 :
10.4748,0,0,0,10.4748,0,0,0,-0.244594,0, 1 0 1 2
480.664,0,
3.92349,0,
480.664,0

}:

static double EXPCON G[]={(
0,1e-006,-1e-006,-1,0,0,1e-006, 1

’ ’
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Quest of Optimal Semi-Active Suspensions

PARAMETER VALUES USED IN SIMULATION

Parameter  Value Description
0.05 2 { 10ms  Sampling time
Ws 1.5 Hz  Sprung mass natural frequency
Wus 10 Hz Wheel-hop natural frequency
P 10 Sprung-to-unsprung mass ratio
% 0 Damping ratio
o I Maximum lorce capacity
q1 1100 Weight on tire deflection
43 100 Weight on suspension deflection
TABLE 11

SHOCK TEST: MPC COST VALUE FOR DIFFERENT CONTROI
HORIZONS SUBJECTED TO 1.C.=[0 0 0.1 0]",

N MRC Clippedl QR SEM QR
|
2
3

20.4282 20.4282 174944 ) 0.4446

200.3290

5 S 4 20,1100

- 5 19.7380)

0 e - W=~ = 10 20.9840

~ = 12 19.3084
g S 14 18.4842

_5‘. / — SJM o 15 18.5996
- cwmmm o clipped-LQR| = 16 19.3212

-10 200 18.0764

0 os[ZTelvedOR] T g5 1 15 2 Ry
40 m
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Simulation Results

e Horizon N=1: same as Clipped-LQR!

e [For increasing N: better closed-loop performance

Explicit solution (N=1, x,=x,=0):
Performance Index

N MPC  Clipped-LQR
1. I:515H L5 1 58 E
5 1.4416
k¢ 2.5288
15 1.3083 )
20 1.2204 | N=1,5ame = . ' :
30 1.1456 Cost Value! )
40 1.1462
: : . . (10.4748x1 + 0.244625, +79.151923 — 3.923514
 Simulations with road noise. (= KLQ) Regions #1, #6
e Initial condition x(0)=[0 0 0 0] u(z) = « (()2 255 - we) (24 — o) 228282: zg z?
e Simulation time T=20 s, sampling time Il gzg:gz ﬁg
T.=10 ms ‘
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