Control Oriented Modeling of Turbocharged (TC) Spark Ignition (SI)
Engine

Abstract— This paper proposes a new systematic procedure used due to their simplicity and flexible implementation,
for model reduction of TC Sl engines. The technique is basedmo yield models that are engine specific, leading to a lack of
the identification of time scale separation within the dynanics generalization capability in the model itself, and any eeg

of various engine state variables. By classifying the comete .
engine dynamics into three time scales, fast, medium and sip components (such as engine controllers) that may be based

it is demonstrated by a two stage model reduction procedure UpON it. Moreover, heavy dependence on the look-up tables
that the fast and slow variables can be analytically expregsl  is often undesirable as the accuracy is highly dependent on
in terms of the medium time scale states. As a result a the amount of data available, extrapolation is unreliable,
library of the control oriented engine models is obtained. he may induce unnecessary numerical noise (discontinuities)

limitation of the reduced order models as a true representabn . . L
of original model is first gauged qualitatively by the appliation and leads to lengthy and costly calibration [8]. This is a

of perturbation theory and then characterized quantitatively by ~ major limitation of the empirical, quasi-static approach.
means of simulations. Various assumptions under which thes An alternative is to formulate a physics-based mathemat-

model reductions are applicable are presented and their vadity  jcal model of the system. This model should be suitable
In the context of the engine are discussed. for controller design and at the same time ought to be ap-
I. INTRODUCTION propriate_for analyzing the system behavior. via sin_1u|a1jon
, o . _ perturbation studies and sensitivity analysis. An imparta
With the automotive industry growing and its markety|asq of such engine models is the mean value engine mod-
_mat_unng, e_mlssmn_and fuel economy ;tgndard_s are becog)g (MVEM) [3],[8]. MVEMs describe the average engine
ing increasingly stringent. While minimizing emissionsan popayior over several engine event cycles. Raturally
improving fuel economy are legislative requirements, it iS,qiratedengines, such models have been well researched
also of a paramount importance from the customers’ poiffny are peing successfully utilized in several aspects of
of view that there is a minimal (or no) sacrifice in terms ofgpgine gperation including its control, torque management
the drivability or performance. Developing such an enging,q supervision [2].
control system which delivers these conflicting requiretsen Recently there has been a push towards reducing fuel
in a most efficient way has been a major challenge d“rintgonsumption and consequentfyO, emissions by engine
the last three to four decades. _ downsizing. This, however, comes at the expense of the
The development qfenglne contro_llers reqwres.the KNowls aximum torque that the engine can generate and hence
edge of the system in the form of its mathematical modelste s drivability. Torque reduction due to downsizingica
referred to agcontrol oriented modelAmong the existing e offset through the introduction of a turbocharger which
approaches for control oriented engine modeling, a Majty, increase charge density and therefore power output
trend has been to use the measured engine data to estali#fye maintaining the lower pumping losses associated with
functional relationships between inputs and outputs taiobt o4, ced capacity engine [14].

steady state engine maps. Such approaches, though widelyy ,q t the proven efficacy of the MVEM of naturally aspi-
rated engines in control related implementations, effloaize

NOMENCLATURE been directed in obtaining similar models for TC Sl engines
Pey(Pa) Control volume Pressure as well. Initial endeavours in this direction include [9]dan
Tew(K) Control volume Temperature [10] whereby the problem of control oriented modeling of the
Mev,, (Kg/s) Mass-flow into the control volume . ) .
Thevss (Kg/s)  Mass-flow out of the control volume turbocharger is considered. In particular, [10] comparas a
Tev,,, (K) Control volume inlet temperature discusses three key turbine and compressor MVEM models
U Ratio of the specific heat§;” as described in [11], [12] and [13] . These works are followed
Veu (m”) Volume of the control volume by [1] where a fully validated comprehensivg'" order TC
wtc(rad/s) Turbocharger speed . : . .

