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1 Introduction for compensation of throttle to torque delay and for variable struc-
re feedback that compensates the disturbance estimation error.
nce the retarded spark increases the exhaust emissions, our con-
| law drives spark advance to MB{minimum spark advance

the best torque if the engine speed is close to the desired

The main source of the performance deterioration of the id
speed contro(ISC) systems is disturbances such as rapid externf?
load changes and slow varying changes in operating conditio?&
External load changes are the result of loading due to the gine speed and there is no need for fast control
conditioning, battery charging etc. Very often such disturbanceslt is worth remarking that similar disturbance esﬁmation tech-
are measurable and feedforward compensation is used to imprgly

the performance. However, the loads applied to the engine mggue was proposed ifb,6] for discrete time case and [fT] for

S . . ntinuous time adaptive control.
phange in time apd more power consuming equipment may beérpo paper is organized as follows. In the next section the en-
installed in a vehicle after it leaves the factory. In this case ongne model is described. Problem statement is given in Section 3.
must consider the ISC problem under unmeasurable disturban SSection 4 we design our control law, i.e., observer for the
Although ISC is a well-studied topic, see for example the cony; L

hensi d ref herei ks i sturbance torque, and control laws for spark advance and
prehensive survell] and references therein, many works ignorg, e Section 5 is devoted to the stability analysis of the whole
intake to torque production delay, which is essential in this cag

[2] or based on linearized engine model. which is valid onl 9stem. Simulation rgsults are pre.sented. in Section 6 and we fin-
locally 9 , %h with brief concluding remarks in Section 7.

This paper presents a new approach to the ISC problem based )
on a second-order nonlinear engine model, which takes into &- Engine Model

count intake to torque production delay and unmeasurable timey, this section we develop the engine model which is based on

varying disturbances. the results presented [8,9] and[10].

Two inputs may be used to control the engine speed at idle: g first equation is obtained by considering the conservation
throttle and spark advance. Throttle provides large variations ass

torque without increasing exhaust emissions; however, the main o _
problem of using throttle as a control is intake to torque produc- M, = Mppar— Mey Q)
tion delay. Spark advance can be seen as a fast control; howe

it produces limited torque and increases both emissions and f%
consumption. In this paper, we propose an innovative solution fg,’r
ISC, which utilizes advantages and compensates disadvantageﬁp
both controls. A similar combined spark/throttle control law was

proposed in[3] (see also[4]). However, the stability proof is Mpmai= 81U1P; )
based on the assumption that the spark influence is constant when

deriving the throttle control law. In other words, two controls ar%ﬁrc?trtle:ggrlsgi%iggg'gr thﬁ:ﬂ%’?ﬁ?a%fzgger?:g’s'jrgc}rrmﬁgﬁig
treated independently and it is not practical in many cases. L Pr p

The key idea of our control law is the following. First, we \/( p)1.428 ( p)1.714 P
pr=

erem, is the mass of air in the intake manifoldy,, is the

ss rate of air entering the manifold, a'ng/, is the mass rate of
eaving the manifold and entering the combustion chamber.
mass rate of air entering the manifold is modeled as
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design a high gain disturbance estimator, for estimation of un- — — if —>0.528
known disturbances, such that the upper bound of the estimation Po Po Po
error can be made arbitrarily smdthis error is compensated by 0.259 otherwise
spark advance A control law is designed such that the throttle i

used as a main tool to produce the torque, while spark is used b }I&erep Is the pressure in the intake manifofah is atmospheric

ssure [fo=1 Bar).
Comributed by the b i Svet 4 Control Division f bication in th Pressure in the intake manifold changes according to the fol-
ontributed by the Dynamic Systems and Control Division for publication in ; : ; ; - ;
JOURNAL OF DYNAMIC SYSTEMS, MEASUREMENT, AND CONTROL. Manuscript Fowmg equation, which comes from the. dlﬁerentlat.lon of the ideal
received by the Dynamic Systems and Control Division February 9, 2000. Associ;ﬂ@-S law under the assumption that the intake manifold temperature
Technical Editors: E. Misawa and V. Utkin. IS constant,
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P=Kn(Mpar— I’hcy|) @) -30 -15 Y 0
RT —

Km= V_m 4

where

whereR=287.9 Nm/Kg/K is a gas constarii,is the intake mani-
fold temperatureT=318 °K (45°C), V,,=5-10 °m® is intake
manifold volume.

