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ABSTRACT

Homogeneous Charge Compression Ignition (HCCI)
presents several advantages over conventional IC engines,
including improved efficiency and emissions. It is, however,
difficult to implement and control due to the lack of an external
combustion trigger. One way to achieve HCCI is to trap and re-
compress a portion of the exhaust in the cylinder to increase the
sensible energy of the air-fuel mixture. Such a strategy, however,
introduces a cyclic coupling through the exhaust gas retaine
from cycle to cycle, making dynamic control non-trivial. In @h
order to develop model-based controllers for HCCI, the authors C,
present a physically motivated two-state model of the HCCI _
process. This model specifically captures the behavior of a direct Cy
inject gasoline engine with an exhaust-recompression strategy ~
used to achieve HCCI. As the trapped exhaust is pivotal in
setting up the cyclic coupling, its temperature and the amount of
oxygen present in it are selected as the states of the system. TheEa\‘/ 0
system’s dynamics are developed through these states to giveEV C
a discrete-time nonlinear model that can be validated against a
more complex continuous-time model. In this form, the model €
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represents a control-oriented description of the HCCI engine as
thermodynamic system, and can therefore be used as a platfor
to synthesize various control strategies.
example, a linear representation of the system is derived an
used to synthesize an LQR controller to track a desired stat
trajectory in simulation.

As a demonstrativ

d NOMENCLATURE

Arrhenius rate pre-exponential factor
Constant average specific heat (at constant pressure)

cylinder contents
Constant average specific heat (at constant volume) f

cylinder contents

Specific heat (at constant volume) for fuel
Specific heat ratio

Activation energy for gasoline

Exhaust Valve Opening time

Exhaust Valve Closing time
Fraction of fuel LHV representing heat loss during com
bustion
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htg  Enthalpy of vaporization of fuel There are however significant challenges in implementinc

IVO Intake Valve Opening time HCCI in practice. Unlike spark and compression ignition en-
IVC Intake Valve Closing time gines, where the combustion is initiated respectively by a spar
Kin  Arrhenius threshold value and the injection of diesel fuel, the combustion in an HCCI en-
LHV; Lower heating value of fuel gine is more directly governed by the characteristics of the mix:
Mok Moles of fresh air inducted into cylinder during engine cy- ture in the cylinder and reaction kinetics. Therefore there is

" clek no external combustion trigger for the process. In addition, in
e, Moles of exhaust trapped in cylinder at EVC during engine the case of residual-affected HCCI, the exhaust that is carrie

" cyclek through from one engine cycle to the next induces a cyclic cou

Ntk  Moles of fuel injected into cylinder during engine cycle Kk pling that complicates both steady-state and transient operatio
no,x Moles of oxygen trapped in cylinder at EVC for engine Cy- Therefore, in order to achieve and maintain stable HCCI, closec
P ,%\l'?mkospheric pressure loop co'ntrol strategies are necessary. .
Pk  Pressure at which fresh air is inducted into the cylinder A first step towards this is the synthe§|s of a model of the
P Pressure following staggfor engine cycle k (i=1.,...,5) HCCI process. Several app_roaches to t_hls en_d have been pr
Ik ] g stage 9 Y ” posed. These range from simple zero-dimensional models (tt
Ry, Universal Gas Constant _ earliest example of these being proposed by Najt et.al [5]) tc
Wk Fraction of external EGR for engine cycle k those with more detailed chemical kinetics and thermodynam
Tex Temperature of trapped exhaust at EVC for engine cycle kjcg [6-8]), to multi-dimensional CFD models [9]. However, for
Tk Temperature following stagjefor engine cycle k (j=1.....5)  the synthesis of model-based controllers we require models th:
Vik Cylinder volume following stagej for engine cycle k e simple, but still capture the key dynamics of the HCCI pro-
‘ (le.""’s) . cess. Such a model is presented in previous work by Shaver ¢
Vivek Cylinder volume at IVC for engine cycle k al [10,11]. This model captured the behavior of a propane-fuele
Vevck Cylinder volume at EVC for engine cycle k HCCI engine with exhaust reinduction, and was shown to be suit
Vazk  Cylinder volume at combustion event for engine cycle k. apje for designing controllers. However, it is only applicable to