S| engine model is developed. The modeling strategy is to
SUBSCRIPTS first consider the physics of engine components (like agrfilt
cv Control volume compressor, intercooler, throttle, engine, turbine artthest
of Alr filer tem) which yields model struct they behave in th
. Compressor sys _em) which yields model structures as they behave in the
ic Intercooler engine setting. The resulting componentwise engine model
im Intake manifold is used by the same authors for further investigation with
em Exhaust manifold

regard to cylinder air charge estimation and engine control
and optimization [4], [5].

tb Turbine




Nevertheless, none of the above referred papers utilize thad turbo-shaft between the control volumes. The pressure
dynamic and physical attributes of the engine to develop @.,) and temperaturd,, within the control volumes are
systematic procedure for model reduction. Even though ttdetermined by mass flow int@#.,,, ) and out(ri,,,,) Of
reduced order engine models can be highly nonlinear, typihe volume. On the other hand, mass flows and temperatures
cally their lower dimension makes them more amenable tof the flows at the inlet of control volumes are determined by
controller design techniques, provided we have the guaeantthe components on the basis of the pressure and temperature
that any controller that stabilizes the reduced model wilin the control volumes before and after them. In other
also stabilize a higher order model. Moreover, a rigorousords, the behavior of the gas within the control volumes is
procedure to build such reduced order models will improvdictated by filling and emptying dynamics of temperatures
portability of the engine models, leading to reduced engingnd pressures.
calibration times as prior work in controller development o

one turbocharged system can be utilized on multiple systems arFiler
In this contribution we propose a new approach to develop || Airfow

a set of new reduced order but versatile mean value mod- Intercooler e

els for turbocharged Sl engines. Approximation technigues TE= AW =] Compressor |

based on nonlinear systems theory, are employed which, ot & Tt st

on the one hand, can be theoretically justified and, on the

other hand, the errors introduced by these approximatien ar = :m: e

characterized by performing simulations. Different sets o — S

assumptions under which these model reductions are jus- Manifold Manifold  Gate

tified are presented and discussed. Interestingly, it besom !

Catalyst

apparent that the procedure provides a great deal of mgdelin
flexibility while the approximate solution of certain engin
state variables are extracted in terms of rest of the varsabl
The eventual outcome is that a library of engine models Fig. 1. Schematic of TC SI Engine

IS obtained which evince S|r_n.|lar charz.actenstlcs. under a In a TC Sl engine, there are six control volumes that are
wide range of operating conditions provided certain sets ¢fodeled the same way. Figure 1 shows the block diagram

assumptions hold. representation of the TC SI engine as a cascade connection
In section Il below, the structure df3*" order engine, as of various components that are connected via pipes (control

presented in [6], is briefly reviewed and summarized in th¥olumes). The equations describing the dynamics of pressur

form of stage 1 models(,). Section Il contains the main and temperature within each of the control volumes are

N . . erived, using the laws of conservation of mass and energy,
contribution of this paper and deals with the development Q{5 follows [3](“::’ 9y

a procedure for model simplification by order reduction.sThi

section is partitioned into subsections IlI-A and I1I-B whi Py _ <7R) [Mew,,, (P, T,wie) Tew,,

discuss two stages of model reduction and present the enodt Vew .

results in the form of stage Z36) and stage 3X3) models, = Mevour (BT wic) Tea] @
respectively. d;” = (11;0”) (‘W/R) [Mew,, (P, Tywie) Tevs,,

TC v

(mcvm (P7 T, wiC)

In this section, we briefly present the structure of high . B
order componentwise engine model introduced in [1] and = Mevour (P T, wic))] @
[6]. This model incorporates the physics due to individualhere, vectorP = [Paf,PC,PZ-C,R-m,Pem,Ptb]T; vector
constituent components and their interactions througeip7T = [T,¢,T¢, Tic, Tim, Tem,Ttb]T and w;. denotes the
and/or manifolds (referred to asontrol volume} builds speed of the turbocharger.denotes the ratio of the specific
on previous work in the engine modeling and has beegeats %)
extensively validated. Therefore, we believe this modpt re v
resents state-of-the-art progress in control-orientedefiog  B. Stage 1 model
of TC Sl engines and we adopt it as ostarting point This subsection presents the high fidelity” order TC
for engine model reduction. It is worth mentioning that thisSI engine model as developed in [1], [6]. The following
higher order engine model is also strongly nonlinear whicassumptions apply:
makes the task of controller design using this model much Assumption 1:No substantial heat or mass transfer
more cumbersome. In rest of this section, we summarize itrough the control volume walls takes place.
structure in the form of stage 1 model denotedhy Assumption 2:The temperature and pressure in each con-
trol volume are uniform.