We found it convenient to use the pressure rapdpg) as a =T

state variable. The pressure ratip/,) in the intake manifold
changes according to the following equation b(t)

L (i ) ©)

Po 1\ maf cyl
where we denoted

T 0
Ki=g—=—— (6)
VimTopo MBT

wherepy is the atmospheric density afg is the corresponding Spark Advance from MBT
atmospheric temperature. In our cagg=1.2kg/n? and T, Fig. 1
=288°K (15°0.

The mass flow rate entering the combustion chamber satisfigs be fixed or adjusted within the intend, 15, thereby con-
the following equation which comes from the speed density catol actionu, varies within the interva] —b,b]. If b is fixed and

culation[8,10] u,=0 then spark is still retarded from MBT. Unfortunately, re-
tarding spark increases emissions, coefficient of variation of en-
mcy|=kw£ (7) dgine torque, and hence partial burns and misfires. Moreover, re-
Po tarding spark negatively affects the fuel economy. On the other

where we denoted speed there is no need for spark as a control and it should be kept

poToVeyn at MBT whenever possible. By adjusting the distabdeis pos-
k= T aaT (8) sible to drive the spark advance to MBT when engine speed is
close to the desired engine speed. On the other hand, if the engine
wherew is the engine spee@ad/s, 7 is a volumetric efficiency speed mismatch is big enoughshould be kept at 15° to provide
(for simplicity we took the constant value of efficiency=0.8), the largest range for control.
ch|:2_5.10*3 m® is the volume of five cylinders of the engine, Since the engine torque production is a discrete process, but

m=3.1416. modeled in the continuous time domain we must introduce the
The rotational dynamics of the engine is modeled as following delays[8]:
Jeio=Ting= T~ Ty T, (©) =228 (13)
whereT;,q is indicated torqueTy; is friction torque, T, is pump
torque, andl 4 is disturbance torqud,= 0.255 kgn is the inertia 1.3
moment of the engine. te=—o (14)

Indicated Engine Torqués the following ©

wherety is intake to torque production delay, atdis spark to
torque production delay. As can be seen frdr8) and(14) intake

to torque production delay is more than four times larger than
spark to torque delay. As we observed by simulations, spark to
where a,=8.51- 10> Nm/kg/rad represents the maximum torqueorque delay can be neglected, see &lkH.

capacity, a;j(t—tq) is normalized air to fuel influencéin this Engine Friction Torquecan be modeled as

paper we assume that air to fuel ratio is under control an@

r:ncyl(t - td)

Tina= azw(t—ftd)

agi(t—tg)fa(t—ty (10)

—td)zl_), f_s(t—ts)_ is a function of spark infl_uence. _ To=(ay+ ay o+ agw?) Vi, 100Q (15)
Substituting(7) in (10) we get the following expression for 4
indicated torque where a;;=97 N/n?, a,;=0.1432 N/m(s/rad), ag;=2.74 10" *
p(t—tg) N/m*(s%racf), V,¢,=0.5-10°m® is the volume of one cylinder,
Ting= a2k ———f(t—ty) (11) z=5 is the number of cylinders.
Po Engine Pump Torquean be modeled as
At low engine speeds MBTminimum spark advance for the Vi z
best torqugis 20 degrees before top dead center and it is possible Tp=(Po—P) i::' (16)

to retard spark up to 10 degrees after top dead center. This means

that the total range for Spark advance/retard is 30 degreeﬂﬁr Engine Disturbance Torquechan be preser]tedl for idle con-

if spark is retarded by 15 degrees from MBT. _ trol problem, by a class of bounded functions with bounded de-
The following curve may be usd®] for the spark influence rjvatives, i.e.,

fs=(cog —b+uy))*#™ (12) ITa)]<c, [Tat)|=c, 17)

whereb is the position of QY axis from MBTsee Fig. 1, mea- wherec andc; are positive constants. Typical value fois 20
sured in radians, ang, is our control. Notice, that the distanbe Nm.
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hand, when the engine speed is close enough to the desired engine
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Finally, the engine model can be written as follows: wheree(t) can be made arbitrarily small. Notice tha(t) —0 if
Tq=const.
p(t—ty) (cog —b+U,))285- T~ T,~T, (18) Notice, that the way of the estimation of unknown disturbances
P presented above is equivalent to the estimatiow ofia a “dirty
differentiator.” In this caseTy can be computed viél8).

