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Abstract— This paper analyzes the stability of the autoigni-
tion process of homogeneous charge compression ignition
(HCCI) engines in light of the cycle-to-cycle thermal feedback
due to the high percentage of exhaust dilution. The influence
of heat transfer and the cooling system on the system stability
is investigated. The returning map and the stability of the
multiple steady state equilibria are confirmed with a high order
dynamic nonlinear model, which includes manifold filling and
composition dynamics and has been validated both at steady
state and during transient. It is shown that the autoignition,
which is based on high exhaust gas recirculation and thus
strong cycle-to-cycle temperature coupling, can depart from
the region of attraction of a stable equilibrium during large
and fast changes in fueling level.

I. INTRODUCTION

Charge temperature is the primary mechanism for con-
trolling ignition timing in an HCCI engine, especially when
exhaust gas recirculation (EGR) is used [1], [2], [3]. The
recirculation of hot exhaust gas provides high dilution and
thus changes the charge temperature inside the cylinder [4],
[5]. One attractive way to recirculate the hot exhaust gas
involves a secondary opening of the exhaust valve during
the intake stroke (rebreathing). The amount of dilution is
controlled by varying the lift of the secondary exhaust
valve opening, which we refer to as the rebreathing lift
(RBL), as shown in the valve profiles in Fig. 1. Using
high dilution levels the exhaust gas heat can increase the
charge temperature for the next cycle, and thus determine
the ignition and the exhaust temperature of the subsequent
cycle [6], [7]. Therefore, thermal autoignition equilibria and
their stability can be described by a returning map that
captures the temperature effect of the prior combustion to
the next via the exhaust gas recirculation [8].
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Fig. 1. Exhaust, intake and rebreathing valve profiles.

In this paper, we extend the model in [6] and the stability
analysis in [8] for an HCCI engine with high dilution by
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exploring the effect of heat transfer in the exhaust runners.
The modified model is first validated against transient exper-
iments and then used to analyze the effect of heat transfer
in the exhaust runners on the open loop stability of a HCCI
engine by building the returning map following a procedure
similar to [8]. By assuming fast manifold dynamics and
accurate air-to-fuel ratio control, the temperature dynamics
constitute the dominant and slow dynamics of the overall
system. Specifically, the charge temperature in the cylinder
at intake valve closing, Tj,., and the blow down temperature,
Tyq, are the two cycle-to-cycle interacting variables that
define the HCCI combustion process. The cycle-to-cycle
coupling of the temperature dynamics thus determines the
stability of the open loop HCCI dynamics.

We found that the thermal dynamics are described by
a unique stable thermal equilibrium, if the wall tempera-
ture (7,,) of the exhaust runners and exhaust manifold are
perfectly controlled with an active cooling system. On the
other hand, insulated exhaust runners sustain the thermal
energy of the recycled gases and may enhance cycle-to-
cycle temperature growth under early-ignition conditions, as
explained in this paper and observed in the experiments [9],
[2]. In the end, we demonstrate that non-optimized sequences
of the input command RBL, which successfully make small
load transitions, can result in large temperature excursions
that can damage the engine or lead to misfire during large
load transitions.

II. ENGINE MODEL

A summary of the HCCI engine model dynamics is
presented in this section. The mean value model (MVM)
from [6] is extended by accounting for the heat losses in
the exhaust runners. This extension allows us to study the
effect of heat transfer on the multiplicity and stability of the
temperature equilibria. Figure 2 shows the schematic diagram
associated with the engine model. There are three relevant
volumes: (i) the intake manifold denoted with subscript 1,
(ii) the exhaust manifold denoted with subscript 2, and
(iii) the cylinder denoted with subscript c. The atmospheric
conditions are denoted with subscript 0. In each volume,
volumes are denoted with V, pressures with p, temperatures
with T, masses with m. The rate of the flow from volume x
to volume y is denoted as Wy, and is calculated based on the
orifice flow equation [10].
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Fig. 2. Schematic diagram of the engine.