Assumption 3:The fluid is a perfect gas.

The modeling approach utilized is to placemponents In order to fully model every aspect of engine design and
(like the air filter, compressor, intercooler, engine, tneb operation, an infinite dimensional mathematical model is

Il. STAGE 1 ENGINE MODEL ity (P, Ty wie) Tow —

A. Control Volumes



needed which in practice is unrealizable. However, for theolumes. In this direction, first regular perturbation theo
purpose of control oriented modeling, the need for an irdinitis applied on¥ to obtain a preliminaryi3*" order system
dimensional model can be sufficiently alleviated by thelenoted by>;. Under certain assumptions; is identified
Assumptions 1 to 3. to demonstrate two time scale separation. Specifically, the
Accordingly, if Assumptions 1 to 3 hold, then the equapressure dynamics are much fasters than those of the temper-

tions governing the dynamics of pressure and temperatui@, o and hence by the application of singular perturbatio
within all the six control volumes can be depicted o

the basis of equations (1)-(2). With turboshaft dynamicrtheory the pressure dynamics can be parameterized by fixed
accounted for via the speed of the turbocharger, a13t»  values of temperatures to obtain approximate solutions. Th
order engine mode};, of the following form is obtained [1], corresponding reduced order system is denotedhyThe

[6]: stage 2 model reduction, as demonstrated in subsection IlI-
Pof = far (Pag, Tag, Pe,wic) B,IIS baseltttj on Lelatlvihs[[zes (()jf the various g_r:_gme conttrr]ol
- T,
Tof = (5L) gag (Pag, Tug, Peywrc) volumes. It is shown that, under some conditions on the

engine geometry, the order &f, can be further reduced by
eliminating the fast pressures and expressing them in terms
of rest of the variables. The resulting reduced order model

Pc = fc (PafyTafymec,Pic,wtc)
T. = (%) ge (PafyTaf7P07TC7Picywtc)

Pic = fic (Pe, Te, Pic, Tic, Pim) is represented by;.
Tie = (52) gic (Pe, Te, Pic, Tic, Pim)

S:4 P = fim (Pies Tic, Pimy Tim, Pem) @3) A. Stage 2 Engine Model: Model reduction |
Tim = (g:)gim (Pic, Ticy Pim, Tim, Pem) This model simplification is based on the observation
P = fem (Pims Tim, Pemy Tem, Pr) thaF in_ all engine contro_l v_o_lumes the m_agnitude _of the
T, = (g_m> em (Pims Timy Pors Tom, Piy) derivative of pressure is significantly larger in companiso

the magnitude of derivative of temperature. This diffeeenc

P - PemyTenuP 7T s Wic . . . .
= Ju ( i, T wre) in magnitudes can be attributed to tlﬁ%) term in (2).

Ttb = (%) gtb (Pem7Term Ptb; Ttb, UJtc)
Ote = fure (Pag,Tag, Pey Pem, Tem, P, wee) Typically, the ratio(% in the context of engine control

cv

Note the dynamics ofs;. are governed by the driving volumes is a very small positive quantity. Since variations
torque due to the turbing,,, and loading torque from the in the temperatures are negligibly small in comparison to
compressof,, . The full expressions of mass-flows and inletn€ Pressures, temperatures can be thought to belong to

temperatures in terms of engine stafes, 7., andw;. can & compact set which contains the equilibrium point. In
be found in [1] and [6]. order to investigate this time scale separation let us tewri

