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Idle speed control using linear time varying model predictve control
and discrete time approximations

R. Sharma, D. NeSi¢ and C. Manzie

Abstract— This paper addresses the problem of idle speed oriented engine model. However, due to the nonlinear nature
control of hydrogen fueled internal combustion engine (H2CE)  of the control oriented model, exact discretization is ligua
using model predictive control (MPC) and sampled data contol ¢ faasible and the usual practice is to obtain an appraeima

(SDC) theories. In the first step, results from SDC theory anda . - . .
version of MPC are collectively employed to obtain a rigorosly discrete time model and then use this model to design

developed new generic control strategy. Here, a controllebased ~ control schemes. Reference [6] shows that it is possible to
on a family of approximate discrete time models, is designed have a family of controllers which asymptotically stalekz
within a previously proposed framework to have guaranteed approximate models but fails to stabilize the exact model.
practical asymptotic stability of the exact (unknown) diseete 16 naner addresses this problem by deriving sufficient
time model. Controller design, accomplished using MPC thegy, - - . .
is facilitated by successive online linearizations of theanlinear Che(?kabh?.cond't'ons guaran.teelng the practical as_ymptot
discrete time model at each sampling instant. In the second Stabilizability of the exact discrete time model using the
step, the technique is implemented in the idle speed contraf controller based on a family of approximate discrete time
hydrogen internal combustion engine (H2ICE). Various conét  models. However, the publication is of prescriptive nature
tions under which this theory can be implemented are prese®d 54 goes not cover a systematic way to develop a controller
and their validity for idle speed control problem are discussed. - . . .
Simulations are presented to illustrate the effectivenessf the within its framework. In th's, paper, we P“"d Or_‘ the existing
control scheme. results on SDC by developing a receding horizon controller
within the framework proposed in [6].
I. INTRODUCTION In addition, one of the factors that limits the practical

Idle speed control (ISC) of internal combustion enginessability of MPC schemes to real systems is the com-
(ICEs) is a crucial component of overall engine controputational burden due to nonlinear MPC and should be
system. An average passenger car spends about one thidkquately addressed. This motivates the study of alteenat
of its on board fuel in normal city driving during idling [1]. MPC formulations which require solution of simpler and
Thus it is important to optimize the vehicle operation aeidl faster optimization algorithms so that real time ISC can
to obtain best fuel economy and minimize emissions. be facilitated. In this paper, we counter the computational

One of the significant developments in the ICE technoldssues by successive online linearizations of the appratém
gies is the ultra-lean burn engine. H2ICEs correspond tiscrete time plant about the current trajectory to obtain
this class of engines and are the focus of this paper farlinear time varying model predictive control (LTV-MPC)
the development of ISC scheme. Ultra-lean burn enginestrategy. Similar control strategies have previously ba®n
as the name suggests, use a leaner mixture of air to fysbsed where knowledge of tlexactdiscrete time model is
in comparison to stoichiometric proportions and have thassumed ([7], [8]). As pointed out earlier, exact discritet
potential to simultaneously deliver much improved fuelreco models are generally unobtainable for nonlinear systems.
omy and reduction in emissions [2]. The main aim in ISCHence, it is necessary to develop the family of LTV-MPC
is to maintain the engine at a predefined set-point whileontrollers within a framework which provides appropriate
rejecting any load disturbances. While doing so maximurstability guarantees of exact model under the controllers
fuel economy and minimization of emissions should bd&ased on approximations models. In [9], the framework of [6]
ensured. Simultaneously, the constraints associatedttgth is used to develop finite and infinite horizon control schemes
control inputs must be taken into the consideration, whickesults of which are extended in [12] where a version of
are present due the engine hardware and other engine contrialssical MPC formulation is proposed within the setup of
system considerations. Thus, ISC of a hydrogen engine is[@] but does not address the issues of computational burden.
multivariable problem subject to constraints and henceehod
predictive control theory is an appropriate choice [5], [8]. i