A. System Dynamics

The burned gas compositions are neglected in this model
since the combustion timing of a high residual HCCI en-
gine is dominated by charge temperature [1], [2], [3]. The
system dynamics include three (3) continuous and two (2)
discrete in-time states. A heat exchanger (HEX) keeps the
intake manifold at isothermal conditions, 77 = 90°C (363°K).
Therefore, one continuous state is sufficient to characterize
the intake manifold, namely, the spatially average intake
manifold pressure, p;, which is determined through the
conservation of the mass in the intake manifold and the ideal

gas law:
p1=RT; (Wo1 — W) /Wi (1)

where R is the gas constant. For most conditions, the
manifold pressures satisfy p; < pg < p» so that all the
flows through the valves and orifices are due to the pressure
difference between the volumes. The flow from the intake
manifold to the cylinder W), is a forced flow due to cylinder
pumping and has been characterized in [6] using experimen-
tal data as a function of p{, p, and the rebreathing lift (RBL).
Similarly, the rebreathing flow W), has been characterized
in [6] as a function of p;, p>, RBL, and the exhaust runner
temperature 7, discussed below.

The two other continuous states are in the exhaust man-
ifold. One of them is given by the conservation of mass in
the control volume containing the whole space of exhaust
manifold plus runners (CV in Fig. 2):

1y = Wep — Wag — Wa. )

The energy balance equation in the control volume CV in-
cludes the heat transfer to the wall by defining the convective
area A and the convection coefficient /iy (A2hp=3 W/K). A
perfect cooling system is assumed and thus the temperature
of wall 7, surrounding the exhaust runners and manifold
is assumed constant at 400°K. The conservation of energy
gives the final continuous state:

d YR

Epz = 72

AR
C,\V;

(WczT;i/ — (Wao + Wae + Wy )Tz) - (L-T,) )
where V; is the volume of the exhaust manifold plus runners
(CV) and Tb‘fi is the delayed temperature of the blowdown
gas entering the exhaust runners as introduced in (5).

Two discrete-in-time states are introduced due to the cycle-
delay 7 = N/120, where N is the engine speed (rev/min).
Specifically, the flow and temperature of the gas exiting the
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cylinder are both delayed:

Wea(t + 1) = Wie(t) + Wy (t) +Wac(t) 4)
Ty (t+7) = Tpa(1) 5)

where Wy is the fuel mass flow injected, and T, is the
temperature of the blowdown gas in the previous cycle.
The blowdown gas temperature 7p; is calculated in the
combustion model in Sec. II-B.

The temperature of the reinducted exhaust gas, T, is
derived by (i) considering the period right after the exhaust
valve closing (EVC) in the energy balance equation of the
exhaust runners and (ii) integrating the resulting energy
balance equation from EVC (¢t = 0) to middle of the intake
stroke (t =1t,):

T, T4,

Ter = d

(1 — o) Ty + o Ty (6)
—4he,Rth )

CvDerPZ '

The parameter D,, is the effective diameter of the exhaust
runner and h,, is the heat transfer coefficient in the exhaust
runner. The ratio oy, weighs the heat gained from the
blowdown gases versus the heat lost to the wall.

where @, = exp(

B. Combustion (T, — Tpq)

The combustion model in [6] is summarized in this sec-
tion. The blowdown temperature T, is derived by tracing
the temperature variations through the following process:
compression from intake valve closing (IVC), combustion,
expansion and blowdown.

P2 ]—é 1% (9 ) Ne—ne
Tpa = Tive ( ) |:<”> +
Pive Vive

where my is the amount of fuel injected per cycle and 6,
denotes the end of combustion

ec = 9S()C +A0 . (8)

1
Vglffl (QC)RQLH‘/mf e
vai:lyzpivc

(N

The start of combustion 6y, is determined by the Arrhenius
integral: £y
i App i () expl— e (2)
‘ R
where vy () = Ve () /Ve(Sy)

v =1 o

and the combustion duration A@ in (8) is calculated by a
reparameterized burning velocity equation:

A0 =k (Tsoc (=2/3) T /3
0 = k(7o) 2 (1) P exp (35

where T, = Tyoc +eAT, AT = Qravmy/Cymc
e = b+ b1 650+ 0262 .

