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Abstract— This paper presents a model-based control strategy
designed to regulate combustion phasing during load transitions
in a recompression homogeneous charge compression ignition
(HCCI) engine. A low-order discrete-time control-oriented model
for recompression HCCI combustion is developed that represents
the strong thermal and composition coupling between engine
cycles. A baseline two-input single-output controller is designed to
regulate combustion phasing, using the amount of negative valve
overlap and the fuel injection timing as actuators. This controller
is augmented by a reference or fuel governor, which modifies
transient fuel mass commands during large load transitions, when
future actuator constraint violations are predicted. This approach
is shown in experiments to improve combustion phasing and load
responses, preventing engine misfires in some cases. The fuel
governor enables larger load transitions than were possible with
the baseline controller alone. The governor acts only when future
actuator constraint violations are predicted. The complexity
and computational overhead of the governor are reduced by
developing a linearized fuel governor. Satisfactory performance
is demonstrated experimentally for a range of engine speeds.

Index Terms—Homogeneous charge compression ignition
(HCCI) combustion, internal combustion engines, nonlinear
dynamical systems, powertrain control, predictive control,
reference governor.

I. INTRODUCTION

OMOGENEOQOUS charge compression ignition (HCCI)

is a promising low-temperature combustion strategy that
combines high thermal efficiency with low engine-out emis-
sions. It is characterized by near simultaneous compression-
driven autoignition events at multiple sites throughout a
uniformly mixed air—fuel mixture, see [1], [2]. HCCI combus-
tion control poses challenges that must be overcome before
it can be commercially implemented. This paper presents a
model-based control strategy for the regulation of combustion
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phasing during load transitions in a gasoline recompression
HCCI engine.

Autoignition timing control in HCCI combustion requires
careful regulation of the temperature, pressure, and compo-
sition of the precombustion cylinder charge. The combustion
phasing or timing is constrained within a narrow acceptable
range [3], [4]. Early combustion causes excessive pressure rise
rates that violate noise and mechanically stress constraints.
Late phasing leads to incomplete combustion and significant
amounts of unburned fuel being retained between cycles. This
can cause unacceptably high cyclic variability (CV) and torque
fluctuations.

The transient response during load transitions in HCCI
engines can violate the acceptable combustion phasing range,
even if the steady-state operating points lie within this range.
Load transitions are primarily achieved through fuel mass
changes, which have a significant effect on charge temper-
ature and consequently on combustion phasing. Combustion
phasing regulation during large transients can lead to actuator
saturation, and a subsequent loss in controller authority and
regulation performance. This is most pronounced during load
steps down, when the reduced charge temperatures can cause
excessively late combustion phasing and engine misfires. Mis-
fires are unacceptable for emissions and driveability.

Solutions to this problem using optimal control have been
proposed, see for example [5]-[7]. However, these involve the
on-line solving of a nonlinear optimization problem where
the stabilization, tracking, and actuator constraint requirements
have to be satisfied simultaneously. This problem is simplified
using the current strategy, which reduces computation time
compared with higher-dimensional optimal control schemes, at
the cost of reduced flexibility in shaping the transient response.

The methodology proposed is outlined in Fig. 1. Load
requirements are converted into desired fuel mass commands
(m}ies). A baseline controller uses valve and fuel injection
timings to track desired combustion phasing (Hgf)f). The fuel
governor is then added on to the controller-augmented non-
linear system to improve load transition responses. It works
by attenuating the desired fuel amount change when future
actuator constraint violations are predicted, see [8], [9].

The fuel governor is based on the reference governor
concept that separates closed loop design from the constraint
enforcement requirement [10]-[14]. Reference governors can
be defined as nonlinear devices which are added to a primal
compensated linear system to modify, when necessary, the
reference signal in such a way the constraints are enforced
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Fig. 1.
augmented system. Estimated states are obtained from the observer.

System overview: The fuel governor is added on to the controller-

and the compensated system maintains its linear behavior [13].
Reference governors have been applied widely, for example, to
prevent fuel cell oxygen starvation [15]-[17], in hydroelectric
power generation [18], [19] and in turbocharged diesel engine
supplemental torque control [20].

The authors first introduce the fuel governor methodology
as a solution for the HCCI load transient control problem
in [8]. These simulation results are augmented with pre-
liminary experimental validation results in [9]. This paper
builds on these two publications. The range of validity of the
HCCI control-oriented model is extended to engine speeds
other than the nominal 1800 r/min. This enables the devel-
opment of a globally valid fuel governor controller without
the need for speed-based gain scheduling and multiple model
linearizations, as proposed in [9]. New experimental results
are presented for different engine speeds.

This paper is structured as follows. The multicylinder
recompression HCCI engine and control hardware are intro-
duced in Sections II and III. A control-oriented model for
HCCI combustion is presented in Section IV, along with
steady-state and transient validation results in Section V. The
model is used in Section VI to develop a baseline controller
that tracks combustion phasing. The phasing and load-tracking
performance during large load transitions is improved by
implementing the fuel governor in Section VII. The governor
enables larger load transitions than were possible with the
baseline controller alone. The linearized fuel governor is
developed to reduce computational complexity with a minor
loss in performance. Validation at different engine speeds is
presented.

II. EXPERIMENTAL SETUP

A turbocharged, direct-injection, inline four-cylinder GM
LNF Ecotec engine with an engine displacement of 2.0 L
was used in this paper, see Table I. Premium grade indolene
fuel was used for all experiments. Modifications to the engine
for HCCI combustion included an increased geometric com-
pression ratio of 11.25:1, and shorter duration and lower lift
cam profiles to allow for unthrottled operation. In addition
to the stock turbo charger, an Eaton M24 supercharger was
used to boost intake manifold pressure. Most of the results
presented in this paper were run at slightly boosted conditions,

1409
TABLE I
EXPERIMENTAL ENGINE GEOMETRY
Parameter ‘ Value H Parameter Value
Displacement 20L Bore 86 mm
Number of cylinders 4 Stroke 86 mm
Compression ratio 11.25 Connecting rod length | 145.5mm
Wrist Pin Offset 0.8 mm

approximately 1.1 bar intake manifold pressure. The relative
air—fuel ratio A varied between 1 — 1.3. Engine coolant
temperature was controlled to a set-point of 90 °C for all tests.
The spark was left on to prevent fouling, but was fixed at 40
°CA after top dead center (aTDC) to prevent interference with
HCCI combustion.

In-cylinder pressure was sampled at a resolution of 0.1 °CA
for offline pressure trace analysis, and at a resolution of 1 °CA
for real-time estimation of combustion features. The offline
analysis tool estimates the mass fraction burned curve, the
work output, the in-cylinder temperature trace, the residual
gas fraction, and the cylinder mass flows. Details of the
offline heat release analysis method can be found in [3], [21],
and [22]. Combustion phasing 059 used in feedback control
was estimated using the built-in functionality of the Bosch
Motronic MEDI17 engine control unit (ECU). The 65y and
indicated mean effective pressure (IMEP) predictions from the
ECU were validated with values obtained from offline pressure
trace analysis, and they differ only by fixed offsets.

The control strategies were implemented using C and
MATLAB code, and were tested in real-time using an
ETAS ES910 rapid prototyping module. The module uses an
800-MHz Freescale PowerQUICC III MPC8548 processor
with double-precision floating point arithmetic and 512 MB
of RAM.

III. RECOMPRESSION HCCI

Autoignition in HCCI combustion is a thermally driven
chemical kinetic process [1], [23]. To phase autoignition
around TDC, the temperature of the precombustion charge
has to be significantly higher than that typically seen in
conventional spark ignition (SI) combustion at the same engine
load-speed operating point. The actuation strategy chosen
to achieve this is recompression, which is an efficient and
relatively quick strategy for affecting charge temperature
[24], [25].