W  Engine speed in cycle k ~ the particular HCCI strategy being modeled, and is not easily
x  Fractional change in temperature of trapped exhaust duringzeneralizable. The inputs to the model - effective compressio
_ recompression ratio and the ratio of fresh charge and exhaust - are abstracts

Value of a quantity at nominal operating condition

o ) ) ) o from the actual physical inputs available - valve timings. There-
Deviation of a quantity from nominal operating condition

fore the model is a step removed from implementation. How-
ever, with a static map from valve timings to the model inputs,
effective closed-loop control of HCCI was demonstrated in ex-
INTRODUCTION periment.

Homogeneous Charge Compression Ignition (HCCI) en- The key thrust of the work presented in this paper is to
gines represent the next generation in IC engine technologies, develop a model of HCCI suitable for controller development,
providing significantly better fuel efficiency and emissions char- based on a fundamental description of HCCI thermodynamics
acteristics than engines today. In particular, they have dramati- The model states are chosen so as to represent physical quz
cally low NO, emissions [1]. HCCI is achieved by compressed tities critical in determining the nature of HCCI combustion -
auto-ignition of a homogeneous fuel/air mixture, which is pos- reactant concentrations and temperature [6]. Based on this,
sible when the sensible energy of the reactant charge is in- recompression HCCI strategy with direct-inject gasoline is mod
creased. There are several ways in which this increase in sen-eled. As the role of the trapped exhaust in establishing the cycli
sible energy can be achieved. The inducted air can be heatedcoupling, and influencing combustion is critical, the states for the
or pre-compressed [2, 3] in order to increase its energy. Alter- model are chosen as the moles of oxygen in the trapped exhau
nately, hot exhaust gases can be mixed with fresh charge to ob-the temperature of the trapped exhaust. A discrete time approa
tain a mixture with higher sensible energy. Such a strategy is is used to model HCCI dynamics from one engine cycle to the
known asresidual-affected HCCIResidual-affected HCCI can  next, by breaking up a single HCCI cycle into several well de-
be achieved with a variable-valve actuation system in several fined stages. The engine as a thermodynamic system is ther
ways. One method is to use a delayed closing of the exhaustfore modeled from a controls perspective, providing a valuable
valve toreinduct some of the exhaust from the exhaust man- tool for controller synthesis. This nonlinear model is validated
ifold [1, 4]. Alternately, in what is known afecompression in simulation against a more complex continuous-time model o
HCCI, the exhaust valve is closed early, trapping some of the HCCI presented in [7]. To demonstrate the model’s efficacy a:
exhaust within the engine cylinder, which gets recompressed asa tool for controller synthesis, it is linearized about an operating
the piston continues its upward stroke [4]. point and used to synthesize an LQR controller. When tested i
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Figure 1. Breakdown of an HCCI engine cycle

simulation, the controller tracks the desired trajectory accurately <o«

MODEL DESCRIPTION

A typical HCCI engine cycle with exhaust recompression,
and direct fuel injection can be described as shown in Figure 1.
The intake valve is opened during the induction stroke, to draw
in fresh air that mixes with the trapped exhaust from the previ-
ous engine cycle to form a homogeneous mixture. This mixture

is then compressed once the intake valve is closed, during the up-

ward stroke of the piston. The compression culminates in a fast,
uniform combustion process close to the top dead center position
of the piston. Subsequent to this useful work is extracted from

the engine as the piston moves down. Close to bottom dead cen-

ter, the exhaust valve is opened, and a portion of the products
of combustion is pushed out into the exhaust manifold during

the upward stroke of the piston. The exhaust valve, however, is
closed early enough to trap a significant amount of the combus-
tion products in the cylinder, which is then recompressed as the

piston reaches top dead center. Somewhere during this recom- ,

pression stroke the fuel is injected into the cylinder.
Based on the above description, an HCCI engine cycle can
be broken down into six well defined stages. This is done on

the basis of several thermodynamic assumptions. Fresh charge
induction is assumed to be adiabatic, and at a constant pressure.
The compression, expansion and exhaust processes are modeled
as isentropic processes. The combustion event itself, on account

of the rapid nature of HCCI combustion, is assumed to be a con-
stant volume (instantaneous) event.