In order to develop a suitable version of MPC theory fof* Engine model
ISC it is necessary to discretize the continuous time céntro Consider the following description of the general class of

continuous time nonlinear systems:
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N . TABLE |
Our aim is to develop appropriate MPC control theory

to solve the idle speed control problem of H2ICE S0 s t0 | Rete ei specifc heatsy 0.15 k-
maintain the engine speed/., to a predefined idle speed Gas constantR 287.058 Jkg 1K1
set-point. In the context of reduced order control oriented | Intake manifold volumeV;, 4x1073 mi4 .
engine model of H2ICE for ISC , the state vectat) = Zd 2'6902 x 1075 m
[R-m,Ne]T includes intake manifold pressuré;f, [Pa]) Ccoynl']pression ratior. 10.3

and engine speed\, [RPM]). The vector of inputa;, = Y0 0.43042
[Uth7'UJSA7'UJ)\7Tload]T where throttle areau; [m?]), spark '};amb’ T ?&%12?221289 K

angle in degrees before top dead centes ) and air to
fuel ratio () are the control inputs whild},,q represents
the load fluctuations. A systematic procedure for reducing
the order of control oriented engine models can be found in In order to preserve and emphasize the generality, the new
[13]. The dynamics of>,,, are governed by manifold filling control theory is developed for the general class of noaline
and emptying dynamics while those Bt are based on the Systems described by (1)-(2). Then, in sections IV and V its
engine torque. Accordingly, in the context of engine idldmplementation to address the important problem of ISC of
speed control model, the functiof(.,.) in the right hand H2ICE is discussed.
side of equation (1) takes the following form: Assumption 1: f(.,.) is continuous and for any pair of
positive number{A', A”), 3L;=1L; (A', A”) such that

RTim \ [, .
o) - QV(V?() [n;mi}(x,;n i, (@10 If (o) — £ (o) | < Lyl -yl ®)
T e \T,U) — Lioad

?) Va,y € Bary u € By,
Remark 1: It is easy to see that the Assumption 1 holds
where, mim,,, , Mim,.., Mot @Nd T, denote the mass-flows for idle speed control engine model of (1)-(2).
in and out of the intake manifold, volumetric efficiency and Assumption 1 guarantees the existence of a unique solu-
engine brake torque, respectively and are defined as fallowfon for (1). As a result, the exact discrete time nonlinear
P P, model for the original system (1) can be expressed as
= Uth\I/ ( > (4)

mimm R
Vv RTamb

Pamb Y Ezact Te+1 = FTZEh ('rkv uk) (9)
. PimvdncylnvolNe i
Mimoye = ATRT;, (5) where, FE, (v,u) = ¢F (T,z,u), T > 0 denotes the
Mool = Nwoly (Pim) X Mwoty (Ne) (6) sampling period and” represents the solution of (1).
T, = 136.14— 0.002P;, + 111.1uy — 6.2us4 Even though existence oEg...; can be guaranteed

(through Assumption 1), in the case of nonlinear systems

2 2 -7 p2
—2.1Ne — 1.9u} — 16ugy +.86 x 107" Py, establishingC g.q.: is generally a very cumbersome task and

—.0025P;ux — .55 X 107° Pipyusa is often impossible to accomplish. The usual approach is to
+.17 x 1073P;,,, N. + 3.5u\usa — 2.34u N, compute an approximate discrete time model:
+.09uSANe (7) EApp’rom . Tpp1 = Fiéh (xk’ uk) (10)