Je(.x): a2k

mcylzkwpﬂ (19) Substituting(27) in (18) we get the following:
0
t—t
b , 3eir=ak P (cog — b uy)2em
p_o = kl(alsul_ mcy|) (20) 0
—Ti—Tptaglcw—e—e(t) (28)

whereT; andT, are given by(15) and(16), k andk, are given by

(8) and(6), we denotedh;s=a,p, . Our next step is to present the ) p

problem statement. Mey= Ko % (29)
p .

3 Problem Statement Do ky(@ysUs —Mey) (30)

It is well known that the engine at idle is very sensitive to the ) )
disturbance torques, and very often disturbances are unmeasurabfe2 Control Law Design for Spark Advance. Define the
so that feedforward compensation cannot be applied. spark advancay,, as a solution of the following algebraic equa-

Our problem is to find controlsi; and u,, (throttle and spark tON:
advance so that, to achieve the following control aim:

Jmle(t)=ed=0 @D —ysigno—w)  (31)
wherewy= 100 rad/s is the idle speed, under unknown time varyvhereu,, =0 corresponds to the case where spark advance is not
ing disturbanced 4(t). We measure the engine speeand pres- controlled, ys>0. The physical meaning of the spark advance
surep in the intake manifold. Friction torque and pump torque cagontrol gets clear if we substitut@1) into (28). Then
be computed as well using meagurements.of the engine §p§ed and akp(t)c, aky
pressure, se€l5) and(16). Modeling errors in pump and friction Jelo= 2272 2 *signw—wg)—T¢—T,
torques can be considered as a disturbance torque as well. Engine Po
parameters are assumed to be known. The disturbance torque is + agdyw— & —e(t) (32)
unknown and unmeasurable, but it is assumed that it is bounded Gove® ™8

with bounded derivative. wherec,=cos(-b+uy,))>®"S It is clear that the first term in the
right-hand side of(31) compensates the time delay for p(t
—1t4), and the second term gives relevant variable structure feed-

p(t—tg)(cog —b+u,))38=p(t)(cog — b+ uy,)) "

4 Control Design back which drivesw to wq. Unfortunately, the spark influence on
4.1 Observer Design forT4(t). Define the following esti- tcri]:ng;rqstrjsaﬁroductlon 's limited angl should be chosen suffi-

mation error Resolving(31) with respect to the control we get

e=aglow—e+Ty(t) (22)

p(t) Y . 1/2.87!
wherea,>0 ande(t) is the solution of the following differential U2=b—af000§[p(t_t yCa™ p(t—st ) Slgr(w—wd)]
equation d d (33)

&= — age + agark (t—tq) (cog —b+uy))287 Notice that, if there is no time delay=0, andw= wq thenu,

=u,, and spark is retarded dmradians from MBT.
) Remark As was already mentioned the distaiciegom MBT to
—aoTi—agTp+ aglew (23) oY axis (see Fig. 1, can be fixed or adjusted. Below we propose
Our next aim is to show that the upperbound of the efegt)| the following adjustment law for the moving axis:
can be made arbitrarily small. Choosing the following Lyapunov _ 1
like function b=— ;(b—0.2618 sdtw— wq)), b(0)=0 (34)
1
V= Eez (24) where >0, b is measured in radians and satf wg) is the fol-
lowing saturation function

we evaluate its derivative along the solutions of the sys{&s)

(22), (23 ———— if |o—wg <\

_ _ e satw— wg)=1{ Nol@— gl

V=—age’+eTy<—ayV+ 5o (25) 1 otherwise

0
and the following bound for the estimation error is true: whereh >0 is the size of the boundary layer. Finally, we have to
limit our spark advance taking into account the adjustable offset.
) ot cf Redenotingu, defined in(33) asu,g, the bounded spark control
le(t)]= \/e*(0)e™ '+ — (26) law is the following:
0
The bound(26) guarantees that the estimation error can beu —b—arcco p(t) com Vs sign o — wy) vzt

made arbitrarily small by amplifying the design parameigr. 20 p(t—ty) & p(t—ty 9 d
Then from(22) we get the estimate of the disturbance torque (35)

Ty(t)=—aplewte+e(t) (27) and
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b if u,=b 5 Stability Analysis of the System