With these assumptions, an HCCI cycle is modeled through
the following six stages.

1. Adiabatic induction at atmospheric pressu@iminating in

instantaneous mixingf fuel, air and trapped exhaust at IVC

. Isentropic compressioftom IVC to point of combustion

. Isochoric combustioroccurring instantaneously and uni-
formly

. Isentropic expansioffrom point of instantaneous combus-
tion to EVO

. Isentropic exhaudrom EVO to EVC

. Recompressioaf trapped exhaust from EVC till IVO in the
next cycle

(2]
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Figure 2. Stages in the HCCI cycle

Figure 2 shows these discrete stages with respect to the cylind
volume at any given position of the crank. The figure also show:
typical valve profiles for the intake and exhaust valves.

Definition of inputs and outputs
The inputs to the system in the model are assumed to be tt
following:

1. Moles of fuel injectedh the current cyclens

2. Volume at intake valve closyrer the point at which instan-

taneous mixing between air, fuel and trapped exhaust is a

sumed to occuljvc k

Volume at exhaust valve closumer the point at which the

states of the system are determingg,cx and

. Fraction of external EGRy)k. This assumes the presence,
in addition to exhaust retention, of an external EGR mecha
nism where some portion of exhaust is routed from the ex:
haust manifold into the main incoming air stream. Though
the amount of EGR itself is not easily measureable, the pur
pose of including it in the model is to determine the effect of
EGR as an input on HCCI dynamics. An additional model to
determine EGR amount can easily be added to the existin
model.

3.

The valve timings can be used to vary the relative amounts of a
and trapped residual. A direct-inject system gives independer
control of the amount of fuel in the cylinder, and is therefore a
useful control knob.

In terms of the outputs of the model, what is ultimately de-
sired is that the engine produce the amount of work required, an
that combustion occur at the desired phasing. The outputs of tr
model are therefore chosen as quantities that are representative
these values, but are also easily measurable on an actual engi
test-bed. These are

1. Peak pressurePs k, which serves as a proxy for the net work
output of the engine
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2. Angle of peak pressur@zy, which represents the phasing  be written as
of the combustion event

C7H13+10.250, + 38.54N; — 7CO, + 6.5H,0+ 38.54N, (1)

Definition of states
In order to describe the dynamics of the HCCI process based !f: instead of a stqichiometrig miXture{ we hane moles of fuel
on the framework laid down above, thtatesof the system need ~ @ndna moles of air, the reaction then is (assuming lean combus
to be defined. The key thrust of this modeling work is to deter- tion, which is typical in HCCI)
mine states for the HCCI process that
N{C7H13+ Na(O2 + 3.76N2) — 7nsCO, 4 6.5n:HL0

1. Represent a complete set of variables sufficient to describe +(Na—10.2501)0+3.760aNp  (2)

the system dynamics to the desired level of detail for control
2. Have a physical/thermodynamic basis, ie, represent physical

characteristics of the system that, at the most fundamental The fuel is injected into the cylinder at some point during re-
level, determine the nature of combustion in the engine compression. The temperature of this fuel is assumed to be col

stant. Let the total moles of fuel injected into the cylindembe
To this end, it would be of use to briefly examine combustion This is of course directly related to the duration of injection. The
at the molecular level. The process of combustion is essentially fuel, once injected into the cylinder, vaporizes, and so remove

dictated by two characteristics of the reactant mixture: an amount of energy equal tphsg from the cylinder, wherdig
) ) ) is the heat of vaporization of gasoline.
1. Concentrations of the reactantwhich determines whether At the end of the exhaust process in the previous cycle,
the reactant molecules are close enough to have sufficient cetain portion of the exhaust is trapped inside the cylinder by ai
collisions early closing of the exhaust valve. Let total moles of exhaust ir

2. Temperature of the mixturevhich determines whether the o cylinder at the point of EVC be.. Then by ideal gas law
collisions are energetic enough to cause a reaction

Choosing a set of state variables, therefore, that in some way Ne = PatmVEve ©)
represent these quantities, would give a fundamental basis for an RuTe
HCCI model.