Remark 1: This 13"* order engine modely, does not equations (l)-.(Z),WI.’liCh govern the dyr!amics of ter_npeeatur
include some important phenomena like engine oil tery@nd pressure in all six control volumes, in the followingrfor

perature, engine warm up dependence and wall wetting, dP
that are quite significant for describing the complete en- o = f(BTwe) (4)
gine operation. However, our main aim in this paper is to Tof €af(PafsTaf)9ar (P, T, wic)
demonstrate a systematic and rigorous procedure for model T. ee(Po, T.)ge (P, T, wye)
reduction. Once a reduced order model has been obtainedy | 7 ic(Picy Tic)gic (P, T, wye)
any additional features can be easily incorporated to atcou 7 | 7, = eim (Pim, Tim ) gim (P, T, wye) (5)
for such phenomena. T Eem(Poms Tom )gem (P, T, wie)

[1l. M ODEL REDUCTION Tty eto(Prv, Teo)geo (P T, wee)

In this section we investigate the simplification of thewhere,
engine model via order reduction. The high order modelP := [Paf,PC,PL-C,PL-,,L,Pem,Ptb]T;
Y has been shown to be very effective in examining thg := [Taf,TC,ﬂc,ﬂm,Tem,Ttb]T;
behavior of various engine components and carrying oyt:= [f.¢, fe, fics s fem, fin] s
simulation studies. Nevertheless, it is too complex forgesa v ., < {af, c,ic,im, em, th}; ceo(Pey, Tuy) = (;_)
in tasks involving optimization and control using model R
based techniques. Thus, in order to design improved cof (P> Tswee) = (3—) [rrc,,, (P, T, wie) Tevy,,

cv

trollers with the objective of achieving best possible eegi —cvgus (P, T, wee) Teo]
performance, model simplification via order reduction maﬁ‘”d
be quite useful in simplifying the problem. gev (P, T, wie) = (%) [rhcv,, (P, T, wie) Tev,,
The order reduction is accomplished in two main stages —Mevgys (P T, wic) Tew
and is based on the use pérturbation theory[7]. Figure — 28 (o, (P Ty wee) = Thevg,: (P, T, Wtc))] :

2 summarizes the sequence of model reduction steps. The o

first reduced order control oriented model (as elaborated frurther, by defining

subsection IlI-A) is developed on the basis of dynamic char- B ‘

acteristics of pressure and temperature of mass in theaontr er(PT) = cwela f7¢ZLC?:Zn7enL7tb}ECU(PCﬂ7 Te) ©6)



Inﬁgite,Din;ZnZicinal system. The response of the reduced order model approaches
ngine Mode that of 13*" order model® as Aer(P,T) ande,, tend to

Assumptions 1-3

zero.
2 (13" —Order Model) Remark 3: It may be noted that the conditions on
(Section2) Aer(P,T) ande,,, as per Assumptions 4 and 5 above, is a
Assumption 4 qualitative requirement. However, we investigate theiakm
Y., (13" —Order Model) ness quantitatively by carrying out comprehensive sinat
(Section 3 A) studies. The simulations first demonstrate that, in therengi

setting, bothAer(P,T) ande,, are very small relative to
the magnitudes of pressures and temperatures. Then, the

Assumption 5

2, (7" - Order Model) errors introduced by approximations based on the smallness
(Section 3 A) of Aer(P,T) ande,, are examined.
Assumptions 6 Remark 4: Satisfaction of Assumption 4 with a suffi-

ciently small Ae(P,T) allows for the effective use of
regular perturbation theoryto obtain a simplified engine
model (which yields an approximate response) [7]. One

Fig. 2. Flowchart depicting the sequence of model reduction Way to analyze the smallness dfe(P,T) is to examine
the response of its nominal value under changing operating

2, (4" — Order Model)
(Section 3 B)

conditions.
and Figure 3 shows the responses @fﬂ for three
et (Pag.Tur) 7 different sets of initial conditions and under widely changg
(W) Jas (P T, wrc) throttle position. The simulation results depict the waase
( ;y(’ P%)) e (P, T, wie) scenario as the throttle position is varied from almostetbs
(8”(13” Tw)) (P.T.w to wide open. It |(sPt%I)ear from the simulation results that the
G (P, T,wr) — er (P,T) gie ( te) (7 magnitude ofAET is of the order ofl0—!. So, it can be
(E”"E(TPL;’TTW)) Gim (P, T, wie) deduced that magnltude &= (P, T) is much smaller than
cem (Pem . Tom) (P.T, €qv Under widely varying operating conditions. A sample
( e (P,T) )ge’” Wic) plot of £,, and Ae(P,T) is given in Figure 4.
(%) gto (P, T, wic) 0z