(10)

Integration of (7)-(10) results in the overall combustion
model that relates Tp; to the combustion model inputs Tjy,
p1, p2 and my

de:fc (Tivalap27mf) . (11)

The dependency of T4 on T;,., which in turn depends on the
previous Tp4, constitutes the feedback loop, shown in Fig. 3,
that we analyze in this paper.
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Fig. 3. The thermal feedback constituted by the breathing characteristics
(including heat transfer in the exhaust runners and exhaust manifold) and
the combustion characteristics of the HCCI engine with large percentage of
residual gas in the cylinder charge.

C. Breathing (Tpg — Tor — Tive)

In this section, we construct the steady state characteristics
of the breathing block in Fig. 3, which maps the blowdown
temperature Tp; to intake charge temperature T, through
the reinducted exhaust temperature 7,,. The steady state
temperature at IVC, T}, is derived in [8] as
_ (ﬁO"‘ﬁlPl)Vicher

Woi TR(TN =T ) + (ﬁ() +ﬁ1pl )Vivc .
At steady-state, based on (2), (3), and (5), exhaust manifold
temperature 7, is a weighted function of the blowdown
temperature 75, and the wall temperature T,,:
= CoWeaTpq +Arha T,

CpWCZ +A2h2

12)

]}V(I

13)

The temperature of the reinducted exhaust gas T, at steady
state is derived from (5) and (6):

_ TTpa
T”’(l—a VTpa + o T,
ht bd_ ht L w (14)
where o = exp(———=
! ( CvDerPZ '

The ratio oy, weighs the heat gained from the blowdown
gases versus the heat lost to the wall. If there is no heat
loss to the wall as in insulated exhaust runners, then oy, = 1
and T,, = Tjy. In all other cases, oy, <1, which weakens the
thermal coupling (Tpg — Tor — The — new Tpg) from cycle-
to-cycle.

Typical values of the parameters can be used to illustrate
how heat transfer affects the slope of the breathing tem-
perature curve. For example, by using /. = 80 W/m’K,
C, = 740.625 kJ/kg-°K, p> = 102.06 kPa and T7,, = 400°K
in equation (14), the temperature of the reinducted exhaust
gas is approximately

Ter %O.Sde. (15)

Compared with the case when the exhaust runners are
insulated, T, = T4, the resulting steady state slope from
Tpq to T, in (15) is reduced by 20%. Thus by substituting
(15) into (12), the slope of the steady state temperature curve
from Ty, to Tj, is also reduced. Specifically, the steady state
gain from 7j4 to T, decreases when a higher heat transfer
rate is applied (increased h,,).
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III. TRANSIENT TREND VALIDATION

Experimental data during step changes in RBL and fuel
(independently) for a single-cylinder gasoline HCCI engine
were provided for validation by General Motors Co after
the engine was modified from the original engine that was
used to develop the model. Due to the differences between
the engines used for model calibration versus validation, an
offset between the experiment and simulation is observed.
To facilitate the comparison between the predicted and the
measured values and demonstrate that the dynamic model
captures the transient cycle-to-cycle behavior, two vertical
axes will be used for the validation figures in this section.
The left axis shows the measured values, whereas the right
axis shows the predicted values.

The validation data were provided at a fixed rate with
0.05 sec sampling time after downsampling from a sampling
time of 0.005 sec. Hence, at 1000 RPM, the values of the
crank angle of 50% fuel burned (8¢cas0) values capture cycle-
to-cycle variability. The two experiments were performed
in two different periods. The exhaust runner temperature
measurement is important for validating and unraveling the
thermal coupling by the rebreathed flow. For the validation,
we augment associated sensor dynamics in the reinducted gas
temperature T, of our model to compare with the measured
temperature Tj,..s. A slow thermocouple with time constant
10.68 sec (89 cycles at 1000 RMP) was used for the exhaust
runner temperature during the RBL steps. The experiment
with the fuel steps was performed with a faster thermocouple
at the exhaust runner with time constant 1.2 sec (10 cycles
at 1000 RPM).