With specific reference to residual-affected HCCI, it is also Where the cylinder pressure at the end of exhaust is assumed
important to recognize the pivotal role played by the trapped ex- be atmospheric. Therefore, at this stage, we knqw the totgl mole
haust. It is the exhaust retained from the previous engine cycle Of trapped exhaust as well as moles of oxygas {in the cylin-
that is used to heat (and dilute) the fresh charge for the current cy- der, and temperature of the entire mixtufig)(as these are the
cle, and is what induces the cycle-to-cycle coupling. This trapped State variables. Individual concentrations of other constituent
exhaust, therefore, is essentially what carries information about &€ unknown. Itis, however, sufficient to know just total moles
combustion in one engine cycle through to the next. in the cylinder if we use bulk properties for the mixture, as op-

Based on this, the states of the HCCI system can be chosenPosed individual species properties in the thermodynamic calct

as those variables that capture the temperature and amounts of2tions. This is a reasonable approximation because thermod:
reactants in the trapped exhaust. Of the two reactants (fuel and"@MiC properties (such as specific heats) are similadpCO,,
0Oy), the fuel is an input to the system, and is directly controlled H20; Nz in the temperature ranges that are relevant [12].

through the fuel injector. Therefore the states are chosen as: During the recompression process, there is no in-
flow/outflow of species as the valves are closed. However, som

1. Moles of oxygen in the products of combustion at EVC, heat transfer occurs, due to which temperature at the end of r
No, k compression is lower than at the beginning. The heat transfe

2. Temperature of the trapped exhaust at EVg, during recompression and fresh charge induction can be modele
by relating temperature of trapped exhaust at the end of recon

The subscripk here denotes thieth engine cycle, where an en-  pression and induction to the temperature at EVC by a simpl
gine cycle is assumed to start at EVC (end of exhaust, begin- zero-dimensional heat loss model.

ning of recompression). Using these state definitions, the various

stages in an HCCI cycle can now be described.
g y Trexh= XTek (4)

Recompression  Gasoline is assumed to have the for- wherey is a constant factor determined empirically afhg is
mulaC;H; 3. The stoichiometric combustion reaction can then one of the states.

4 Copyright (© 2006 by ASME



Adiabatic induction followed by instantaneous
mixing  Fresh air is inducted into the cylinder from IVO to IVC

Using the ideal gas law and (8) an expressionTigy is ob-
tained in terms of the state variables

at a constant pressure (assumed to be atmospheric) and tempera-

ture. This is then assumed to mix instantaneously at IVC with the
trapped exhaust and fuel. To obtain the state of the components

of the cylinder after mixing, we apply the first law of thermody-

namics. A constant average specific heat for the entire mixture is

used. We assume thiax moles of air andpyn, x moles of cold

Tk P xMvek

o Ru {Nak (14 Wk) + Nek

(10

Pressure and volume at this point are givenFpy = B
andVyx = Vivck. Therefore the state of the mixture at the start

external EGR gas enter the cylinder together at a fixed temper- of compression is completely known.

atureT;. Total moles inside the cylinder (neglecting quantity of
fuel), is then given byyot k = Nax(1+ Wk) + Nek.

Applying the 1st law to the mixing process based on the
above assumptions

C?p {na,k(]-Jr P)Ti +Xne,kTe,k} —ng khig

= 5p {nax(1+ W) +nex} Tk (5)

Here it is assumed that a part of the sensible energy is removed

from the system due to vaporization of the fuel.
Rearranging equation 5,

_ Nak(14+ W) Ti + XNekTek — C1Nt k

Tik
Nak(1+ P) + Nek

(6)

whereC, = hfg/(fp

Such a formulation also gives a very simple expression for
the moles of air entering the cylinder during the current cycle.
Applying the ideal gas law (and neglecting moles of fuel inside
the cylinder),

