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Idle Speed Control

Objective:

¢ Plant Modeling:

A Survey paper [Hrovat & Sun, 1997]
A Time-domain average models [Butts et al., 1999]

A Crank-angle domain average models [Yurkovich & Simpson, 1997]

¢ Control Techniques:
A Multivariable control [Onder & Geering, 1993]

A -synthesis [Hrovat & Bodehimer, 1993]
A L, control [Butts, et al., 1999], Hinf control [Carnevale & Moschetti, 1993]

A Sliding-modes control [Kjergaard et al, 1994]
A LQ-based optimization [Abate & Di Nunzio, 1990]
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a (1)

INEPAY =
MANIFOLD

Mass of Air

Throttle
Valve
Angle spark
Spark
Ignition
Controls Time / Value
ignition spark | disc/ disc
throttle o cont / cont
Disturbances Time / Value
clutch clutch disc / disc
load torque T, | cont/cont
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Engine Hybrid Model (no GDI)

clutch
TL(t) Clutch

Load Engagement

Torque

TE) -

POWER-TRAIN

Engine +
Torque

Find
maintain the engine speed n within a given
range nytA under any action of (clutch,T, ).

feedback controls (spark,o) that




Engine hybrid model: intake manifold & power-train

Intake Manifold

Throttle angle o in [0,01y]

State

Time / Value

manifold pressure |0

cont / cont

Power-train

The gear is not engaged.

crankshaft angle O

States Time / Value
crankshaft speed N | cont/cont
cont / cont
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P(t) = app(t) + bya(l)

a, = —Bb,
5 { 1/J if clutch pedal is pressed

1/(J + J')if clutch pedal is released

1(t) = ann(t) + b, (T'(t) — Tr(t))

O(t) =6n(t), if @ = 180 then @ := 0




Slngle cylinder FSM: engine cycle

States Time / Value
mass of air IM disc / cont
generated torque T disc / cont
spark advance angle @ disc / cont

| > BS M= cpNy(p)p
BS—>PA ¢ :=180—10
PA—>AS T = Tpot(m) Nl — Yopts m)

= Tgen (ma ‘P)
NA —> AS ¢ :=—0 stoichiometric fuel injection.
T = gen(ma 6)
AS— H T :=
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4-Cylinder Engine Hybrid Automaton
p(t) = app(t) + bpa(t)
{c.¢) (spk, de) W (e, €) {e.0) n(t) =a,n{t)+ b,.(T - T (t))
B(t) = 6n(#)

1/F
a, = —Bb ==
n ' b, { ].f(.f + J')
o [ | (sph,elmicd) | 6]x | 4=
3 'ka" {€, off ) E
3 (608 g 0| me = eomipin.
e (e, affdedc)y |7 Mg = mg, T:=10
iy K {apk, €) i
Y B | — s
== {apk, off ) : i rl Bl <o
{spk, de} i g.mp| Me= N (P,
O AR I oy )
(sph, €) T :
{e, dc} : g.—q| ™o Epfu{ Pl
- — (e, ondede) i T Mg = mg, T =0
(€, E) r.:'i"p'x"': d'l"‘lj V(e E) {E: F') s {Spk} (_] ]
wi= 180 — 8
= . . — {sply o) .
| q | 7] | .ﬂffc”n | q & Memn | {spf, df:} : a:—0 ey 1= ﬂ,]ﬂ,,{]'))p,
g [0.160) | {<} " [0.180) {«,0ff} {spks on&de) 0 T T := Thon (e, 0)
[160,180] | {€, spk} 180 {dc, off&zde} ety
[0, 160) | (] [0,180) {e, on} S— (aphkye) T i— T (112 8
5% 17160, 180] | {e, 506 | 5~ 186 {dew onkide} Cpk; off) | e (122 —6)
S, | [0.180] | {e} S_ 10,15 {e,0ff} . (e, om) !
5L770,180] | {e} ST [0,15] {e,on} 52 {l‘ﬁiﬂ;ﬁ": 6 P = Lya (g, —8)
g | 015 [{ewh} [ g [0.180) {e,0f} Cpkoon)
=115 | {apk) + 180 [de, off&rde} , (esaff)
GL [0,15) [&, apk}) gL [0, 180) {e, on] S+ {F(f;f}i{::?if) E #:=10 2715-::“_:?(5;:?:&?)135)
o 15 {sph} | T+ 180 {dr, onkde} =(E U“}" | S TR
S wd Ty o] e = endele
(€, ondede) T 2= Dyen(Mic, )
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Previous Work

¢ In HSCC2000, the idle speed control was
formalized as a safety problem and the
maximal safe set was obtained by

applying TLS’ procedure [HSCC98].

¢ In ACC2000, some linearity assumptions
in the model used in HSCC2000 had been
removed and the final result was obtained.

Latest Results

Control Problem

Given a value of n,, Aand T M,
determine whether there exist

0 an ignition control spark and
o a throttle control o(t)

that maintain the crankshaft speed
n(t) in the given range n,t A under
0 any driver’s action on clutch pedal,
o any load torque T, (t)in [0, T M] .