The transient response during RBL steps and fuel steps
are shown in Fig. 4 and Fig. 5. The figures show that
Ocas0 is advanced when either RBL or fuel increases. The
measured temperature at the exhaust runner, 7;,eq5, 1S the
reinducted exhaust gas temperature, T,,, modified by the
sensor dynamics. The absence of wall temperature dynamics
in the model induces the mismatch between the modeled
T, and the measure Ty, in Fig. 5. Fig. 4 shows that the
measured temperature 7T,.,s increases more in the second
RBL step change (from 3 mm to 4 mm) than in the first
one (from 2 mm to 3 mm). This nonlinear behavior between
RBL and Teqs (Tey) is predicted by our combustion model.
Specifically, the reinducted exhaust gas temperature T, (6)
depends on the nonmonotonic behavior of Tp; as Tj. is
increased through RBL. The implication of this nonlinear
behavior to the thermal stability of an HCCI engine was
first reported in [8] and is further studied in this paper.

IV. GLOBAL STEADY-STATE TEMPERATURE EQUILIBRIA

Assuming that the temperature dynamics dominate the
engine behavior, we analyze the global temperature equilibria
using a return map consisting of two processes, namely: the
combustion process in Sec. II-B and the breathing process in
Sec. II-C. The internal temperature feedback shown schemat-
ically in Fig. 3 exists in a small percentage in conventional
SI or CI engines, but its effects are pronounced in HCCI
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Fig. 4. Rebreathing lift step response trend validation.
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Fig. 5. Fuel step response trend validation.

engines due to the large percentage of residual gas in the
cylinder charge.

To get the exact mapping from Ty, to T;,. (breathing) and
from Tj,. to Tp4 (conmbustion), the exact manifold pressures
need to be determined for fixed fueling and RBL. To resolve
the coupling, the steady state equations are programmed
and solved using the symbolic manipulations in Matlab.
Specifically, the temperature equations used are:

e Eq. (11) for Tpy = fe(Tive, p1, P2, Wy)

e Eq. (14) for Ty = fp1(Tpa; p2)s

e Eq. (12) for T :be(Tehpl);

L] Eq. (13) for T2 :fb3(de,p1,p2,RBL);

and mass flow rate equations are

e Wic(p1,p2,RBL) = Woi(p1)

o Wi(p2,T2) = Woi(p1) + Wy

o Weo = Woi (p1) +Wae(p1, p2, Trot, RBL) + Wy

Note here that the flows depend on the temperatures and so
the steady-state temperature and flow equations need to be
solved simultaneously.

To obtain a graphical representation of the HCCI engine
temperature equilibria, in Fig. 6 we superimpose the breath-

ThB06.3

ing temperature curves (straight lines) together with the
combustion temperature curve (“U” shape), for a fixed fuel
flow rate at 9 mg/cycle, RBL at 4 mm and intake manifold
pressure p; at 100.19 kPa. The breathing temperature curves
(straight lines in Fig. 6) provide the cylinder charge temper-
ature at IVC of the next cycle, Ty (k+1) = fp(Tpa(k)), as it
is governed by the breathing characteristics under different
heat transfer conditions. The addition of heat transfer in the
exhaust runners (., = 80 W/?K) changes the slope of the
curve, a change which is critical to the steady-state mapping.
The combustion temperature curve (“U” shape in Fig. 6)
provides the blowdown temperature of cycle k, Tpq(k) =
Se(Tiye(k)), as it is governed by the combustion following
the autoignition of the compressed charge. It is obvious from
Fig. 6 that there is a fuel-optimum 7;}. on the combustion
curve for which most of the chemical energy of the fuel is
converted to useful mechanical work and not exhaust gas
heat. In other words, Tj,. determines combustion timing in
the HCCI engine and thus affects the thermal efficiency.
The intersection of the breathing curve (straight line) and
the combustion curve (“U” shape) defines a temperature
equilibrium point.

Stability Analysis: w/o heat transfer (dashed line), with heat transfer h, =80 W/m?K (solid line)
760

740

h,,= 80 Wim’K  /

700

Toa 0
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640 I I L
450 460 470 480 490 500 510
Tive K

ive

Fig. 6. Stability analysis through the recursive mapping between 7}, and
Tpq for fuel flow rate fixed at 9 mg/cycle.