In recompression HCCI the exhaust valve is closed early
and the intake valve is opened late, compared with typical SI
operation [24]. The resulting negative valve overlap (NVO)
can be seen in the typical recompression HCCI in-cylinder
pressure trace of Fig. 2. A large fraction of the in-cylinder
charge is trapped before it can be exhausted. These trapped
gases set up strong thermal and composition coupling between
engine cycles.

A. Control Actuators

The actuator inputs considered for control are a single value
of the exhaust valve closing timing (ueyc), four values of the
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Fig. 2. Typical recompression HCCI pressure trace, showing the relative
locations of inputs, outputs, and states. The recompression pressure rise caused
by the NVO can be clearly seen.

start of fuel injection timing (i), and four values of the mass
of fuel injected (m}nj). Environmental conditions such as the
pressure and temperature of the manifolds affect combustion,
but these are not controlled.

1) Exhaust Valve Closing Timing: Manipulating uevc
changes the mass fraction of hot residuals trapped in the
cylinder, which significantly affects the coupling between
engine cycles. Valve timings are controlled by a hydraulic
cam phasing actuator that phases (moves) the intake or exhaust
cams of all cylinders simultaneously. Thus, the cam phasing
actuator cannot be used for cylinder-individual control. The
cam profiles are fixed, which means that the valve opening
and closing timings cannot be changed independently. In this
paper, the exhaust cam position is varied, while the intake
cam position is fixed. The cam phasing actuator is slow and
is subject to a rate constraint.

2) Start of Fuel Injection Timing: Fuel injection timing is
recognized in literature as an important part of the control
strategy for recompression HCCI engines [24], [26], [27]. As
seen in Fig. 2, the fuel amount is injected in a single injection,
the timing of which can be varied within the recompression
region. The start of fuel injection timing (usi) can be set
independently for each cylinder, and is thus useful for cylinder-
to-cylinder combustion phasing balancing. It can also be set
independently from cycle-to-cycle, which makes ug,; a fast
actuator with no rate constraints.

Injecting fuel into the hot residual gases has complex
thermal and chemical effects [26], the net effect of which is
that earlier injection leads to earlier autoignition. Varying ug;
does not have a large effect on the engine load in general.
Very early ug,; can adversely affect pumping work and emis-
sions [28].

3) Mass of Fuel Injected: In SI engines, the mass of fuel
injected (m}nj) is typically used to maintain high emissions
after-treatment efficiency by regulating the air—fuel ratios of
the individual cylinders to stoichiometric conditions. Since
low-temperature HCCI combustion generates low levels of
engine-out NOx, maintaining stoichiometry is not a concern.
The combustion is run at lean conditions to improve fuel
economy, and the m}nj actuator can be used for other purposes.
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Fig. 3. Engine crank angles where 10%, 50%, and 90% of heat release occur.
The mass fraction burned curve (left) is computed offline from the measured
in-cylinder pressure trace (right).

The fuel amount is strongly correlated with the work output,
IMEP in HCCI combustion, and is hence used to control the
desired engine load. The mass of fuel injected can be used

for cylinder-to-cylinder load balancing, as m}m can be varied

independently for each cylinder. Changing m}nj also has a
significant effect on charge temperature, and consequently on
combustion phasing. During load transitions, these undesirable
changes in combustion phasing need to be compensated for by
the other control inputs, namely ugo; and ueyc. In this paper,

m}m transients will be shaped to smooth load transitions.

B. Performance Outputs

Combustion phasing or timing is the primary output to be
controlled. This is quantified by the location of sy, which
is the engine crank angle at which 50% of the total heat
release occurs. This measure is a reliable indicator of the
location of combustion [29], [30]. In practice, the mass fraction
burned curve is computed through heat release analysis of
the in-cylinder pressure traces. It is preferable to use #5¢ to
characterize combustion as its location is relatively insensitive
to changes in heat release analysis assumptions. Fig. 3 shows
the location of the engine crank angles where 10%, 50%, and
90% of the heat release occur.

The work output, represented by the IMEP, is defined [31]
as the total pressure-volume work integrated over an engine
cycle, normalized by the displacement volume (V)

dv

IMEP = | p — (D
Va

where p and V are the in-cylinder pressure and volume,

respectively. IMEP is seen to be a very strong function of

the mass of fuel injected (m}nj).

IV. CONTROL-ORIENTED MODEL

Designing combustion phasing controllers for multicylinder
recompression HCCI engines requires control-oriented mod-
els that capture all important dynamics, while being simple
enough for controller development purposes. This paper builds
on [32] and focuses on modeling HCCI combustion for oper-
ating regimes with near complete combustion and low cycle-
to-cycle variability. In general, it is desired that combustion be
maintained in these regions for driveability and fuel economy.
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Fig. 4. Evolution of the measured in-cylinder pressure, modeled charge
temperature, and modeled burned gas fraction. The thermal and composition
coupling between cycles is modeled in the recompression region.

The discrete-time model developed in this section has two
dynamic states to capture the interactions between cycles.

1) Temperature of the blowdown gases (Tyq), representing
thermal dynamics.

2) Burned gas fraction of the blowdown gases (byq), repre-
senting composition dynamics. The burned gas fraction
is the mass fraction of cylinder charge that is neither
fuel nor air. For a more detailed discussion, please refer
to Appendix.

The blowdown process refers to the rapid equalization of
the cylinder pressure and the exhaust runner pressure just
after exhaust valve opening (Gevo). As seen in the typical
recompression HCCI pressure trace in Fig. 2, the states are
defined after blowdown, at Gey,.

The dynamic evolution of the states can be broken down into
two phases—the coupling between the cycles, and the behavior
within the cycle. An overview of this dynamic evolution is
presented in Fig. 4. The model equations for these two phases
are presented in Sections IV-A and IV-B.

A. Coupling Between Cycles

In recompression HCCI, a large fraction of the in-cylinder
charge is trapped before it can be exhausted. The hot residual
gases retained between engine cycles have a significant impact
on the temperature and composition of the in-cylinder charge
of the subsequent cycle. This internal coupling between cycles
is quantified by the residual gas fraction (x,), which is defined
as the mass fraction of the charge that is trapped during NVO

Mass of residuals  mires (k)
mc(k) .

The residual gas fraction cannot be measured directly, but
is estimated by pressure trace analysis to be very large in

xr(k) = 2)

Mass of charge
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the current application, between 50% and 70%. Correctly
predicting the amount, temperature and composition of these
residual gases is the key to modeling the recompression
HCCI process. For a given exhaust valve closing timing ueyc,
temperature of blowdown gases Tpq, engine speed w, and
pressure ratio across the engine I, the residual gas fraction is
regressed as

xr(k) = 1 = (ao + arteye) I*? Tpa (k) w (k)™ 3)

where
_ Pim(k)
Pem(k) .
Parameters oo, 4 are tuned to fit heat release analysis
results.

1) Composition Coupling: The burned gas fraction in the
cylinder is assumed be at one of two levels—a value before
(b.) and after (byq) combustion. These are related by assuming
that an x, portion of the burned gases is trapped between
cycles

be(k) = xy(k)bpa (k). “)

2) Thermal Coupling: Sensitivity analysis suggests that
temperature is the dominant factor in determining the start
of combustion in HCCI combustion [23]. Thus, modeling
the evolution of charge temperature both between and within
cycles is crucial in predicting combustion phasing 6s.