¢ Spark ignition and throttle valve actuator dynamics have been introduced.

¢ A particular idle speed controller has been designed.

¢ Formal verification of the proposed idle speed controller has been performed.

PARADES




Idle Speed Control: Maximal Safe Set

[or

o -5"’_|_' e
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Idle Speed Control: Performance Analysis

woo
w0
w0
.

1000 -

TN,
& nominal engine speed n, for . upper bound on load torque T,
which the safe set is not empty, given a for which the safe set is not empty, given a

range An and an upper bound on load torque  range An and a nominal engine speed ny,.
™.
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Actuators Dynamics and Input Timing

TL(t)
Load
Torque

INTAKE (t)
MANIFOLD . n
V(l) Mass of Air CYLINDERS POWER-TRAIN
Throttle (K) Engine
Valve 90 Speed
Motor Spark
Voltage Advance

spark
command @(k)

throttle valve motor

Commands V() Control layer

N H

t|1

tkl_l

¥ torque generation
- >

tk+1 E ; H

(k-1)-th TDC
<

air mass
regulation

>
oA LN
kth BDC ﬂ<+1) -th TDC

spark Physical layer
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Engine hybrid model with actuators

1

0

= Qo+ 6,V

= ap(p) P+ bp{p) s(ex)
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Idle Speed Controller Design

TL(t)
Load
INTAKE Torque
MANIFOLD : TM) . n(t)
V(i) Mass of Air eIV ' POWER-TRAIN |EEENS
Throttle k Engine + Engine
Valve w( ) Torque Speed

Spark

Motor Intake
Voltage Manifold dVance
p(|) Pressure m(k) Mass of Air

*

I e |;>| | 7@4-7?—1(%)4— |TE3 : 4 O
T gine no
——-—-—-—G (p0) | Torque

INTAKE MANIFOLD

CONTROLLER CRANKSHAFT SPEED

CONTROLLER
TORQUE CONTROLLER
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Closed-loop System Simulations
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Idle Speed Controller Verification

assaimeassume

TL(t)
Load

INTAKE SRS

V(] MANIFOLD T®) @ - n(t)

) CYLINDERS POWER-TRAIN i 'S

Throttle Engine  + Engine
Valve Torque Speed
Motor

Intake
Voltage Manifold
Pressure

~y
v T(k) CRANKSHAFT
~ TORQUE i SPEED
INTAKE m(k) CONTROLLER _ CONTROLLER
MANIFOLD — — Desired

CONTROLLER Engine

Desired
Torque
Mass au

of Air
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Crankshaft Speed Controller Verification

n
assume
TL (t) LG
Load 240
Torque
T(Y) : n(t)
> POWER-TRAIN - .>
Engine + Engine
Torque Speed
I ¢ Step 1:
Desired
Engine
Torque
TORQUE L J Step 2:

CLOSED-LOOP CRANKSHAFT SPEED
SYSTEM CONTROLLER
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Step 1: Safe set between two dead-centers

During the continuous evolution between two successive dead-centers, the
controller is safe provided that

¢ at each dead-center, the substate (n,T) is inside the blue region.

a0 2

“ T c T e e
# The (n,T) safe set has been computed ¢ CheckMate [CMU] has been used to verify

analytically in the continuous time domain the (n,T) safe set between two dead-centers
considering the worst and some partial results have been obtained.

¢ |oad disturbance T (t) in [0,5] Nm
¢ dead-center time in [30/ 750, 30/ 850]
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Step 2: Safe set on dead-center events

Admissible integrator initialization values guaranteeing that at each dead-center the
the substate (n,T) is inside the region computed in Step 1 are obtained

¢ by computing the maximal safe set on the dead-center events domain
Backwards Reachability has been used Hp: load disturbance T (t)in [0,5] Nm

4 A
1_m ' - i i r]
¢ Assuming dead-center time = 30/ 800 ¢ Assuming dead-center time in [30/799,30/ 801]
< convergence in 14 steps < convergence in 14 steps

< # of constraints 29 < # of constraints 125

il

5o
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Torque Controller Verification

assume
T(t)
Engine
Torque
-
@ (k)
Spark Mass
Advance m(k) of Air
INTAKE ay
MANIFOLD T(k)
CLOSED-LOOP Desired
SYSTEM Engine
Torque
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Intake Manifold Controller Verification

m(k)
Mass
of Air
INTAKE
MANIFOLD >
V()
Throttle
Valve
Motor Intake
Voltage Manifold
P(l) | Pressure
~
m(k)
Desired
INTAKE MANIFOLD Mass
CONTROLLER of Air
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Conclusions

¢ A hybrid automaton that models the behavior of a 4-cylinder engine in idle has
been presented. The model describes the nonlinear phenomena in the torque

generation process and the spark and throttle valve actuators dynamics.

¢ By exploiting the decomposition of the plant in three subsystems (intake

manifold, cylinders and power-train), an idle speed controller has been designed.

¢ The correct behavior of the closed-loop system has been formally verified by

using an assume-guarantee approach.

¢ Design and verification of idle speed controllers for GDI engines are currently

under investigation.
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