equation (4)-(5) can be rewritten as
dP

— = P, T,w;. 8
dt f( ) 7wt) () ol |
dr
d_ = ET(P, T)G (P, T’7 wtc) (9)
t 0.05 ,
If e7,,,. andeg,,,. denote the maximum and minimum
values ofer (P, T), then its average value,,, in its domain o 1

of operationbecomes
—-0.05 Ae_ e B
ETmas + ETpin '

Eaqv = f (10) [

From (10), we deduce that there exigks(P,T'), which
signifies the variation ot,, from its average value, such % 1 2

7 8 9 10

whk

4 time (sgconds) 6

that
Fig. 3. Aep(PT) (for 3 different initial conditions)
er(P,T) =¢eqp + Aer(P,T) (11) Fav
By substituting (11) in (9) we obtain Remark 5: Figure 4 also reveals that the magnitude of
dT €av 1S Of the order ofl0—3 and can be seen as “sufficiently”
— eawG (P, T, wi) + Aeqr (P, T)G (P, T, wye) small. This permits the implementation singular pertur-
dt (12) bation theoryfor model order reduction (demonstrated later
in this section) [7].
Assumption 4The magnitude ofAep(P,T) is suffi- Remark 6: It may be noted that there is a sufficient
ciently small in comparison te,,,. flexibility in terms of the choice ot (P, T). An alternative
Assumption 5:The average value,, << 1. to existing choice oftr(P,T), as in (6), could be to use

Remark 2: Satisfaction of Assumptions 4 and 5 ensurethe average value of.,(P.., T.,) over all the six control
(as demonstrated in sequel) that the high dimensiog%  volumes and express eachepf (P.,, T.,) in terms of the av-
order systent. can be approximated by a redud&d*) order erage value term and a term depicting the deviation from the



LI B - B Specifically, due to the smallness of, the dynamics of
pressures and turbocharger speed are much faster than those
o ] of temperatures. Thus, the smallness «@f permits the

e application of singular perturbation theory to interprieé t

: system>; in two separate time scale subsystems, namely,
slow time scale subsystem and fast time scale subsystem. For
1 ] that, we set:,, = 0 to obtain the following reduced order
slow time scale subsystem

0.5

U&L S 0 = F(PT) (17)
drT

time (seconds)
where,h = [hay, he, hicy Rim, Rem, hev, h,.]” 1S the solu-
Fig. 4. Aer(P,T) ande,, responses tion of (17) for P in terms of 7' (P = h(T')). One way
to analytically evaluate functioh(T) is to expand the right
hand side of (17) in its Taylor series expansion and solve for
average value. The deviation term (due to its smallness) c@hby equating it to zero.
be eliminated by regular perturbation techniques. Thisaeho  The closeness of solutions of systems (15)-(16) and (18)
of ex (P, T) will eliminate the dependence <n%) is ascertained by the application of Theorem 11.1 of [7]
terms in the equations governing the temperature dynamid¢sommonly known asTikhnov's theorefp whose natural
In light of Remarks 4 and 5 above, it is reasonable teéonsequence for the case at hand can be expressed as follows.
assume that the Assumptions 4 and 5 are justified. Our simu-Corollary 1: Noting that Assumption 5 holds with small
lations of the error responses, introduced by the appraeimae,,, and P = h(T) is an isolated stable root of reduced order
engine model, will further confirm this fact. system (17)-(18), therefore, by Tikhnov’'s Theorem solutio
Due to the smallness of\er(P,T), solving equation of the degenerate system (18) tends to the solution of (15)-
(12) can be seen as ragular perturbationproblem. The (16).

smallness ofAer (P, T') will now be exploited to establish  On the other hand, thdast time scale subsysteis

an approximate solution to (12). _ _ obtained by parameterizing the pressure dynamics by fixed
By setting Aer(P,T) = 0, the following nominal or values of temperature€l;,) (in the original time variable
unperturbed system is obtained: (1)):
dT -
— = G (P,T,wie (13) p o
dt (BT —r(p1) (19)

where, T represents the temperature.