After blowdown, a portion of the charge exits the cylinder
through the exhaust valve. The cooling of the rest of the charge
between Oeyo and ueye is modeled by a scaling constant c.
The trapped gases are polytropically compressed and expanded
during the NVO region to obtain the residual gas temperature.
Charge cooling due to the evaporation of the injected fuel
(m}nj) is modeled at the start of injection angle (o)

Teve (k) = ceToa(k) (5)
Vevc -l inj

Tyoi(k) = Tevc(k)( Veor ) - ﬁomfj(k) (6)
Vsoi n-l

Tres (k) = Tsoi (k) ( Vivo) . (7)

The thermal coupling between cycles is modeled by an
energy balance equation at &;,.. The temperature of the hot
residuals is assumed to be Ty while the rest of the charge
is considered to be at the intake manifold temperature (7ip).
Assuming constant specific heats, energy balance leads to

Tivc(k) = xr(k)Tres(k) + (1 - xr(k)) Tim. (8)

B. Behavior Within the Cycle

1) In-Cylinder Temperature: HCCI combustion is usually
phased just after TDC, and heat release occurs fairly rapidly
over a few crank angle degrees. Hence, the heat release can be
approximated as a constant volume process. The instantaneous
heat release at #sy occurs between a polytropic compression
from 6. and a polytropic expansion to fey,. The charge
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temperature after combustion (7Tjc) and the temperature rise
due to combustion (AT) are given by

Vie )"
Tac = Tivc +AT (9)
Vso
k k k) qinv R
ar = Mm@ o ® i ® gk 4 r o 10)

¢y (kyme (k) ¢y (k) pive Vive
where 7, is the combustion efficiency and » is the polytropic
exponent. As seen in Fig. 5, #,, is roughly constant for most
values of 65, and drops off sharply at late phasing conditions.
The specific heat of combustion ¢, varies as a function of
composition (b.) to capture variations in mixture properties

B
1 +exp {950(2—52 }
Cu(k) =1 +ﬁ5bc(k)-

The constants f1, f2, and f3 are obtained from experimental
data, see Fig. 5. Parameters 4 and fs are tuned to fit data.
The effect of engine speed on heat transfer losses is lumped
into combustion efficiency, similar to [33].

Polytropic expansion after combustion and the ideal gas law
give the charge conditions at Gy to be

V. n—1 Vi n—1
L) =t (7)
VeVO VeVO

(k) = (I + paw(k)) (1)

12)

Tevo (k) = Ty (

RV n—1
9 [1+ Nm v son mf(k):| (13)
Cyp Pive Vive
Vive Tevo(k
Pevo(k) = pive(k) tve Tevo(k) (14)

VCVO T‘iVC (k) ’

Expansion is followed by the blowdown process, which
is modeled as a polytropic expansion from the pressure at
Oevo (Pevo) to the exhaust manifold pressure (pem), with the
polytropic exponent n. The temperature at blowdown (Tygq) is

1—n

1—n
RW+D=RMMC“) ZMM%&AQ
Pem Pem
1
M Gy R V50" ™! } i
x|+ ——————my (k)| . (15)
[ o Pive Vive" 4 )
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2) In-Cylinder Composition: The burned gas fraction before
(b.) and after (bpq) combustion can be related by algebraic
relations that assume that the fuel combines with a stoichio-
metric mass of air to form an equivalent mass of burned gases

(AFR, + 1) my (k)

bpatk + 1) = o) ~+ b (k)
= B0 DR om0+ b0, (16)

C. Model Outputs

1) Combustion Phasing: Autoignition is predicted using the
integrated Arrhenius rate threshold model. The combustion of
the hydrocarbon fuel is approximated as a single-step global
reaction with an Arrhenius-type reaction rate [35], using a
fixed activation temperature (B = E,/R,,) and preexponential
factor (A). The integration is carried out until the Arrhenius
threshold (Ky,) is hit at the start of combustion (Gsoc). Injecting
earlier in the recompression region advances phasing approx-
imately linearly, and is thus modeled to linearly reduce the
integration threshold. The model can be expressed as follows:

0
soc A
Kin(usoi) = ko—tsoi = / gpc(e)"f’exp (

ive

do (17)
T (9))

where o is the engine speed and ko, n,, are model parameters.
The pressure (p.) and temperature (7.) of the charge in
the cylinder are given by a polytropic compression with a
polytropic exponent n

. n a n—1
m@zmﬁ%ﬁ,n@zm&%@ L)

In this paper, 6o is considered to be fyy, the engine crank
angle at which 2% of the total heat release occurs. The output
B0 is modeled as a linear function of fyoc

050 = y10s0c + Y0 (19)

where yo and y; are constants obtained from heat release
analysis. The model is similar in form to the integral threshold
method used to predict SI engine knock, see for example [36].

2) Cycle-Averaged Mass Flows: In lean HCCI combustion,
there is a difference between the air—fuel equivalence ratio 4
that is measured in the exhaust (4,,) and the lambda actually in
the cylinder (4.), even at steady-state conditions. The trapped
residual gases contain oxygen that does not leave the cylinder,
and is subsequently not measured by the lambda sensors in the
exhaust, with 4,, < 4..

The mass of air that is inducted in the cylinder (mjc®),
and that is actually in the cylinder (my;;) are determined
by considering the appropriate fractions of the total mass of
charge. The mass of charge (m.) is determined by the ideal
gas law

Mair = (1 —be)me — my (20)
my® = (1 —x,)me —my 21)
Mg = pivcvivc. (22)

RTivc
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TABLE II
LINEARIZATION OPERATION POINT

Quantity ‘ Nominal point H Quantity ‘ Nominal point
Ueve 253 °CA aTDC Tha 657 K
j’,"/ 11.2 mg/cycle bpa 0.88
Ugoi 330 °CA bTDC Pim 1.1 bar
050 7.99 °CA aTDC Dem 1.01 bar
w 1800 rpm

Finally the air—fuel equivalence ratios are given by

1 - 1
Ao = Mhair da by (23)
AFR, m;  AFR, my
1 meas 1
I = e Mair - _ -[(1 ) B 1] (24)
s mf AFRS mf

From (23) and (24), the model predicts 4,, < A, since x, > b,
for lean combustion.

D. Linearized Model

The nonlinear system of equations given by (2)-(24) is lin-
earized about the nominal operating point specified in Table II.
The linearization point was chosen to be a typical HCCI
operating point at a nominal engine speed (1800 r/min). The
specific values of the inputs (m}nj, Usoi, Uevc) and the outputs
(650 and IMEP) were chosen to be approximately in the middle
of their observed usable ranges. The actuator settings were
reasonably far away from the saturation constraints, and 65q
was chosen to be away from both the ringing and the high
variability regions. This linearized model is used to develop
the model-based feedforward controller and the state observer

x(k+1) = Ax(k) + [Bsoi Beye By Bw] u (k)
Os0(k) = Cx(k) + [Dsoi Deye Dy Daz] u(k)

inj T
w) = [sai®) wesek) m0) k)]

x(k) = [Toalk) boa(o)]” (25)
where
4 — [[0:496 —90.63
T | =127 x107* 0.546
g _[0012 —149 1755 0.041
1o —.004 0.0355 0
C =[-0.1213,0], D = [—0.0914, 0.56,0.19, —0.0023].
(26)

For the chosen linearization point, both discrete eigenvalues
of the model are stable and lie on the positive real axis within
the unit circle. The location of these eigenvalues moves for
different choices of the linearization point.

Experiments show that reducing x, (for example, by phasing
Ueye later) results in later combustion phasing 6sg, and in
the onset of oscillatory dynamics leading to significant CV
[21], [37]. The model presented here captures these results
qualitatively. At late phasing conditions one of the eigenvalues
crosses over to the left half plane, which predicts oscillatory
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dynamics. Future work is focused on correctly predicting both
the onset and nature of this variability through an additional
chemical coupling state introduced by the combustion of
unburned fuel in the NVO region.

V. MODEL VALIDATION

Model coefficients were determined using a least squares
optimization process. Data to parameterize the control-oriented
model was taken from the experimental setup described in
Section II. Heat release analysis results were compared to the
control-oriented model predictions.

A. Steady-State Parameterization

The control-oriented model was parameterized using steady-
state data recorded at intake manifold pressure of 1.1 bar.
Fig. 6 presents steady-state parameterization results of three
performance outputs (659, IMEP, and m,;;) for four actuator
sweeps (Ueye, Usois m}m, and ). The most important output,
combustion phasing 659, is plotted in the top row. The 65
trends are predicted well for all four actuator sweeps, except
for very early ue,.. However, the engine is typically not run
in this actuator range, except at very low load conditions.
For the overall data set, 659 is predicted with an RMS
error of 0.81 °CA. This is considered to be adequately good
performance.