P Mvek

7
RuT1k "

Nak(1+ W) +Nek =

Substituting forTy x from (6) and fomey from (3) and rearrang-
ing

P kVive k + RuCing k — XPatmVEvCk
RuTi(1+ W)

Ng k

®)

Total moles of oxygen now present in the cylinder (after induc-
tion) is given by

kNa k
No,,1 = 0.21N3k + No, k (1+ ll-'a) 9
Nek
whereno?kiwkna‘k represents amount of oxygen in, x moles

Nek
of external EGR, given thatsx moles of exhaust contaimg, i
moles of oxygen.

Isentropic compression
sumed, and therefore

Isentropic compression is as-

\V/ \%
Tok= ( \llvc’k> Tik (11)
23k
\V/ Y
Py = (\',VC'k> Rk (12)
23k

Here the termV,3 represents the volume of the cylinder at the
point where instantaneous combustion is assumed to occur.
model for determining the instant of combustion is presentec
subsequently.

Isochoric combustion HCCI combustion is typically
very fast, and therefore an instantaneous, constant volume cor
bustion can be assumed to occur. From (2) and (9), the combu
tion equation in terms of just the reacting species can be writte|
as

n
Nt kC7H13 + {0-21na,k+ No, k (1+ w; ‘:k> } 02 — 7n; COx +
e,
WkNa k
6.5n¢ kHo O+ 4 0.21n5 — 10.25n¢ k +No, k| 1+ Tnor 0O,
ek
(13)

Applying the first law to the combustion reaction

du

Qcomb_w

As the comb.ustion_ is assumed to occur at constant volume, tt
piston work W = pV, is zero. The first law then becomes:

du -
ma = Qcomb (15)
Integrating this expression yields
Uz = Uz + Qcomb (16)

Copyright © 2006 by ASME



The heat loss during the entire HCCI cycle can be taken as a

Isentropic expansion Isentropic expansion is assumed

fraction of the fuel heating value. The first law then becomes till the opening of the exhaust valve, and so

(assuming positive lower heating value for fuel)

Up=Uz—(1— 8)nf7kLHVf a7)

Again, assuming that all constituents (except the fuel) have the

same specific heat, and substitutingfrandUs;

{sz.f Ntk + Cy (Nak(1+ Wk) +nej) } (Tok — Tret)
=Cy {3.250¢ k+ Nak(1+ Wk) + Nek} (Tak — Tret)
—(1—s)nf,kLHVf (18)

Rearranging,

Ty = Con k+ {Cu Ntk +Cy (Na(1+ W) +Nek) } Tok
’ Cv {3250 + Naje(1+ i) + Ne

(19)

whereC, = (1—&)LHV; + (3.25C, — Gyt ) Tret
Applying the ideal gas law before and after combustion,

PoVas3
N> —
T RT
PsVa3
N3 = 20
5= RTS (20)

y—1
Tax = (\/23k> Tak (24)
) V4,|< )
V. Yy
Pak = (ﬁ) Psk (25)

Isentropic exhaust  The exhaust process is also mod-
eled as an isentropic process, assuming that the exhaust manif
is at atmospheric pressure.

_ (Patm> T (26)

Applying the ideal gas law at the beginning and end of the ex:
haust process, the number of moles of products in the cylinde
before and after exhaust are obtained, the ratio of which gives a
expression for the fraction of trapped exhagst,

g Ns _ VPsTa
Na  VaPyTs

1
Patm) v V5
- 5 27

< Ps Va3 @7)

From (13) and (27), the state update equationrigyy is ob-

From inspection of the combustion reaction it is easy to see that tained.