where,

1 where, h is the tuning parameter, typically the integration
Mooty (Pim) = 14 1 {1 - (F;S”:b) V}: Moy (Ne) =70 +71Ne;  step of the numerical approximation method used to ap-
(L)%—g) Pin < 05983 proxi.mateFﬁh. Det.ails on the m_ethods fpr the numerical
q,( Pim ) _ V5 " Pamp = solutions of the ordinary differential equations can benfbu
P \/27 <(h>1'4_ (M)1.7>7 Pim - .53, N [10].
7oA Fame Famp Famp This paper considers the case of fixEdvhile integration
Expressions ofi;,,, andm;,,,, in (4)-(5) are based steph can take any arbitrary value independent/of
on [11] and, volumetric efficiency and torque regression in Assumption 2: Both Fﬁh and Fii{h are continuous, uni-
(6) and (7) are obtained by using idle speed data whidormly in A.
was gathered from a six cylinder hydrogen fueled engine. ) _
The values of the constants used in expression (3)-(5) are Basic definitions and background
summarized in Table . Our primary objective is to devise a feedback controller
Next, we propose an idle speed control approach forﬁh for ISC based on the approximate discrete time model,
hydrogen engine described by (3)-(7). The controller i&a,pr00 (given by (10)) which also stabilizes the exact
to be based on approximate discrete time models whildiscrete time modelLg.q.:, iN @an appropriate sense.
ensuring the stability of the exact (unknown) discrete time To this end, we design the new controller with the frame-
model. Simultaneously, the new control algorithm shouldvork proposed in [6] which presents sufficient conditions
alleviate the computational complexity so that the reaktimthat guarantee the stabilizability of exact discrete tinuzlei
implementations of this theory may be facilitated. by the same family of controllers developed on the basis of



family of approximate discrete time modeE;‘ This result Assumption 3: 37 such that the exact discrete time
is summarized in the form of Theorem 1. Theorem 1 is basedodel, X g4, is PAC fromI" to the origin for all T €
on Properties 1-3which are presented first. (0,7* ], wherel’ C B,.
« Property * Uniformly bounded control Given any Our aim is to stabilize the exact discrete time model,
positive real number&l’, A", A”), 3 h* > 0 such that X gzact, Using a family of controllers developed via approx-
s " imate discrete time model. This is only feasible if the solu-
(weB, ,S%zpe(o h*]}H“T,h” <A (11)  tions of the exact and approximate models are sufficiently
' ' close in an appropriate sense (as Payperty 2. Hence we
« Property 2 Con5|stency propertyGiven any positive need a closeness property of the following form.
real numbers(T, A", A"), 3y € K andh* > 0 such  Assumption 4: The family F4, (z,u) is (T,A",A")-

that consistent withF?, .
Py (2, u) — FE (z,0)|| < Ty(h) (12) Remark 2: Provided Assumption 1 holds true, theih
such thatvh € (0,h*] family of approximate models
V (z,u) € Bpor X By ¥V b€ (0,R7]. F#, obtained by various consistent Runge-Kutta integration

« Property 3 Stability with continuous Lyapunov func- methods satisfies consistency property (details can bedfoun
tion: Given any positive real numbe(’, A'), a family  in [10], Lemma 222A, page 131) and therefore truncation
of functionsVrz,, : R" — R, functionse1,02 € Koo error asymptotically decays as the integration step 0.
and a positive definite functioms : ®>9 — R>0. Therefore, when one step methods are used, Assumption 4
Suppose that for any pair of strictly positive numbersolds without loss of the generality.

(01,02) with 6, < D 3 h* > 0 andc¢ > 0 such that Next we formulate a controller design strategy based on
Vx€Bp,V he(0,h Y approz While ensuring that th@roperties1-3 are satisfied.
o1 (|2]]) < Vea(z) < oo (JJ2]]) (13) The _vvork fits well with the existing Iiterat.ure sinpe [6] only
A A provides a framework for controller design while does not
Ve (B (2,v7.4(2))) = Vea(@) < =Tos (12]) 14)  ¢aporate on an appropriate procedure to develop such a
and for allzy, 2z € Bp — Bs,, with ||z — 22| < c we  controller. A version of receding horizon control from [#ic

have [8] is considered and conditions are laid to ensure that the
Properties1-3 are satisfied to achiey@actical asymptotic
Vrp(@1) = Vrn(e2)] < 61 (15) stability of exact discrete time model.
Then, we say that the family (10) {§, D) stable with
a continuous Lyapunov function. I1l. RECEDING HORIZON CONTROL PROBLEM