Up=1{ Uy If —b<uy=b Finally, the error model of the system can be written in the
following form:
- b |f UZO\ - b
The physical meaning of the adjustable axis is the following. If Joi=—a,@— Ak ys sign®+ c,ae,—e(t) (45)
(w—wq) is out of the boundary layex,, then the axis moves to Po
the 15 degreef).2618 rad from MBT, exponentially, according - 46
to the differential equatio34) with the rate 1#. The position of €p= T @28 (46)

the axis at 15° corresponds to the maximal control powerwlf (Where we denoted p/po—(P/Po)g- In order to study the sta-
—wg) is within the boundary layei, then b is adjusted as pility of the systerr(45) (46) we propose the following Lyapunov
follows function candidate

. L, oz2618 a6 Yooy, L
i U vand ] (36) V=St 56 (47)

and as soon asu((t) —wy)—0 thenb andu, tend to zero, and  Differentiating (47) along the solutions of45), (46) we get
spark advance tends to MBT. Notice thanly the sum(—b

+u,) defines the position of the spark advance from MBIT : ~2 |~ akys ~ 2
—b+u,=0 then the spark advance is at MBT X Vs—a@*+[o]| - +lel | +|@|eplaz— aze; (48)
Due to the choice of the spark advance the syst2&), (30) N o )
can be written in the following form: Now it is clear how to chooseg,. Substituting the boun(6) in

the derivative of the Lyapunov function we choogeas
axkp(t)c, azk')’s

Join= 2P s G )~ T 2
Po Po =2\ [e2(0)e ot 2% (49)
azk ao

—Tptagdew—e—e(l) (37)
Notice that, the power of the spark advance as a control is limited
e ke P p (38) and vy, should be chosen sufficiently small so as not to force the
Y 0o spark advance into saturation. This can be achieved by choosing
) sufficiently largeaq, or in other words, for any sufficiently small
p . v, there existsy, satisfying(49). Notice also that, the estimation
p—0=k1(alsu1—mcy|) (39 error (26) gets smaller via amplifying the design parameigr.

Substituting(49) in (48) we get
4.3 Control Law Design for Throttle. First we define the

: . ) a
desired pressure ratigp(py)d, V=52 al+ 2 +e -~ 7z (50)
p
(E) Caazk{ aio+ T+ Tpte—aglew} (40)  If the algorithm parameters are chosen in order to satisfy the fol-
lowing inequalities
wherew(t) = w— wy, a1>0. The physical meaning of the desired 3
pressure ratio [{/pg)4 gets clear if we suppose at a time instant o >ﬁ+ =2
that p/po=(p/po) 4. then substituting40) into (37), we get 72 2 (51)
ak a, «k
Jew=—a 00— 27 sigho —e(t) (42) a2>72 + >

Notice, that the upper bound of the estimation ee@r) can be wherex>0, then the following inequality holds

made arbitrarily small, so that even smgllis able to compensate

the estimation error. V=—«xV (52)
Now our aim is to choose the throttle position so as to drive t . :

pressure ratio to the desired one. Substituf®) in (39 we get r}%d our control aim21) is reached.

the following equation for the pressure evolution:

P A kko o (a2) 6 Simulation Results
0 Po We simulated the systerfi8)—(20) with throttle control(43)
Choosing the throttle position as follows and spark advance contr@83), (34). We tested our algorithm
. under the following disturbances:
u ko P [ —a B—(B) +(£) (43) 0 if t<2.9sed
Ya po o ak ?lpo | po d Po/ 4 Ty(t)= '

20 otherwise
we get
) . Simulation results are presented in Figs. 2 and 3.
p P\ p p Figure 2 demonstrates the performance of the disturbance esti-
Po \po d_ e po . (44) " mation. Idle speed control performance together with the control
variables, throttle and spark advance, are demonstrated in Fig. 3.
where a,>0. It is worth remarking that the separation betwéeandu, in our
Notice, that the implementation ¢43) requires measurementsspark control loop is artificial, and despite the fact that it plays an
of (p/py)q. The derivative can be estimated via a sliding modenportant role in our control design procedure, only the sum
observer which guarantees the convergence of the estimation errdy+ u, gives information about the position of spark advance
in a finite time, se¢12] and[13] for details. from MBT (if —b-+u,=0 then the spark advance is at MBT
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7 Conclusion

In this paper we proposed a new solution for the ISC problem

under unknown time varying disturbances. Our solution is based

on explicit identification of the unknown disturbance and uses

advantages and compensates disadvantages of throttle and spark
advance as controls. The result allows the improvement of the

performance of ISC systems.
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