Injecting early in the recompression region increases pump-
ing work and reduces IMEP. In the interest of reducing
model parameters, this effect is not captured in the current
model. This does not affect the performance of the model for
developing combustion phasing controllers.

B. Transient Validation

The accuracy of the fuel governor control strategy depends
on the control-oriented model correctly predicting the dynamic
behavior of the engine. The setup outlined in Fig. 7 was used to
test the model’s closed-loop transient behavior. A mid-ranging
feedback controller, see Section VI-A, was implemented both
in simulation and on the rapid prototyping hardware. Identical
desired load and Hgf)f input steps were fed to both the model
and the engine. Since constraints on future-predicted actuator
trajectories are used in the fuel governor control strategy, it is
important to verify the transient validity of both the simulated
actuator and output trajectories. The predicted 050, ueyc, and
Ugoi traces were compared with engine measurements.

The results of this test, shown in Fig. 8, demonstrate satis-
factory closed loop model validation of the model. These plots
compare experimental transient results with model predictions.
The predicted 659 and uso; traces match both the magnitude
and dynamic behavior of the engine measurements. These
closed loop validation results support the use of this model
for predictive model-based control.

The offset seen in the ueyc predictions in Fig. 8 is attributed
to several months of engine ageing, and to unmodeled envi-
ronmental factors. For example, the coolant temperatures for
the parameterization data set and the experiments are different.
Also, the feedback structure of the controller assigns any error
in model prediction to ueyc. In spite of this offset, the dynamic
behavior of the engine uey. is reproduced correctly.
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Fig. 7. Transient validation setup—identical desired load and oref steps are
fed to the closed-loop model and the engine. The predicted and measured 65,
Ugoi, and ueyc traces are compared.

VI. CONTROLLER DESIGN

The load range in recompression HCCI engines is bounded
from below by high CV, and from above by ringing and
constraints on pressure rise rates [4]. This paper aims to
augment previous strategies that control usei and ueye by
shaping the m}" command during large load transitions.

The two main performance outputs to be controlled are the
engine load (IMEP) and the combustion phasing (650). Engine
load is a strong function of the mass of fuel injected (m}nj).

Therefore a load transition m}"” is traditionally assumed to be

externally specified, and is considered to be a disturbance for
the combustion phasing controller. The combustion phasing
controller regulates 059 to a reference combustion phasing
set-point (Hggf), typically chosen to maximize fuel efficiency.

This set-point is either determined offline, or is provided
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Fig. 8. Transient validation of model—identical desired load and Hggf steps
are fed to the model and the engine, as in Fig. 7. The model correctly predicts
the magnitude and dynamic behavior of the engine measurements.

by a supervisory controller. Hence the combustion phasing
controller design problem reduces to using ugo; (four values,
one for each cylinder) and ueyc (a single value for the engine)
to regulate 05y during a m}" transition.

An overview of the control strategy is presented in Fig. 1.
The baseline controller from Section VI-A is a two-input
single-output (TISO) feedback-feedforward controller that
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Fig. 9. Baseline controller—two inputs ug,i and ueyc in a midranging
feedback configuration, with a model-based feedforward for ug;.

uses ugo; and ueye to regulate #sg. The baseline controller
works well during small load transitions, but exhibits unsat-
isfactory transient performance during larger transitions, even
if the steady-state operating points of the transition lie within
the acceptable phasing range. To solve this problem, a fuel
governor is designed in Section VII to augment the baseline
controller. The governor modifies the transient m}m command
during large load transitions, if future actuator constraint
violations are predicted. Two variants of the fuel governor
with differing computational complexity are presented.

A. Baseline Controller Design

The baseline TISO controller from Fig. 1 is presented in
more detail in Fig. 9. It uses the uey and ug; actuators to
regulate fsg, and comprises of a feedback loop and a model-
based feedforward component of ug;.

1) Feedback Loop: The feedback loop consists of two PI
controllers arranged in a mid-ranging control configuration.
Mid-ranging is a process control technique in which a coarse
actuator and a fine actuator are coordinated to control a single
feedback output [38]. This TISO control technique has been
used in HCCI engine control applications, see [39], [40].

In the current application, the ueye and ugi actuators
act as the coarse and fine actuators, respectively. The ueyc
actuator has the larger range and greater authority. However,
the hydraulic cam phasing actuator is relatively slow, and
has a common value for all cylinders. In contrast, uso; has
limited range, but can be set independently from cycle-to-
cycle for each cylinder. The 65y tracking error signal drives
a PI controller (Hy in Fig. 9) that controls us.;. The slower
Ueye Moves or mid-ranges ugo; back toward its reference set
point. This is accomplished using an integral controller (H, in
Fig. 9) driven by the uy; tracking error for a fixed reference
cylinder, here cylinder 1. Note that, in a multicylinder engine
with a single cam phaser, this control strategy will regulate
usoi of only one cylinder to its reference set point.

As discussed in [8], a nonlinear least-squares optimization
was carried out on the closed loop system with actuator
dynamics to determine the optlmal feedback controller gains.
A typical set of Hg%f and m U input steps was used in the

optimization process. The ablhty of the controller to track Hggf
was evaluated using a cost function that balanced tracking
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error and controller effort. Gains were detuned on the engine
to ensure that they were not overly aggressive.

2) Model-Based Feedforward: Model-based feedforward is
used for ugy; to speed up transient responses. The linearized
model from Section IV-D is used to determine the steady-
state fuel injection timing input (ug;,) needed to attain the
desired combustion phasing output 9?6, assuming that the
current values of all other inputs (here ueyc and mfj) persist
at steady state. The linearized model at steady state is inverted
as follows:

Xgs = Axss + BSOiu:Zi + Bevcleve + Bfmjl‘nJ + Byw

inj

Hg%f = Cxgs + Dsoittsn; + Devclteve + Dfmf + Dow . ude
—1
(A - 1) Bsoi
=[0 1
[ ] [ C Dsoi
—Bevyc _Bf —By, O inj re T
. |:_Devc —Dy =D, 1 I:uevc,mf ,w,&s({l ’
(27)

Here xg is the steady-state value of the states. The feedfor-
ward component (uiz;i) is set to be ug;;. Hence, the feedforward
block in Fig. 9.is a fixed gain. Since each cylinder can
have distinct m." and Hg%f commands, and ueye and w vary
continuously within the cycle, the controller generates four
distinct values of the feedforward component of ug,; every
cycle.

Note that the uey input in the feedforward equation given
by (27) introduces a coupling between the slow and the fast
actuators that may not exist in other midranging controllers
seen in literature. This coupling is necessary in the current
application for correct model-based inversion. Further, it can
be shown through basic linear analysis that this feedforward
term maintains the stability of the closed-loop system.

3) Experimental Validation of Baseline Controller: The
baseline controller works well for small to mid load transitions,
as seen in Fig. 10 where m,’ is stepped from 10.5 to
8.8 mg/cycle at cycle number 30. The torques for all four
cylinders step smoothly from the initial to the final values
without any spikes or dips. Note that the cylinder torques
differ due to cylinder-to-cylinder variations in a multicylinder
engine. The combustion phasing output 65y is regulated to
the set-point of 8.5 °CA aTDC, and stays within reasonable
bounds during the load transition.

The controller outputs uso; and ueye in Fig. 10 demonstrate
the typical response of the coarse and fine actuators in a mid-
ranging control strategy. The initial transient response to the
load transition lasts for a few engine cycles, and is almost
entirely compensated for by the fast actuator ugo;. The sudden
initial change in ug.; is due to the model-based feedforward.
The slower actuator ueyc Slowly returns uge; to its reference set-
point, which is roughly in the middle of its range of authority.
The reference set-point here is 340 °CA aTDC. This mid-
ranging of us,; happens over tens of cycles.

As discussed earlier, only ug; of cylinder 1 mid-ranges
correctly to the reference set-point of 340 °CA aTDC. The
single ueyc actuator for the entire engine is driven by the uo;
tracking error for a fixed reference cylinder, here cylinder 1.
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(b) Performance outputs (659 and IMEP).