Theorem 1:[6] Suppose there exists a set of positive real In this section, a version of receding horizon control

numbers(JI“,A »A") such that . ) is proposed which is based on approximate discrete time
1) Family of closed loop SySten@’ﬁh,Uﬁh) is (T,A)  models and stabilizes the exact discrete time model. The

stable with a continuous Lyapunov fur/l/ction. receding horizon control strategy is based on the sucaessiv
2) the family of controllers;:f{h is (T, A", A" )-uniformly  online linearization of the approximate discrete time ion!
bounded; ear model about the current trajectory to obtain a LTV-MPC

3) the familyFi, is (T, A", A”) consistent with”'¥,.  strategy. The existing LTV-MPC schemes are based on the
Then, there exist8 € K, D, € (0,A') and for anys >0 Premise that an exact discrete time model is available. This
3 h* such that for allzy € Bp, andh € (0, h*], the solution S often not true, especially, while working with nonlinear
of the familv( FE. A ) satisfies systems. Here we pre_sent condlt_|ons on LTV-_MPC which

y( T UT,h guarantee the satisfaction Bfoperties1-3 and discuss the

6% 4 (k, 0)|| < B(|zoll, KT) + 6 (16) Validity of these conditions.
Let I C R" be a given compact set containing the The following cost function,Jr;, (N, xy, uy) is defined:
neighborhood of the origin arid, be a family of admissible

; } k+N-—1

control inputs defined a&}, = {uh = (uf,ul,... ul)} _ s

parameterized by. Jrn ()= ZI@ Hin o= P )
Definition 1: [12] The exact discrete time model (9) is - (18)

practically asymptotically controllable (PAC) froin to the

origin with the parameterized family of control inpld,, \here, 1, (z;,u;) denotes the stage cost with (0,0) =

if there exists aj(,-) € KL ando(-) € K which are  and P (z,,y) represents the terminal cost. Lej, =
independent of paramete®s and 4 and such that for any [uk, ..., uren—1] be a sequence of inputs over a horizon

r there exists arh™ such thaty € T'andV h € (0,h"]  of Jength N.
there exists a control sequeneé (x) € Uy, such that
up < o(]|z||) and the corresponding solutianof (9)

16 (2, u") || < maz{B(|lz], kT), 7} (17) min Jrp (N, 2, ) (19)

The optimization problem is defined as follows:



subject to

ik = Ffy(ziw); i=k, ... k+N—1(20)

wix € T i=k+l.. k+N 21)

ik € U i=k...,k+N-1 (22)

ek = (k) (23)
where,z; , fori = k+1,...,k+ N denote predicted states

given statery, j.

A. Linear Time Varying (LTV) model approximation
Let, zp € T andug € U be an operating point and

Zo(k) be the state trajectory obtained by applying the input

sequenceu(k) = ug to the approximate discrete time model

(10) for k > 0 with %0 (0) = zo:
Zo(k+1) = Fi, (2o(k),u(k)) (24)
u(k) ug (25)
20(0) = o (26)

Using (24)-(26), a linearized model of the approximate

discrete time nonlinear system (10) can be written as falow
Sk +1) ALY ow(k) + Blyou(k)  (27)

where, dz(k) = z(k) — 2o(k), du(k) = u(k) — ug. The
matricesA, " € ®2%? and B/}’ € #2*3 are obtained upon

the linearization of system (10) and are defined as follows:

OFf, OFz,

T,h
k, ou

0

Th
Bk,o =

. (28)

:io(k),uo

3

Zo(k),uo0

The linear time varying system (27)-(28) depicts the devia?—l

tions of the system from the state trajectag(k) under the

control inputug. Equation (27) can be rewritten as
a(k+1) ALva(k) + Bl gu(k) + df g (k) (29)

Where,di’g = jo(kj + 1) — AZ,SLQA?O(:C) — Bgvohuo.