% ~ 1. Therefore
2

T3k

Pak = P2,k-|_2 ” (21)
Rearranging (19)
o — Cu {3.2501 + Na(L1+ W) + Nk} Tag — CaNr i 22)
’ {Cutnix+Cy(Nak(1+ W) + Nek) }
Substituting (22) and (12) in (21)
VIVC.k) Y
Py = *
~ B 3K ( Vask

{Cutnix+Cy (Nak(1+ W) + Nek) } PkTak (23)

Cy {3:25n1 k+ Nak(1+ Wk) + Nk} Tak —Cani i

kNa,k
No, k+1 = Bk {0-21na,k 10.25n¢ k + No, k (1+ LIJn ekl, ) }
e7
(28)

Simplifications

To obtain an expression for the peak pressBgg)in terms
of the states and inputs, we need to substituteTiqrin (23).
A simplification can be made here, by comparing the denomi
nator in (22) with the first term in the denominator of (23), and
recognizing thahy x < nax. We can then assume

A= Cy {3:250 -+ Naj(L+ Yk) + Nei}
~ {Cy Ntk +Cy (Nak(1+Pk) +Nek) (29)

Substituting (29) in (19) and (23)

To o Cong + AcTok
WETTA
Copyright © 2006 by ASME

(30)



and

AP kT3
ATz —Cong

\V/ Y
Puic— () @31)
23k

Substituting forTz in (31) and rearranging, an expression for
the outputPsk in terms of the states and inputs is obtained

_ Contx {PVivekTek + RuCin xTek — PamVevek(XTek — Ti) }
AVozTi Tek

Ps

Vivek >y71
( Vs R Mvek

(32

Va3 k

This gives one output equation in the state space form of the

model.

The temperature of trapped exhaust at EVC is then equal to

Ts

T3k

y-1
Patm) v 33)

Tekr1=Tsk= ( Pay

Substituting from (32) we get the state update equationt§pr

The integration can be simplified by approximating the in-
tegrand by its value at TDC, and beginning integration at this
point, a justifiable assumption as the value of the integrand i
largest at TDC. In this case a linear expression for the phasin
0,3 is obtained in terms of the Arrhenius threshold.

. 623—0660 Ea
Kip = /e Athe(m> [C7H13]3 pc[O2] R pcd8/ 0

IvC

Ea
~ ApeRTToc [C7H13)3 pe[O2)F e (

823 —Brpc— 00
23— Y71DC ) 37)
Wy
wherewy is the engine speed.
Here
V Y
Trpc = (\}Vc’k) Tk
TDC
Nt k
[C7H1g]rpc = yan
TbC
0225+ (14 572 ) no,
[O2lrpec = V. : (38)
TDC

Substituting (38) and (10) in (37) and rearranging, an expressio

shown in (34) on top of the next page This is the second state for the combustion phasing is obtained, shown in (39) on top o

update equation.

Combustion phasing modeling
In order to develop a model to determine the phasing of

the next page. This is the second output equation in the sta
space form of the model. With this, there is now a closed forn
solution for the outputs in terms of the states and inputs, and th
time-update equations for the states.

The cylinder volume at the point of combustion can be ob-

combustion, a simple global Arrhenius rate model is used, which 5ieq using the simple volume equation for the cylinder as ¢
has been shown to be adequate to capture the dynamics affecting,nction of the crank position as given in [13].

phasing ( [6], [7]). The reaction rate for the overall combustion
reaction is given as

RR= A(he(%) [C7H13]a[02}b (35)

whereE, is the activation energy anéky, is a pre-exponential
factor. Integrating this global Arrhenius rate equation from IVC
to the point of combustion gives an expression of the form

/ RR= geth Al &) [CrH15]( O Pt (36)

V(8) = Ve +

2
cyl

B
2 (Loy+ ey (1 - cos) — /L2, — a3, sirPo)

(40)

Model Summary
A two state model of the HCCI process is obtained in the
following nonlinear state-space form

X1 = F (X, Uk)

Combustion can then be modeled to begin when this integral The states, inputs and outputs are given by

crosses a certain threshold valig,. The point at which the
peak in-cylinder pressure is reachéds is related to the point
at which the threshold is crossed g = 6,3 — 66, wheredb is

assumed to be constant as a consequence of approximating the

combustion event to be a function of the crank angle.