Equal amounts of fuel are commanded in each cylinder.
Cylinder-to-cylinder variations result in different load levels
for each cylinder. Although these imbalances can be compen-
sated for by a feedback loop from m}nj to IMEP, this was
not implemented in this paper to avoid disturbances from this
loop.

VII. FUEL GOVERNOR

Large load transitions lead to large changes in the charge
temperature, and consequently large undesired variations in
combustion phasing. The baseline controller is unable to reject
these variations in fsg, as seen in Fig. 11. Here the baseline
controller exhibits poor 05y and IMEP tracking performance
after a large load step down (m;": 11.4 — 8.8 mg/cycle). The
fuel governor is added on to the controller-augmented system
to improve this poor performance.

The fuel governor is a type of reference governor that mod-
ifies the desired fuel mass command (m}les(k)) by enforcing
pointwise-in-time actuator constraints. The receding horizon
principle is used to check for constraint violations, as sum-
marized in Algorithm 1. Similar to [15], a bisectional search
is carried out on the desired change in m}nj until the optimal
change is found. This involves the optimization of a single
parameter (f5)

mP ) = = 1) ) = m = 1) 28)

Ideally g is set to 1, in which case the fuel governor has
no effect, and the desired fuel step is applied unmodified.

At every time step, the system is initialized at the current
system states (X), which are determined from a Luenberger
observer designed using a linearized plant model. A model of
the closed loop system is used to calculate future trajectories
over a fixed future time horizon (N) with the fuel level
maintained at m}nj (k) calculated in (28). The parameter S is
reduced if constraint violations are detected, and is increased
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Algorithm 1 Bisectional Search to Maximize £ in (28)

Input: Time horizon N > 1, tolerance € € [0, 1]
Output: S in (28) B
I: i(_laﬁo(_l’ﬁl(_lvﬁ(_laﬁ(_o

2: loop N N
3 m}”’ « m}"’(k -1)+8;- (.m;’“(k).— m}”’(k -1))
4:  Simulate system over time horizon {k,...,k+ N},

initialized with current state of system Z(k)

5 if Constraints are satisfied then
6: if (|ﬂz - ﬂi71| < 6) then
7: return (5 <« f3;
8 else
9: B« Bi
10: end if
11:  else
12: B < Bi
13:  end if _
. +
14 i=14+1, @»:g—zﬁ
15: end loop
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Fig. 11. Comparison between baseline controller and nonlinear fuel

governor—improved 65y and IMEP transient responses during load transitions,
when the possibility of constraint violations exists. Results are presented for
a single cylinder for clarity.

if all constraints are satisfied. The optimal value of f € [0, 1]
is obtained subject to a predetermined convergence toler-
ance (¢). This process ensures that the tracking error between
the desired and actual fuel levels is reduced. The governor
performance depends on the fidelity of the plant model and
the accuracy of the state observer.

The actuator constraints considered in this paper are satu-
ration constraints (o, Ueyve) and rate constraints (ueyc)
min
soi
min
eve

min
A Ueye =

max

u soi

IA

Usoi = U

max
Ueye = Ugye

Atteye < Aul (29)

IA
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where Aueye(k) = ueve(k) — teve(k — 1). The effect of
Ugoi 1s approximately linear in the NVO region, with the
effect saturating for very late or very early injection. The
Usoi saturation constraints are set to limit ugo; within this
linear region. The ue, rate and saturation constraints are
obtained from the limits of the actuator hardware. The tuning
of the feedback gains determines which constraints are active.
In this paper, it was observed that ug,; saturation was the
primary active constraint, and it was violated before the ueyc
constraints.

The fuel governor augments existing control architectures,
and doesn’t completely replace them. This enables separation
of control tasks, simplifying the overall control design. For
example, in the current application, the combustion phasing
regulation problem is handled by the baseline controller using
Usoi and ueyc, while the actuator constraint enforcement task
is handled by the fuel governor that modifies m,".

Further, the governor optimizes a single variable () to
find the desired fuel trajectory. Optimizing a single variable
is less complex, easier to implement, and computationally
cheaper than other online optimization schemes such as model-
predictive control of all actuators.

The overall effect of the governor is to act as a model-based
filter with a variable time constant that slows down large m}m
steps. This effect can be mimicked by a heuristic solution such
as a low-pass filter with a lookup table of gains. However, this
requires calibration effort to ensure that the slowing down of
m}nj is not too conservative (which would lead to overly slow
transitions) or too aggressive (which could lead to misfire and
excessive fsg variation). In this case, the governor can be used
in simulation to tune the filter gains.

A. Nonlinear Fuel Governor

The nonlinear fuel governor uses the nonlinear HCCI com-
bustion model to predict future trajectories. This strategy was
implemented on the rapid prototyping hardware and was used
to regulate 859 during load transitions. The main advantages
of this strategy, as validated by experiments are as follows.

1) Improved 65y and IMEP transient responses during load
transitions, when constraint violations are predicted.

2) Larger load transitions than were possible with the
baseline controller alone.

1) Improved Performance During Larger Load Transitions:
Fig. 11 compares the performance for the baseline controller
and the nonlinear fuel governor for a larger load transition
than the one considered in Fig. 10. Here m}" is stepped
from 11.4 to 8.8 mg/cycle at cycle number 30. The baseline
controller tries to compensate for the large charge temperature
drop caused when m}m drops suddenly in a single cycle.
Significant variability in the 659 and IMEP responses is seen
immediately after the load transition. The combustion phasing
response is rough and oscillatory. The torque output drops
sharply, indicating incomplete combustion and misfire. The
engine continued to run in the experimental dynamometer
environment, but this could cause an unacceptable engine stall
in a vehicle.
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Fig. 12. Variation in fuel governor parameter £ during a typical load transient.

In contrast, the nonlinear fuel governor demonstrates sig-
nificantly improved 65y and IMEP transients. The combustion
phasing response is less oscillatory, and engine misfires are
prevented. The result is a smoother torque transition dur-
ing the load step down. The fuel governor achieves these
improvements by slowing down the m," command when
future actuator constraint violations are predicted. In this case,
the actuator constraint that is active is ugo; saturation.

It is seen that ug.; slightly exceeds the actuator limit. Some
of the design choices made to reduce complexity increase
errors in the actuator position predictions. The control-oriented
model does not fully represent engine behavior. Further, the
nonlinearities inherent in the system cause increased errors
in the state estimated by the linear observer away from the
nominal operating point. The constraints have to be made more
conservative to account for these. B

Given the desired m9°s and actual m}nj trajectories, the value
of parameter f in the fuel governor is given by

m (k) — my(k — 1)

plk) = a
mfes(k) —mg k—1)

(30)

Fig. 12 shows a typical fuel governor m;” transient and
the associated f plot. A large portion of the step happens
in the first cycle. The size of this step is limited by the
active constraint (here ugo; saturation). The optimal value of
p € [0, 1] is obtained subject to the convergence tolerance (¢).

In general, tip-in responses are not as challenging as tip-out
responses. The increased fuel amount and temperatures lead to
earlier combustion phasing. This can cause ringing without the
governor, but not combustion failures or misfires. Hence the
potential improvement shown by the governor is less dramatic.

2) Extending the Load Transition Range: The nonlinear fuel
governor enables larger load transitions than were possible
with the baseline controller. An example of this is shown in
Fig. 13 for a m}m transition from 12.3 to 8.8 mg/cycle at cycle
number 30. Instead of m}m stepping in a single cycle, the
transition occurs over a few cycles, leading to smooth torque
and combustion phasing responses. As discussed previously,
the actuator constraints have to be made more conservative
than their actual values. At these operating conditions, a com-
manded ug,; maximum limit of 360 °CA bTDC corresponds
to an experimentally observed limit of 375 °CA bTDC.