Next, we reformulate the MPC problef’n (19)-(23) using

the system description (29):

min JT,h (N, Tk, uk) (30)
uy
subject to

Tit1,k = AZ}ChSCi,k + BZ,;hui,k + de}Ch;
i=k,...,k+N—-1 (31)
xix € Iii=k+1,...,k+N (32)
Uy € Uji=k,...,k+N—-1 (33)
Tr+Nk € Ff (34)

where,0 € T'y = {z: P(z) <n} cT with n > 0. The
solution of the optimization problem (30)-(34) at /d"
instant is denoted by; and the control law is given by
U,ﬁh = uj.

Our objective is to establish conditions under whigh
obtained by solving (30)-(34) will stabiliz&g,..; in an

Assumption 5: All elements of two Jacobian matrices
A" and BT, defined by (28), are bounded, uniformly in
he(0,h*].

Remark 3: The satisfaction of Assumption 5 is governed
by the boundedness of nominal state trajectiyyk) which
is true for H2ICE due to its dissipative nature.

Assumption 6: We assume that;" = A}’ andB]}" =
Bl Vi=k, .. k+N-1.

Assumption 7: The following hold:

1) P is continuous, there existsa, v € K sugh that
7 ([[z]]) < P(x) < 72 ([«[), and for anyA” > 0
there exists aLp > 0 such that||P(z) — P(y)|| <
Lp|lz—y| forall z,y € By/.
I, is continuous with respect to and «, uniformly in
small h, and for anygA', A") > 0 there existh* > 0
andL; > 0 such that|l},(z, u) =15 (y, w)|| < Li|lz—y||
forall h € (0,h*], 2,y € By» andu € Bpr.
There exists &* > 0 and ¢1, p2 € K such that the
inequality e, ([|]| +[ull) < In(z,u) < allz(l+[|ul)
for all h € (0,h*], z,y € R™ andu € U.
Stage cost and terminal cost are chosen as quadratic foactio
of state and control inputs:

2)

3)

[:ciTQa:i + ulTRuZ]

x5 Pry

(35)
(36)

In (@i, uq)
P(zN)

where, @, R and P are positive definite matrices. Conse-
quently, satisfaction of Assumption 7 is ensured.
Remark 4: Provided Assumptions 3 and 4 hold, then
h* > 0 and a feasible control sequenag. for all
€ (0, h*] which solves optimization problem (30)-(34) and
hence implies PAC oE 4pproz-

Definition 2: Value of the cost functior (N, i, uy)
at u;y = u; whereuj is the solution of the optimization
problem (30)-(34) is termed as the value function (denoted
by V™" (w1).
Next we require a stability condition which ensures the sta-
bility of the X 4,,0. under LTV-MPC approach. Following
[5] and [7], we derive the following sufficient condition to
ensure the asymptotic stability &f4,,-., under the control
law (30)-(34).

Lemma 1:Consider the approximate discrete time model
Y Approz @nd the MPC controller (30)-(34). Denotel (zy)

as the diﬁerencevﬁ’h(a:k) - ng’h(:ck,l) of the value
function V3 (zx). Then,V h € (0, h* |

appropriate sense. In other words, we formulate some prop-

erties of LTV-MPC that ascertain satisfaction Bfoperties
1-3.

Vo (@r) = V! (@e-1) < =Tl (@51 k-1, uk-15-1)  (37)
if
A
P (FT,h ($Z+N71,k71auk+N—l,k))
ATl (Zeg N1,k U N 1.1
<P (han_1h1) — Q(Tr,z5,) (38)
where,
Q(Tx, Tr—1)
N-2 ~ 2 * 2
=T%20" (Amac(@)Zk+ikl]” = Amin (Q)|k4ik-1]")  (39)



with A0 and A, being the maximum and minimum
eigenvalues, respectively.ant ) is the solution of (31)
under a feasible control sequengg,.