Yk = G(Xc U) (41)
N k
_ | No,k | Vivek _ Ppkk}
=| =2, = ’ = ’ 42
Xk |: Te,k :| ) k VEVC,k 7yk |:9pKk ( )
Wk

Copyright © 2006 by ASME



y-1
T - (Path23,kTi Te.k) Y
ek+l = —1

Al {PVivekTek + RiCint Tek — PamVevek (XTex — Ti)

(VIVC,k
Vazk

Kin(Vrpe)*+Pox

B
Wen
A{h(nf.k)a{o-zma,k+<1+ ﬁ:‘k>n02,k}

.k

B3k =

exp{ R

Mivek

Table 1. Engine parameters

Parameter Value | Units
Engine speed 1000 rpm
Stroke 94.6 mm

Connecting rod length| 152.2 mm
Bore diameter 86 mm

Compression ratio 12

The two state update equations are given in (28) and (34), and
the two output equations are given in (32) and (39).

MODEL VALIDATION IN SIMULATION

The control model described above was validated in simula-
tion against a more complete model of HCCI combustion devel-
oped previously [6,7]. This is a continuous time, ten-state model
that includes much of the complex thermodynamics of the HCCI
process. Valve flows are modeled using compressible flow equa-
tions, heat transfer occurs continuously throughout the engine
cycle and is modeled by the extended Woschni correlation [14],
and the combustion event is of finite duration, and is captured
by a Wiebe function. It is however too complex for controller
development and real-time implementation.

To compare the two models, the properties of the cylinder
contents at the end of each of the stages in the HCCI cycle are
obtained at a particular steady-state operating condition. Of spe-
cific importance are the pressure and temperature in the cylin-

der at each of these locations and the location of peak pressure.

These quantities are compared across the models.

Engine parameters and particular operating condition char-
acteristics used in simulation are shown in Tables 1 and 2 respec-
tively.  The particular operating condition simulated has been
chosen arbitrarily as one of the test cases for which the com-
plex simulation model was parametrized based on experiments.
Figures 3 and 4 show the evolution of in-cylinder pressure and
temperature respectively during one HCCI cycle as predicted by
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Table 2. Operating point at which continuous simulation and simple con-

trol model are compared

Parameter Value | Units
VO 75 CAD
IvVC 195 CAD
EVO 525 | CAD
EVC 645 CAD
Mass of fuel injected per cyclg 8 mg
Peak pressure 4350 kPa
Angle of Peak Pressure 365 CAD

_ Pressure(kPa)

Figure 3. Comparison of Control model and Continuous time simulation

- In-Cylinder Pressure

Temperature(K)

“ cAD

Figure 4. Comparison of Control model and Continuous time simulation

- In-Cylinder Temperature
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Moles of oxygen at EVC Trapped exhaust temperature at EVC
525

the continuous time simulation. Values obtained from the sim-
pler control model at several discrete points are indicated on the
plots. As seen, the control model accurately predicts

Controlldr
of

-~

Control|er 550
off

Controller

<— | Controller on

_—

1. Peak pressure in the cycle

2. Crank angle at which peak pressure occurs in the cycle
3. Temperature of trapped exhaust at EVC

4. Temperatures and pressures at other points in the cycle

Moles of 02 at EVC

Exhaust temperature at EVC (K)
r’ )

g % & § 8
T

There is a loss of accuracy in intra-cycle dynamics in the e e T e e
two state model as compared to the Cont'_nuous time ten StateFigure 5. LQR controller implemented in simulation - evolution of states
model. However the Cyc_le to cycle dynamics _are captured ac- Dashed line - Desired trajectory, Solid line - Actual trajectory
curately enough to be suitable for control. Earlier work [10, 11]
has shown that two states are sufficient to model the cycle to cy-

H 0 Peak pressure Angle of Peak pressure
cle dynamics of HCCI and have been used to control the process Controllpr [Controidr )
dynamically. - — S a— AL
-9 on 3 I
= - 5w .
LINEARIZATION _3 5w ( Controler
In order to demonstrate the value of this model as a plat- & - ’
form for controller synthesis, a simple controller is now designed
based on the model. It is first linearized about an operating point, I R
Engine cycle Engine cycle

so as to allow the synthesis of linear controllers. Linear expres-
sions are taken for any quantiy of the formay = ax + &x. Here
ay represents the value of the quantiyt the nominal operat-
ing condition, andiy represents its deviation from that operating
point. These expressions are then substituted in the nonlinear