VIII. LINEARIZED FUEL GOVERNOR

The nonlinear fuel governor can be computationally expen-
sive. The optimization of f in (28) must be run in real-



1418

OUTPUTS
Combustion Phasing

INPUTS

! —&— Governor
= = = Reference

= = = Actuator Limit

300 50

100

050 (°CA aTDC)

100

Mass of fuel (mg/cycle)

m
o 26 ‘ g 3
2 20 | %
= | -
5 255 ‘ E 2.5
g 20 Load : 2t Load |
g 2451 step — -
3 | step _l_ = = - Actuaor Limit _ step — :
20 50 00 o 50 100

Cycles Cycles

Fig. 13. Nonlinear fuel governor—larger load transitions than were possible
with the baseline controller alone. Here m}m: 12.3-8.8 mg/cycle.

time four times a cycle, to determine the m}" input for
every cylinder. Depending on the engine speed, the values
of the time horizon (N), and the convergence tolerance (€)
in Algorithm 1, the nonlinear prediction model may have to
be run several thousand times every second. In this appli-
cation, the nonlinear fuel governor code was optimized to
run in real-time on the experimental hardware. However,
using the nonlinear prediction model in the governor may
be infeasible on less computationally powerful engine control
hardware.

To reduce computational load, the nonlinear prediction
model is linearized about a chosen operating point. The
procedure summarized in Algorithm 1 remains the same. In
Fig. 14, the same m}" transition from 11.4 to 8.8 mg/cycle is
carried out for the nonlinear and the linearized fuel governors.
The performance of both governors is very similar. The torque
transition is smooth and there are no undue fluctuations in 65
during the transition. Alternative schemes to speed up refer-
ence governor computation times are discussed in literature,
see [16], [41].

A. Experimental Runtime Comparison

All fuel governor variants presented in this paper run in
real-time. Profiling the nonlinear model suggested that the
Arrhenius integral from (17) was the most computationally
expensive part of the model. Replacing the Arrhenius integral
with a lookup table led to an appreciable runtime improve-
ment. Similarly the cylinder volume calculation was replaced
by a lookup table. The linearized fuel governor showed a
further drastic reduction in runtime.

Table III shows the typical maximum runtime for different
control strategies for a standard series of load transitions.
The typical additional computational overhead of augment-
ing the baseline controller with the linearized fuel gover-
nor is only 4%. Implementing the linearized fuel governor

IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 22, NO. 4, JULY 2014

OUTPUTS
Combustion Phasing

INPUTS

= = = Actuator Limit

I
300 50

100

050 (°CA aTDC)

Nonlinear FG
—— Linearized FG
— — - Reference

Mass of fuel (mg/cycle)

1
8 50 100
265 )
) I 8
SR o
< 255 =
g =
S 250
L 245
s
T A0 L5g 50 100
Cycles
Fig. 14. Comparison between nonlinear and linearized fuel governor. The

performance of both governors is very similar. Here m}m: 11.4-8.8 mg/cycle.

TABLE III
COMPARISON OF EXPERIMENTALLY RECORDED MAXIMUM RUNTIMES.
A STANDARD TEST CYCLE WAS RUN FOR EACH CONTROL STRATEGY

Control Strategy Maximum | Normalized Maximum
Runtime Runtime

Nonlinear Fuel Governor 8.916 ms 7315%

(Arrhenius integral)
Nonlinear Fuel Governor 2.315ms 1900%

(lookup table)

Linearized Fuel Governor | 0.1271 ms 104%

Baseline Controller 0.1219 ms 100%

on less computationally powerful commercial engine con-
trol hardware should be feasible, and is planned in future
work.

B. Load Steps at Different Engine Speeds

It is important to verify that the linearized fuel governor
performs well for a range of speeds and loads. The same m}nj
transition from 11.55 to 8.9 mg/cycle is carried out at 1600,
1800, and 2000 r/min, with results presented in Fig. 15. The
nominal engine speed for the linearized model is 1800 r/min.
The governor performs well for this variation in engine speed.
The torque steps smoothly from the first operating point to the
next, and there are no significant oscillations in the combustion

phasing response.

C. Traversing from Stable to Oscillatory Dynamics After
Load Transition Down

Fig. 16 shows the fuel governor response of different
cylinders for the same load step down studied in Fig. 11. It
illustrates that while the transient response of some cylinders
can be excellent, other cylinders sometimes exhibit high cyclic
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variability in 6sq, specifically at lower loads. The initial IMEP
and 6sg response just after the load transition is satisfactory
for both cylinders, which indicates that the fuel governor
improves transition performance for all cylinders. However,
a few cycles after the load transition, the #s¢ of cylinder 3
enters an oscillatory region, causing noticeable dips in IMEP.
Note that most of the load transition is completed before the
oscillations begin.

Cylinder-to-cylinder imbalances in load are not the primary
cause of these oscillations. As shown in [3] and [21], late
phasing HCCI combustion dynamics are oscillatory for both
single and multicylinder engines. These oscillations are shown
to be driven by the chemical energy coupling between cycles
due to unburned fuel. The onset of the oscillatory dynamics
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varies with load and cylinder, as seen in Fig. 16. During the
load transition, cylinder 3 (which has a lower load for the
same m}m ) entered this oscillatory region while cylinder 2 did
not. The model in this paper does not consider these unburned
fuel dynamics.

As seen in [42] and later in [43], feedback gains designed
for stable HCCI dynamics are destabilizing when applied in
the oscillatory region, which suggests the need to improve
the baseline controller. The authors have presented mod-
els [3], [21] and controllers [37] to capture and reduce
these late-phasing oscillations in both single and multi-
cylinder engines. The baseline controller will be extended
in future work to incorporate this knowledge. The perfor-
mance gains of the fuel governor can be further improved
with a model that considers the unburned fuel dynamics
and a baseline controller that globally stabilizes the engine
phasing.

IX. CONCLUSION

Load transitions of varying magnitudes are experimentally
controlled using model-based controllers. Load reductions are
the focus of the experiments, as these can lead to unacceptable
engine misfires.

The fuel governor is based on the reference governor con-
cept that separates the closed loop design from the constraint
enforcement requirement. The fuel governor-based strategies
are experimentally shown to improve 65y and IMEP transient
responses during load transitions. The performance of the
baseline controller is improved for load transitions where
future constraint violations are predicted. Larger load tran-
sitions than were possible with the baseline controller alone
are enabled. The linearized fuel governor is presented as
a computationally efficient implementation of the governor.
The typical additional computational overhead of augmenting
the baseline controller with the linearized fuel governor is
only 4%. Further, this control strategy is shown to work
satisfactorily at different operating conditions.

The reference governor methodology can be extended to
consider state-related constraints, such air-to-fuel ratio and
pressure rise rate constraints. Future work includes implemen-
tation of the controllers on less computationally powerful com-
mercial engine control hardware. Characterization of the onset
of late phasing CV will be used to improve the performance
of the baseline controller in dynamically oscillatory regions.

APPENDIX
BURNED GAS FRACTION

As seen in Fig. 17, the charge in the cylinder at any point
of time is modeled as a mixture of three components—air, fuel,
and burned gases. The chemical composition of these mixtures
is determined from the stoichiometric combustion equation.
For example, from (A.31), which represents the stoichiometric
combustion of iso-octane, the constituents of the in-cylinder
charge are considered to be.

1) Fuel (iso-octane): CgHjsg.

2) Air: Oz + 3.773Na.

3) Burned gases: 8CO; + 9H,0 + 47.16N5.
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Fuel + Air + Burned Gas —» Excess Air + Burned Gas

Burned Gas
b 8CO72+9H>0 +47.16N;
mass = beme Burned Gas by
8CO, +9H,0 +47.16N,
mass = bpam.
Air
02+ 3.773N>
(1—b.) mass = (1 — b.) me —my
Excess Air
01+3.773N, (1= byq)
Fuel CsHig mass = (1 — byg) me
mass = Ny
Before Combustion After Combustion
Fig. 17. Cylinder composition before and after combustion of iso-octane.