Proof: From Definition 2, we have

T,h - «T *
V' (w1) = T (xk+i—1,k—1QIk+i—1,k—l
«T *
+uk+i—1,k—1Ruk+i—1,k—1)
+P(@riN-1k-1) (40)
where,uy; ;, 4 fori = 0,...,N — 1 is the optimal
solution of (30)- (34) at timek — 1 and Tgiq -1 fOT
T o= 1,...

at tme k — 1 asuj,_, = L“Z—1,k—1v---v“2+zv—2,k—1 :
We wish to obtain a feasible control sequence id¥k)
and hence an upper bound d(f’h(:ck). So, we modify

u;_, to obtain a feasible control sequence at time instant

k asu, = [u;k Lo s Upp No2 k1 Uk N— 14 where

uk+N—1.,k behaves as a local stablhzmg controller within the

terminal sefl’y andZy4;—1 fori =1,..., N is the solution

of (31). Based on this choice of control sequences, afteesom

mathematical manipulations, we obtain

AV(zr) < Tl (ZrgeN-1,k Ukt N—1,k)

+Q (&g, wh—1) — Tl (Th—1,k—1, Uk—1,5—1)

A *
+P (FT,h (TheN—1,k—1, Uk+N71,k))

—P($Z+N71,k71) (41)
where, ) (Z),,z;_,) is defined as per (39).
Thus, we have
V' (an) = Ve (en—1) < =Tl (T 1 p-1stup1x-1)  (42)
if inequality (38) holds. ]

Next, satisfaction of Properties 1-3 for the family

(Fiéh’v%h)

FJEh’ vr, h)
1 and is summarized in the form of Corollary 1.

Corollary 1: Suppose Assumptions 1-7 and constraintan

(38)-(39) of Lemma 1 hold true. Then there existE KL
andD; € (0, A] and for anyd > 0 there exist:* > 0 such
that for allzyp € Bp, andh € (0, h*], the solutions of the

family (Fﬁh,vf{h) satisfy the inequality

165 (o, K[| < B(lloll, KT) + & (43)

,N, is the corresponding state trajectory of
system (31). Let us represent the optimal control sequence

o Property 2is satisfied due to Assumption 4.

o To prove Property 3 we consider value function,
V]:‘,F’h(x), as a Lyapunov function candidate. Uniform
continuity of V]@h(:c) in h is guaranteed due to As-
sumptions 2 and 7 (uniform Lipschitz property implies
uniform continuity) and thus only the conditions (13)
and (14) need to be verified for the fam{ly’;", , v, ).
First we prove (13) holds. To obtainta,, upper bound
on V]FQF”‘ (independent of), Assumption 7 is used as
follows:

V(@) < P(lz]) < v2(llz]]) = o2(]2])
A lower bound can be obtained as
V(@) > Tly(z,u) > Tor(||z]) = o1 (z])  (44)

Finally, the inequality (14) oProperty 3follows from
Lemma 1 upon the satisfaction of constraints (38)-(39).

IV. APPLICATION TOIDLE SPEED CONTROL

This section illustrates the application of the approach
presented in this paper to the idle speed control of H2ICE
described by (3)-(7).

Due to the nonlinear nature of the engine model, (3)-
(7), exact discretization is not a viable option and the
MPC strategy is devised using an approximately obtained
discrete time model. Validity of the Assumptions 1-7 can
be easily ascertained which in turn guarantees that the same
controller also stabilize the exact discrete time systehe T
effectiveness of the controller is demonstrated on thermalg
continuous time engine model.

An element of the family of approximate discrete time
models, obtained by second ord®unge-Kutta (Heun’s
method)(with T' = 2h), is given as

under the proposed LTV-MPC scheme is
proven to ensure local practical stability of the family FTh(:Ck,Uk) — x4+ = h
The main result is a consequence of Theorem

[fe(Ik,uk) + fe(a,ug)]  (45)
where,a = z;, + hfe(a:k).