The stability of an equilibrium point for the recursive map-
ping is determined by the slopes of the two curves near the
intersection. We conclude that stable equilibria exist when

3%‘(’ g%ﬂ < 1. Basically, the equilibrium is stable around
the lowest point on the combustion curve (7,4 at 660°K; T;,.
at 465°K). On the other hand, unstable equilibrium points
appear when the two curves have two intersections, as with
the dotted line in the right portion of Fig. 6. This dotted line
corresponds to the breathing characteristics of an engine with
insulated exhaust runners (A, = 0 W/m2K). When RBL is 4
mm and p; is equal to 100.19 kPa, one of the intersections of
the breathing and combustion curves is a stable equilibrium
point. The stability of this equilibrium can be confirmed by
following the temperature converging sequence after a small
perturbation from the equilibrium point, S;, as shown in
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Fig. 6. The other intersection, point U in Fig. 6, is an unstable
equilibrium point. With the addition of heat transfer in the
exhaust runners (4, = 80 W/m2K), the slope of the breathing
temperature curve (from T, to Tj,.) increases as shown in
Fig. 6. This slope change corresponds to a weaker cycle-
to-cycle coupling of the temperature dynamics. Extremely
high heat transfer case (high %,.,) would result in a vertical
breathing temperature curve and stop the internal feedback
loop from T34 to T;,.. Specifically, extremely high A, implies
ap — 0 and T, — T,, as indicated by (14). In other words,
T;yc is only affected by the wall temperature 7, from (12).
We conclude that the wall temperature and heat management
are very important to the operation of HCCI engines.

With better understanding of the heat transfer effect on
the stability of HCCI engine, we can develop a better heat
management strategy to provide enough heat required for
autoignition and avoid instability. For instance, a controllable
and fully integrated cooling system could be used to enhance
the self-heating tendency at some operating points for fast
warm-up strategies. On the other hand, we may have to cool
down the exhaust runners to avoid instability or early ignition
at high loads.

V. CONTROLLED TEMPERATURE TRAJECTORIES

To generate the simple two dimensional returning maps in
Sec. IV we neglected the intake and exhaust manifold filling
dynamics and assumed that the equilibrium flow is achieved
much faster than the equilibrium temperature. In this section,
we use the full order model in [6] to illustrate transitions
between the identified temperature equilibria during critical
load transitions. The unmeasurable 7, on the y-axis of the
steady-state temperature map in Fig. 6 can be replaced with
the measurement 7, by augmenting (14). A moderate heat
transfer coefficient A, = 60 W/m?K is picked to generate
both the steady-state (7j,,1,-) map and the temperature tra-
jectories. We demonstrate that a static feedforward controller
and the dynamic feedforward controller in [11], both of
which successfully make small load transitions, can result
in large temperature excursions that can damage the engine
or lead to misfire during large load transitions.

The dynamic feedforward controller in [11] is summarized
as follows. Fig. 7 shows the linearized HCCI engine plant
with a dynamic (cancelation) feedforward controller and
an integral feedback controller. The HCCI engine plant is
linearized around the equilibrium point of 9 mg/cycle fueling
rate and 3.6 mm RBL. The input-output behavior of the
linearized plant can thus be represented by the transfer
functions from Fuel and RBL to the combustion timing CAsg
(crankangle for 50% fuel burned):

CAso = Gy - Fuel + Gy, - RBL. (16)

A cancelation feedforward controller from Fuel to RBL can

be derived from the transfer functions Gy,, and Gy, [11]:
Cuw = —G,,' Gy (17)

In practice, the plant transfer functions can be derived from a

real-time identification. In this paper, the plant transfer func-
tions Gy, and Gy, are derived after linearization and balanced
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Fuel

RBL

—=0
Desired |
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Controller HCCI Engine

Fig. 7. Block diagram of the HCCI engine plant with a dynamic (cancela-
tion) feedforward controller and an integral feedback controller.

realization are applied to the normalized full order model.
The resulting feedforward C,,, is a fifth-order controller:

B —0.06s° —4.565* —312.353 — 397552 — 61055 — 2338
Y 55 4+63.695% 4 132453 + 976252 + 140305 + 5354(118)

o

The RBL command is augmented by an integral controller
to avoid steady state Ocasg errors:

0.1
RBL = Cy,(s) - Fuel — -~ (Bgffso - GCAso) . (19)

Fig. 8 shows the controlled performance with a sta-
tic feedforward RBL controller and the dynamic feedfor-
ward RBL controller of (19) during fuel steps from 9-11-
9 mg/cycle (2.4-3-2.4 bar imep) at 1000 rpm. Both the
static and dynamic feedforward RBL controllers are able to
regulate the steady-state IVC temperature 7}, to the optimum
equilibrium point on each steady-state temperature curve,
thus regulating the combustion timing during the fuel step
changes. However, the transient IVC temperature excursions
are bigger during the instantaneous step change in RBL
commanded by the static feedforward controller as shown
in Fig. 8. On the other hand, with tighter regulation of Tjy,
the dynamic feedforward controller improves the combustion
timing regulation during transients.