Note that the burned gas fraction is distinct from the residual
gas fraction. Residual gases contain some leftover air after
lean combustion. By definition, burned gases cannot contain
any oxygen. In fact b, = bpgx, =— b, < x;.

The stoichiometric (1. = 1) and lean (4, > 1) combustion
equations for iso-octane CgHjg are given by

CsHig + 12.5 (02 + 3.77N2) — 8CO2 + 9H20+47.16N,
(A.31)

Xr

CgHig + 1 (8CO3 + 9H,0 + 47.16Np)
—x
4+ 12.54: (02 4+ 3.77N3) — 12.5 (A —1) (02+3.77N»)
(8CO3 + 9H,0 + 47.16Ny). (A.32)

1

— Xy

A. Molar Fraction of Oxygen

The molar fraction of oxygen (yo2) is an alternative mea-
sure of composition used in literature. It is defined as the ratio
of the number of moles of oxygen to the total number of
moles of reactants before combustion. This section develops
the relationship between yp2 and bpg.

From (A.32) it is clear that if 1. > 1, there is excess air
in the exhaust. A portion of this excess air in the exhaust is
recycled through the residual gases. As the composition of the
residual gases and the gases after combustion is assumed to be
the same, the ratio of the moles is also the ratio of the masses.
The ratio of the masses is known to be x,, by definition. This
leads to the expression for yp> in terms of the in-cylinder
air—fuel equivalence ratio 4. and the residual gas fraction x,.
Finally, the air—fuel equivalence ratio 1, can be expressed in
terms of the burned gas fraction

yoalk) = O = 1252 (A33)
Nootal 1 +59.667(k) + o108 =
1 me
Relk) = —=— | (1 = be(k)) =< — 1 A34
) = TR [( ) } (A34)
Pive Vive
me(k) = LReve (A35)
O = Rty

Equations (A.33)—(A.35) express the molar fraction of oxy-
gen (yp2) in terms of the burned gas fraction state.

(1]

[2

—_

3

—_

[4

=

(51

(6]

(71

[8

[t

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 22, NO. 4, JULY 2014

REFERENCES

M. Yao, Z. Zheng, and H. Liu, “Progress and recent trends in homo-
geneous charge compression ignition (HCCI) engines,” Progr. Energy
Combust. Sci., vol. 35, no. 5, pp. 398-437, Oct. 2009.

F. Zhao, T. N. Asmus, D. N. Assanis, J. E. Dec, J. A. Eng,
and P. M. Najt, Homogeneous Charge Compression Ignition (HCCI)
Engines—Key Research and Development Issues. Warrendale, PA,
USA: SAE International, 2003.

E. Hellstrom, A. Stefanopoulou, J. Vavra, A. Babajimopoulos,
D. Assanis, L. Jiang, et al., “Understanding the dynamic evolution of
cyclic variability at the operating limits of HCCI engines with negative
valve overlap,” SAE Int. J. Eng., vol. 5, no. 3, pp. 995-1008, 2012.
L. Manofsky, J. Vavra, D. Assanis, and A. Babajimopoulos, “Bridging
the gap between HCCI and SI: Spark-assisted compression ignition,”
SAE Technical Paper 2011-01-1179, 2011, doi: 10.4271/2011-01-1179.
J. Bengtsson, P. Strandh, R. Johansson, P. Tunestal, and B. Johansson,
“Model predictive control of homogeneous charge compression ignition
(HCCI) engine dynamics,” in Proc. IEEE Int. Conf. Control Appl.,
Oct. 2006, pp. 1675-1680.

C.-J. Chiang and C.-L. Chen, “Constrained control of homogeneous
charge compression ignition (HCCI) engines,” in Proc. 5th IEEE Conf.
Ind. Electron. Appl., Jun. 2010, pp. 2181-2186.

N. Ravi, H.-H. Liao, A. F. Jungkunz, A. Widd, and J. C. Gerdes,
“Model predictive control of HCCI using variable valve actuation and
fuel injection,” Control Eng. Pract., vol. 20, no. 4, pp. 421-430, 2012.
S. Jade, E. Hellstrom, L. Jiang, and A. Stefanopoulou, “Fuel gov-
ernor augmented control of recompression HCCI combustion dur-
ing large load transients,” in Proc. Amer. Control Conf., Jun. 2012,
pp. 2084-2089.

S. Jade, E. Hellstrom, J. Larimore, L. Jiang, and A. Stefanopoulou,
“Enabling large load transitions on multicylinder recompression HCCI
engines using fuel governors,” in Proc. Amer. Control Conf., Jun. 2013,
pp. 4423-4428.

P. Kapasouris, M. Athans, and G. Stein, “Design of feedback control
systems for stable plants with saturating actuators,” in Proc. 27th IEEE
Conf. Decision Control, Dec. 1988, pp. 469-479.

E. G. Gilbert and K. T. Tan, “Linear systems with state and control
constraints: The theory and application of maximal output admissible
sets,” IEEE Trans. Autom. Control, vol. 36, no. 9, pp. 1008-1020,
Sep. 1991.

E. Gilbert, I. Kolmanovsky, and K. Tan, “Discrete-time reference
governors and the nonlinear control of systems with state and con-
trol constraints,” Int. J. Robust Nonlinear Control, vol. 5, no. 5,
pp. 487-504, 1995.

A. Casavola and E. Mosca, “Reference governor for constrained
uncertain linear systems subject to bounded input disturbances,” in
Proc. 35th Conf. Decision Control, Dec. 1996, pp. 3531-3536.

A. Bemporad, “Reference governor for constrained nonlinear systems,”
IEEE Trans. Autom. Control, vol. 43, no. 3, pp. 415-419, Mar. 1998.
J. Sun and I. Kolmanovsky, “Load governor for fuel cell oxygen
starvation protection: A robust nonlinear reference governor approach,”
IEEE Trans. Control Syst. Technol., vol. 13, no. 6, pp. 911-920,
Nov. 2005.

A. Vahidi, I. Kolmanovsky, and A. Stefanopoulou, “Constraint man-
agement in fuel cells: A fast reference governor approach,” in Proc.
Amer. Control Conf., vol. 6. 2005, pp. 3865-3870.

V. Tsourapas, J. Sun, and A. Stefanopoulou, “Incremental step refer-
ence governor for load conditioning of hybrid fuel cell and gas turbine
power plants,” in Proc. Amer. Control Conf., Jun. 2008, pp. 2184-2189.
J. M. Elder, J. T. Boys, and J. L. Woodward, “Integral cycle control
of stand-alone generators,” IEE Proc. C, Generat. Transmiss. Distrib.,
vol. 132, no. 2, pp. 57-66, Mar. 1985.

D. Henderson, “An advanced electronic load governor for control of
micro hydroelectric generation,” IEEE Trans. Energy Convers., vol. 13,
no. 3, pp. 300-304, Sep. 1998.

I. Kolmanovsky, E. Gilbert, and J. Cook, “Reference governors for
supplemental torque source control in turbocharged diesel engines,” in
Proc. Amer. Control Conf., Jun. 1997, pp. 652-656.

E. Hellstrom, J. Larimore, A. G. Stefanopoulou, J. Sterniak, and
L. Jiang, “Quantifying cyclic variability in a multicylinder HCCI engine
with high residuals,” J. Eng. Gas Turbines Power, vol. 134, no. 11,
pp. 112803-1-112803-8, 2012.

R. Fitzgerald, R. Steeper, J. Snyder, R. Hanson, and R. Hessel,
“Determination of cycle temperature and residual gas fraction for HCCI
negative valve overlap operation,” SAE Int. J. Eng., no. 3, no. 1,
pp. 124-141, 2010.



JADE et al.: REFERENCE GOVERNOR FOR LOAD CONTROL IN A MULTICYLINDER RECOMPRESSION HCCI ENGINE 1421

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

C.-J. Chiang and A. G. Stefanopoulou, “Sensitivity analysis of
combustion timing of homogeneous charge compression ignition
gasoline engines,” J. Dyn. Syst. Meas. Control, vol. 131, no. 1,
pp. 014506-1-014506-5, 2009.