Closeness of solutions of the dynamic equation (12) and The ysual practice in singular perturbation theory is to
(13) can be ensured by the application of Theorem 3.4 gfyyroximate the fast dynamic with its quasi steady state
[7]. As a result, the equation (12) which governs dynamgajye and reduce the order of the system by considering only

ics of the temperatures can b?happroximated by equatiogg,y dynamic. However, for the purpose of control oriented
(13). Accordingly, the original 3™ order systen® can be  nodeling, we pursue the alternative direction by focusing

approximated by the following3*" order system on the fast dynamic (pressure) and approximating the slow
~ dynamic (temperature) by its quasi steady state value. This
48 = f (P, T,wi), P(ty) = Py course of action is motivated by the following:
. ar __ 7 7 _ 7
Yty o = EavG(Pvvatc)’ T(to) = To (14) o The transient fluctuations in temperatures are much

G = fure (P T wie) s wie(to) = Wi, smaller than those in pressures. This makes approxima-
tion of temperatures a more viable choice. By excluding
temperatures from the state vector and replacing them
by fixed values {,) allows the complete engine to be

By introducing a change of time variable ag,t = 7, ¥,
can be rewritten as

dp o . .
c = F(P,T) (15) described by fe\_/ver state varlable_s.
dr « Also most engine control algorithms are related to
A o = S . .
ar — G(P,T) (16) torque, applications which in turn require scheduling
dr of pressures.
where, P = [PT wﬂT andF = [f7 ffth. As a result, the following control orienterf” order model

The system description (15)-(16) is in standanagularly is yielded(3s):
perturbed form[7] and demonstrates the time scale sepa-
ration between the dynamics of pressure and temperature.



2ot = (F2) [rasn (P, To,wtc) Tag,,
7mafout (P7 TO7 wtC) Taf()]

ar. _ <3V£> [rites, (P, To,wte) Tey,
it (P, T, wie) Teo
%ZQ = (%/TT) [micin (P7 Twatc) Ticm,

7m7;50ut (P7 TOy wtc) Ticg]
dPim (—7&> [mimm (}D7 To,wtc) Tim,.,

DI dt _ o
7mout (P, TO, wtc) Tlmo]
‘Zi%,t) [memi” (P7 TO7 Wtc) Temi”

—titemgns (P, To,wic) Temo] : ? 5 .
o = (32) [, (P, To,wic) T . S = ]

_T%Etb"”‘t (P7 To, wtc) ?tbo] 7607 5 time (seconds) 10 1
dose _ (%) [Ty (P, To,wic) — Ty (P, To,wic)

—WteCfr] Fig. 6. Discrepancies in temperature responses dug &mnd X

1) Comparison ofX and 3s: In this subsection, we B. Stage 3 Engine Model: Model Reduction Il
examine the errors in the pressures introduced by the stage

1 model reduction with respect to the original engine model In this section, we explore the possibility of further model

Y. Figures 5 and 6 show the deviations in the responses r&duction of engine modeél, derived in the previous section.
n)(-\éj%ile reductions leading t&, are based on the dynamic

pressures and temperatures when the temperature dynani L . )
are excluded and replaced by their quasi-steady statesvalu hqracterls_tlcs of engine contro_l .volumes, now we consider
In the simulation, we assume that at time= 5s a step their physical properties, specm_cally, the relative coht
change in the throttle takes place whereby the throttlejstatV°|um|$5' The _mguva;mg for this fOI(IjOWS ffom. th_e factl
changes from almost closed to wide open. This is foIIoweH"":lt t e magnitude of the pressure ynamics IS INversely
proportional to volumé/,,. Thus, smallerl’., will lead to

by instantaneous opening of wastegate at tiree10s. It is ) dh L vol be claksifi
clear from the error responses that the behavior of presswfé‘Ster transients and hence control vo Umes can be classitie
generated by andX,; and are identical in steady state. On0 Possess slow and fast pressure dynamics depending upon