Temperature Trajectories on Steady State Temperature Map

________
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Fuel = 11 mg

610

—, 60or
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580

RBL= 2.4 mm
L

L L L L L )
455 460 465 470 475 480 485 490 495 500
Tie K)

ive

Fig. 8. Temperature trajectories and combustion timing with static and
dynamic feedforward RBL controllers for fuel steps 9—11 mg/cycle and
11—9 mg/cycle.

During larger fuel step changes 9-16-9 mg/cycle (2.4-
4.5-2.4 bar imep) at 1000 rpm, however, both the static
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and dynamic feedforward controllers fail to make successful
transitions. The dynamic feedforward controller is derived
from the linearized plant and does not take into account
the nonlinear temperature dynamics. Fig. 9 shows that the
linear dynamic feedforward controller is not able to stabilize
the temperature dynamics due to the change of sign on
the nonlinear curve during large fuel steps. On the other
hand, the static feedforward controller captures the system
nonlinearity algebraically but not the system dynamics. First,
as shown in Fig. 9, while fueling level increases from 9
to 16 mg/cycle, the static feedforward controller causes a
large temperature excursion and thus unhealthy combustion
timing. When fuel increases, the static feedforward controller
issues a command to decrease RBL immediately. During the
simultaneous decrease in RBL, extremely late combustion or
misfire occurs due to the dramatic drop in 7. Second, the
engine temperature grows unbounded when fuel steps down
from 16 to 9 mg/cycle. When fuel steps down, the static
feedforward controller causes RBL to increase immediately,
bringing into the cylinder a large amount of hot exhaust gas
that was produced in the previous cycle by the high fueling
level (16 mg/cycle). The hot charge advances the combustion
timing, causing the exhaust gas to become even hotter, which
further advances the timing in the subsequent cycle. As can
be seen in Fig. 9, the hot charge brings the temperature
trajectory to the unstable region, as we discussed in Sec. IV.
Therefore, for applications that require large load transitions,
a gain scheduling linear controller or a nonlinear controller
such as the one in [12] may be necessary to stabilize the
thermal dynamics.

Temperature Trajectories on Steady State Temperature Map
800

7501

Fuel= 16 mg

~ Unstable
650

N
\

N
Static FF /7 ‘\ Dynamic FF
6001 N
[ TTPUITRIR N Fuel= 9 mg

550

L L L L L L L L L L )
430 440 450 460 470 480 490 500 510 520 530 540

Fig. 9. Temperature trajectories with static and dynamic feedforward RBL
controllers for fuel steps 9—16 mg/cycle and 16—9 mg/cycle.

VI. CONCLUSION

The existence of multiple steady state temperature equilib-
ria and their stability under different heat transfer conditions
is analyzed in this chapter. The results indicate that the wall
temperature and heat management are very important to the
operation of HCCI engines. Heat management in the exhaust
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runners is especially important when a variable exhaust
valve actuation (rebreathing) is used. We show that heat
transfer in the exhaust runners can change the temperature
of the reinducted exhaust gas and thus change the slope
of the breathing temperature curve and affect the system
stability. It is also shown that the autoignition, which is based
on high exhaust gas recirculation and thus strong cycle-
to-cycle temperature coupling, can depart from the region
of attraction of a stable equilibrium during large and fast
changes in fueling level. The linear dynamic feedforward
controller and static feedforward controller, both of which
are able to make successful small load transitions, fail to
make large load transitions between an extremely hot region
(higher fueling level) and a cooler region (lower fueling
level). Similar difficulties are expected for mode transition
from SI to HCCI [13] or from CI to HCCI [14].
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