Let & be the current time instant;, be the current state
duy_1 be the previous input. We define the following cost
function to penalize deviations in engine states and rapid
changes in control inputs:

N
Jrn(Tr, Aug) = Z [(Cck+zk — l”ref)T Q (Trtik — Tref)

i=0
T
F AU i RAUR 14 1

Proof: To prove Corollary 1 our main task is to demon-
strate that Assumptions 1-7 and constraints (38)-(39) of
Lemma 1 imply the satisfaction &fropertiesl-3. Then, (43) where, z,..; = [Pim,refaNe,ref]T is the reference vector,
directly follows fromTheorem 1 Augyir With i = 0,..., N denotes the change in control

« Property lis immediately obvious from the constructioninputs and u;pr represents the spark angle for MBT
of control inputs as they are confined to a compadmaximum brake torque). A regression foj;zr obtained
set for a feasible solution. As per the construction ofrom the hydrogen engine calibration data is given as fadtow

LTV-MPC control (30)-(34),z € I' C B,+. So, for

any feasible solutionz < A'. Moreover, from the “MBT = 9.6281u — 0.00011 Py + 0.19469 N — 2.2704

satisfaction of Assumption 3, we obtaim}, (z) <

"

o([z]) <o(A) = A"

+ (usa —unpr)” Rupr (usa — U]MBT)] (46)

Weighting matrices) andR are chosen to be positive defi-
nite diagonal matrices with diagonal entries@s>,,., Qn., |



and [R;, Rsa, Ry, respectively andRygr > 0. Con- X 10"

6.
straints on the states and control inputs for ISC arg;;, = ool |
[0.52 x 10°,525]"; Zymae = [1.01 x 107,4000]"; tynin = 5 oz ]
[0,10,2.01; tmar = [9.9¢ —05,50,5.5]"; Attppin = wo2t ]
[—107%, =107, —10°]"; Awpn = [1077,1072,1076] . 624 N—
Horizon length,V, is chosen to be. _ 6.9 L " L s 1 16
Based on section lll, the linear time varying model pre @
dictive controller solves the following optimization prein R
each sampling instant: £ *ze I
< 700 e ref||
min JT.h (Ik, Auk) (47) %
Aug ' 2 650 1
subject to & \/
60 P a s 8 10 12 14 1
Tit1,e = AipTik + Bigwik +digsi=k,...,k+ N—1 (48) Time (ssconds)
Tmin < Ti,k < Tmaz;t=k+1,...,k+ N (49)
Umin < Uik < Umaz;t=Fk,...,k+N—1 (50) Fig. 1. Responses of intake manifold pressure and engine speed
Atmin < Uik < AUmaz;t=k,....,k+N—1 (51) .
10
ThtN,k = Tref (52) -
_Q (ik_m'refymzfl _Ccref) SO (53) 2557 |
where, Aug = [Aukﬂk, ceey AU]H,N,L]C]T and 0 2 2 6 (é) 10 12 1 16

Q (& — yes,Tj_, — Trep) IS based on the stability
condition (39).

A [degrees BTDC]
B
]
=4
5 ¢
]

V. SIMULATION RESULTS

For simulation, we assume a step change in the loz

demand at timg = 4 seconds followed by change in the b \ s i
engine speed set-point at= 11 seconds. Figures 1 and 2 2 2 2 6 8 10 12 1 16
demonstrate the responses of engine states and contrtd.inp 4 w w =

It is clear from figure 1 that the engine speed follows thi 3 20- .
desired engine speed under changing operating conditiol g ‘ ‘ ‘ ‘ ‘
Under a step change in t1%,,4 at 4 seconds from 15 Nm ° ? ! ® Time (&eonds) 10 N 14 *

to 35 Nm the engine speed undergoes a momentary dip from

631 rpm to 610 rpm. But under the rapid corrective actioffid- 2. Responses of Engine control variables and load disturbance
due tou, the speed recovers to the desired value durin'éIIDUt

the next 2 seconds. Furthermore, the engine speed tracks the

change inN, ..y at 11 seconds from 631 rpm to 726 rpm 5

] D.Q. Mayne, J.B. Rawlings, C.V. Rao and P.O.M. Scoka€wn-

while us4 value tracks the desiredy;pr value to ensure strained model predictive control: Stability and optiryalAutomatica
maximum possible torque is generated for a given value of 36:789-814, 2000. - _
fuel [6] D. NeSic and A. Teel. A framework for stabilization ofonlinear
’ sampled-data systems based on their approximate digoretemod-
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