the other hand, as expected the values are different durim;e'r volum_es. .
the transient phases but the errors are small. Assumption 6:The volumes of the intercooler control

i ] volume, intake manifold and exhaust manifold are suffi-
Due to the non-zero errors during the transient phases, ciently larger than those of the air filter, compressor and
cannot be seen as gerfectrepresentation ok. However, rhine control volumes and the turbine control volume is
since the errors introduced by, relative to the original ihe smallest.
13" order validated moder are negligibly small, it can be Remark 7: Satisfaction of Assumption 6 permits the en-
Freateq as a good repre.sentation.for many practical PUSPOSEine model 3, to be approximated by a reduced?”)
including controller design and simulations. order model. The errors introduced due to this approximatio
will be small if the difference between the small and large
volumes is high.

Remark 8: Assumption 6 is justified as in the context
of turbocharged engine, sizes of intake manifold, exhaust
manifold and intercooler control volumes are typically muc
larger than those of turbine, compressor and air filter with
turbine control volume being the smallest. In the situation

° where this is not strictly true, but aadternative assumption

007 g lf’ is justified, a similar procedure for model reduction can be
) PPl
’ 2 adopted.

s I L
500

> 2 » Therefore, the control volume pressures can be separated
° % % into two time scales. That isf, s, P. and P, are much

= 5 10 55 faster in comparison withP;., P;,, and P.,,. In order to

I — P, ™ Pt conceptualize this time scale separation, let us express th

w : reduced order model, in the following form:

5 time (seconds) 10 ®
dP;
Fig. 5. Discrepancies in pressure responses duE tnd X dt
dP,
EPtb dt

5001

-5001~

o
|
o

f (13, TO) (20)
= £(P.1) (21)



~ ~ T .
Where,P = |:P1T; PQT} ; Pl = [Piw Pi'rm Pe'rm Wtc]T;

P, = [Puj, P, Pu)’; ep = (32-) for each
{ = [af,c,tb] and Vmaz = max(‘/icv‘/;ma‘/em);
Qaf = gi%f Ca, = ;L) The functions f; and
fo are defined as follows:

V:'II:T (micmn <P7 TO) Ticin —
mic(mt (]5, To) _icg>

Lis (mimi” (}57TO)szL -

Vmaaz n

f1 (}51,P2) = Mimout (P7To) 7im0)
P (vivemy, (P To) T, —
terpus (P Tb) Terno )
(Iic) Ty, (nyo) — Ty (}57 70) —
and i WieCsr) .
_ (aif> (f%) (mafm(~7 70)Tafm |
o (P To) oo )
f2 (ﬁ’, To> = (%) (V;}:r) (m“” (157~_0_ Tci"
(7:"1%) (mtbm (15, To)Ttbm—
it (P, To) Ty )

As a consequence of Assumptions 6, we hapg to be
sufficiently small. The smallness afp,, allows the appli-

cation of singular perturbation theory and, hence, dynamic o (a ~ =\ -
of P, can be approximated by their quasi-steady value. By Wre = (1w> (T‘“ (Phw? <P12 ’TO)

settingep,, = 0, from (20)-(21) following reduced order
system is obtained
dp _ .
== f(PuveP). ) (22)
0 = f2(1517P27T0) (23)

where, 5 (Py) = [Yaf, e, )T is the solution of (23) for
P, in terms of P, expressed in the following form:

P.r = oy <~1) (24)
P.= . (P)) (25)
Py =Y (151) (26)

The functions, (]51), e (]51) and <P1 can be
approximated by expanding, (.) in its Taylor series and

order system (22)-(23), therefore, by Tikhnov’'s Theorem
solution of the degenerate system (22) approaches that of
(20)-(22).

Remark 9: At this point, it can be highlighted that the
procedure allows for a sufficient flexibility in the manner
in which functionsy,; ( Py ), 1. (P1) and vy, (P, ) can
be obtained. Expanding in the Taylor series and solving, as
demonstrated in this paper, is but one of the possible ways.