. . .o Moles of fuel injected IvC EVC
state and output update equations, and Taylor expansions to the Contblle

Figure 6. LQR controller implemented in simulation - evolution of outputs
Dashed line - Outputs corresponding to desired state trajectory, Solid line
- Actual output trajectory

el B Controller
first term give linear system equations around the particular op-  §.[%— & j o oo
H e = - ontr|
erating condition. < 5= oft
K1 = AR + Bl = . L
yk - CXk + DUK (43) ’ Enwginevcdyde s i E#gine?yclegn " ’ : Eﬁﬂgine’::aycleém

Figure 7. LQR controller implemented in simulation - inputs commanded
whereA, B, C andD are matrices. As the linearization is per-
formed analytically, this gives the form of a general linear model.
Expressions for the matrices are functions of the operating point
at which the system is linearized, engine parameters, and physi-
cal properties of the cylinder constituents. Substituting these in,
values for the matrices can be obtained at any operating condi- Ok = —Kjgr X« (44)
tion.

feedback has been derived to track a desired state trajectory. Tf
controller is of the form

and minimizes the cost function

CONTROLLER SYNTHESIS AND IMPLEMENTATION R

As an example of the applicability of this model, we now J = Z (XQ% + UkR) (45)
demonstrate the synthesis of an HCCI controller based on the
model. Using engine parameters, and properties of fuel and air This controller is implemented on the continuous time simulation
(obtained from [13]), the values of the matrices for the linearized model. TheR matrix is chosen so as to have a very large cost or
system at an operating point (described in Table 2) are deter-the EGR input () - and so effectively the main inputs used are
mined. This gives a linear model for the system at that point, Viyc, Vevc andns.
using which a variety of simple closed-loop controllers can be As shown in Figure 5, the controller is used to track a desirec
synthesized. Here a simple LQR controller assuming full state state trajectory (shown by dashed line). The controller is firs

9 Copyright (© 2006 by ASME



switched on after 20 engine cycles, after which the system statesREFERENCES

are seen to track the desired trajectory very closely. Response [1]
time is fairly quick, and is of the order of 5-6 engine cycles.
Figure 6 shows the behavior of the model outputs (peak pressure
and angle of peak pressure) as the system tracks this desired state
trajectory. The inputs commanded by the LQR controller are [2]
shown in Figure 7.

CONCLUSIONS [3]
HCCI, with the benefits it offers, presents one of the most
promising solutions to today’s energy and ecological problems.
However the challenges with achieving and maintaining HCCI [4]
in an engine necessitate the synthesis of a closed-loop control
strategy for the HCCI process. The first step towards the devel-
opment of such a strategy is the design of a model of the HCCI [5]
process. One possible approach to this end has been described
in this paper. The two state model presented here was aimed at [6]
capturing the behavior of HCCI based on the underlying ther-
modynamics of the process. The model states were selected so
as to represent mixture temperature and reactant concentrations,
which are the key determinants of the nature of HCCI combus- [7]
tion. In addition, the trapped exhaust from one cycle represents
the fundamental agent of information transfer to the next cycle -
and therefore the states for the model were chosen as moles of
oxygen in, and temperature of, the trapped exhaust at EVC. With
this set of states, a nonlinear model of HCCI was obtained. This [8]
model effectively maps the engine thermodynamics to a control-
oriented state-space description of HCCI. As a physically moti-
vated control model, therefore, it represents an ideal foundation
for the synthesis of a variety of model-based control strategies.
As an example, an LQR controller has been demonstrated in sim- []
ulation and used to track a desired system trajectory.

FUTURE WORK [10]

The states of the model as formulated are not directly mea-
surable on an engine, and the final objective is control of desired
output trajectories. Therefore the next step is to develop an ob-
server that can be used to estimate the states. The state estimat@l]
can then used to track a desired output trajectory.
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