J. Willand, R.-G. Nieberding, G. Vent, and C. Enderle, “The knocking
syndrome—Its cure and its potential,” SAE Technical Paper 982483,
1998, doi: 10.4271/982483.

A. Babajimopoulos, P. V. Challa, G. A. Lavoie, and D. Assanis,
“Model-based assessment of two variable cam timing strategies for
HCCI engines: Recompression vs. rebreathing,” in Proc. ASME Int.
Combust. Eng. Division Spring Tech. Conf., 2009, pp. 597-610.

R. P. Fitzgerald and R. Steeper, “Thermal and chemical effects of NVO
fuel injection on HCCI combustion,” SAE Int. J. Eng., vol. 3, pp. 46—64,
Aug. 2010.

N. Ravi, H.-H. Liao, A. F. Jungkunz, C.-F. Chang, H. H. Song, and
J. C. Gerdes, “Modeling and control of an exhaust recompression HCCI
engine using split injection,” J. Dyn. Syst. Meas. Control, vol. 134,
no. 1, pp. 011016-1-011016-12, Jan. 2012.

C. Marriott and R. Reitz, “Experimental investigation of direct
injection-gasoline for premixed compression ignited combustion phas-
ing control,” General Motors Powertrain, Univ. Wisconsin-Madison,
Madison, WI, USA, Tech. Rep. 2002-01-0418, 2002.

J.-O. Olsson, P. Tunestal, and B. Johansson, “Closed-loop control of
an HCCI engine,” SAE Trans., vol. 110, no. 3, pp. 1076-1085, 2001.
J. Bengtsson, P. Strandh, R. Johansson, P. Tunestdl, and B. Johans-
son, “Hybrid modelling of homogeneous charge compression ignition
(HCCI) engine dynamic-a survey,” Int. J. Control, vol. 80, no. 11,
pp. 1814-1848, Nov. 2007.

J. Heywood, Internal Combustion Engine Fundamentals. New York,
NY, USA: McGraw-Hill, 1988.

S. Jade, E. Hellstrom, A. Stefanopoulou, and L. Jiang, “On the
influence of composition on the thermally-dominant recompression
HCCI combustion dynamics,” in Proc. ASME Dyn. Syst. Contr. Conf.,
2011, pp. 1-8.

N. Ravi, N. Chaturvedi, J. Oudart, D. Cook, E. Doran, A. Kojic,
et al., “Control-oriented physics-based modeling of engine speed
effects in HCCI,” in Proc. IEEE Conf. Decision Control, Dec. 2012,
pp. 4947-4952.

E. Hellstrom and A. G. Stefanopoulou, “Modeling cyclic dispersion in
autoignition combustion,” in Proc. 50th IEEE CDC-ECC, Dec. 2011,
pp. 6834-6839.

S. R. Turns, An Introduction to Combustion: Concepts and Applica-
tions, 2nd ed. New York, NY, USA: McGraw-Hill, 2000.

J. Livengood and P. Wu, “Correlation of autoignition phenomena in
internal combustion engines and rapid compression machines,” in Proc.
Symp. Int. Combust., vol. 5. 1955, pp. 347-356.

J. Larimore, E. Hellstrom, S. Jade, L. Jiang, and A. G. Stefanopoulou,
“Controlling combustion phasing variability with fuel injection timing
in a multicylinder HCCI engine,” in Proc. Amer. Control Conf.,
Jun. 2013, pp. 4435-4440.

B. Allison and A. Isaksson, “Design and performance of mid-ranging
controllers,” J. Process Control, vol. 8, nos. 5-6, pp. 469-474, 1998.
M. Karlsson, K. Ekholm, P. Strandh, R. Johansson, P. Tunestal, and
B. Johansson, “Closed-loop control of combustion phasing in an HCCI
engine using VVA and variable EGR,” in Proc. 5th IFAC Symp. Adv.
Autom. Control, 2007, pp. 501-508.

N. Ravi, H.-H. Liao, A. F. Jungkunz, and J. C. Gerdes, “Mid-ranging
control of a multi-cylinder HCCI engine using split fuel injection and
valve timings,” in Proc. 6th IFAC Symp. Adv. Autom. Control, 2010,
pp. 797-802.

E. G. Gilbert and I. Kolmanovsky, “Fast reference governors for
systems with state and control constraints and disturbance inputs,” Int.
J. Robust Nonlinear Control, vol. 9, pp. 1117-1141, Jun. 1999.

C. Chiang and A. G. Stefanopoulou, “Stability analysis in homoge-
neous charge compression ignition (HCCI) engines with high dilution,”
IEEE Trans. Control Syst. Technol., vol. 15, no. 2, pp. 209-219,
Mar. 2007.

H.-H. Liao, N. Ravi, A. Jungkunz, A. Widd, and J. C. Gerdes, “Con-
trolling combustion phasing of recompression HCCI with a switching
controller,” in Proc. 6th IFAC Symp. Adv. Autom. Control, 2010,
pp. 821-826.

Shyam Jade (S’11) received the bachelor’s degree
from the Indian Institute of Technology, Bombay,
India, and the master’s degree from the University
of Michigan, Ann Arbor, MI, USA, in 2009 and
2011, respectively, both in mechanical engineering,
where he is currently pursuing the Ph.D. degree in
mechanical engineering.

His current research interests include modeling
and control systems development for advanced inter-
nal combustion engines.

Erik Hellstrom (M’11) received the M.Sc. degree
in applied physics and electrical engineering and the
Ph.D. degree from Linkoping University, Linkdping,
Sweden, in 2005 and 2010, respectively.

He is currently an Assistant Research Scientist
with the Department of Mechanical Engineering,
University of Michigan, Ann Arbor, MI, USA. His
current research interests include modeling, control,
and optimal control of vehicle power trains.

Jacob Larimore (S’11) received the bachelor’s
degree from the Missouri University of Science
and Technology, Rolla, MO, USA, and the master’s
degree from the University of Michigan, Ann Arbor,
MI, USA, in 2009 and 2012, respectively, both
in mechanical engineering, where he is currently
pursuing the Ph.D. in mechanical engineering.

His current research interests include modeling
and control of advanced internal combustion engines
and embedded control systems.

Anna G. Stefanopoulou (S’93-M’96-SM’05-F’09)
is a Professor of mechanical engineering with the
University of Michigan, Ann Arbor, MI, USA, and
the Director of the Automotive Research Center, a
university-based U.S. Army Center of Excellence in
Modeling and Simulation of Ground Vehicles. She
was an Assistant Professor with the University of
California, Santa Barbara, CA, USA, from 1998 to
2000, and a Technical Specialist with Ford Motor
Company, Dearborn, MI, USA, from 1996 to 1997.
She has co-authored a book Control of Fuel Cell

Power Systems, holds ten U.S. patents, and 200 publications on estimation and
control of internal combustion engines and electrochemical processes such as

fuel cells and batteries.

Prof. Stefanopoulou received five Best Paper Awards. She is an ASME, the
Inaugural Chair of the ASME DSCD Energy Systems Technical Committee,
and a member of the SAE Dynamic System Modeling Standards Committee
and the U.S. National Academies committee on Vehicle Fuel Economy

Standards.

Li Jiang received the bachelor’s degree in mechan-
ical engineering from Shanghai Jiao Tong Univer-
sity, Shanghai, China, and the master’s degree in
electrical engineering system and the Ph.D. degree
in mechanical engineering from the University of
Michigan, Ann Arbor, MI, USA.

She is a Senior System Engineer, leading control
system development for engine management system
applications, with System and Advanced Engineer-
ing at Robert Bosch LLC, Farmington Hills, MI,
USA, Gasoline Systems North America. She is the

Co-Principal Investigator of Bosch and the U.S. Department of Energy joint
research projects on Advanced Combustion Concepts-Enabling Systems and
Solutions and the recently awarded Recirculated Exhaust Gas Intake Sensing.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