Remark 10: While higher order terms in the Taylor series
expansion are considered, the functiehs (Pl), Ve (Pl)

andy, (P, ) may attain very long and complicated forms
making them less favorable for the control oriented pur-
poses. One way to overcome this problem is to approximate
these expressions by simpler polynomials. MATLAB tools
like MBC (Model Based Calibration Toolbox or polyfitn
are found to be quite useful in generating such simplified
polynomials.

The reduced order stage 3 model thus obtained after the
exclusion of fast pressures and replacing them with their
guasi-steady state value@(ﬁl)

P = ({ﬁf) [mzc (1517¢2 (Pl) ; o) Tic,,,
g (P1,¢2 (7). T) Tico]
b (42 [ (P () )T
— Mout (131,1/12 (151) , _0> Timg]
P = () [1emen (P62 (P) o) Term,
— ey (Pl, s (151> ,To> Temo}

23:

— Ty, (151,1/12 151) ,To) - U.)tchr>

Remark 11: It may be noted that the model reduction
is based on the existence dtliree time scaleseparation
within the dynamics of control volume temperatures and
pressures. Whereas, is obtained by considering the fast
dynamics (control volume pressures) and eliminating the
slow dynamics (control volume temperature¥) is de-
rived by eliminating the fast pressures and considering the
slow ones. Thus, to obtain reduced order control oriented
model X3 from X we are focusing on theniddle time
scale. The middle time scale is physically the most relevant
time scale with respect to both slow as well as fast time
scales. The control inputs, the throttle angle and waste gat
control, which play a vital role in the control design are
directly associated with the dynamical equations governin
the variables in the middle time scale, naméby., P;,,

solving it for P, by equating it to zero. Then, as in case ofynq p, = Furthermore, conceptually control oriented mean
the development of stage 2 reduced order madgl here y51ue model should capture the average behavior and, hence,
again the closeness of the solutions of (20)-(21) and (22)gnsidering the middle time scale is more feasible from the

(23) is ascertained by the application Tkhnov’'s Theorem

[7], whose validity in this case is elaborated in the form o

the following corollary.

Corollary 2: Provided Assumption 6 holds with small

Point of view of controller design.

C. Comparison of: and >3 models
The key to the accuracy of stage 3 engine model lies in the

EP,y andP2 = 11)2 (]51) is an isolated stable root of reducedaccuracy with which the fast pressuralf, PC, Ptb can be



approximated. In this section we demonstrate the solution
(23) using Taylor series expansion (shown in Figures 7, 8 ar
9). It is easy to see that the approximated fast pressures
obtained in the form of);) approaches the original response:
(as perx) as the order of approximation is increased. For th
generation of results in Figures 7 to 9, MATLAB Symbolic
toolbox is extensively used and the functions, are ob-
tained by using the commarsblve It is worth mentioning
that the authors had to stop 4t* order approximation due
to the computational and display limitations of MATLAB
Symbolic Toolbox. With an alternative computational tool,
it may be possible to achieve even higher level of accurac
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Fig. 9. Approximation of air filter pressure

physical and dynamic characteristics of the engine, ara-qua
tified by means of simulations. Model reduction is achieved
by the application of perturbation theory, first to elimimat
slow temperatures and then to reject fast pressures. The mai
advantage of this modeling approach is that it is based on
the solid theoretical bases and as a result the reduced order
models closely approximate the original model under a wide
range of operating conditions. Moreover, the obtained rhode
because they heavily rely on analytical approximations of
the original engine model than empirical findings, can be
carried to represent a number of different engines. However
the portability of the reduced order models to other engines
is governed by the operating conditions and engine geometry
While investigating the model reduction a number of
interesting modeling scenarios are revealed. In the gt
where the ratio of temperature and pressure stays rehativel
constant with the changing operating conditions, reduactio
from X to X5 is an close description of true behavior. Further,
if the difference in the relative sizes of various control
volumes is large, then the solutions of reduced order model
Y3 tend to the solution ok,. It is also interesting to note
that the procedure leading up to stage 2 and stage 3 models
can be implemented independent of each other depending
upon which sets of assumptions hold.
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