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Adaptive Control of a Recompression
Four-Cylinder HCCI Engine
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Li Jiang, and Anna G. Stefanopoulou, Fellow, IEEE

Abstract— An adaptive controller is presented for the control
of combustion phasing in a multicylinder homogeneous charge
compression ignition engine. Adaptive parameter estimation is
used to modify a model-based feedforward controller for each
cylinder’s start of injection (SOI) timing in an effort to mitigate
model errors and increase the feedforward control accuracy.
In-cylinder pressure measurements are used to calculate com-
bustion phasing, which is compared with the prediction of an
online nonlinear engine model to drive the parameter estima-
tion that adapts the feedforward controller. It is demonstrated
through experiments that the adaptive parameter can reduce the
parameterization effort by allowing the model to adapt and match
the response of each cylinder. It is also shown that the adaptive
feedforward control is more accurate in the sense that load
transitions can be achieved with less correction from the feedback
controller. Overall, an average reduction of 41% in the absolute
value of the SOI feedback component at steady state is achieved.

Index Terms— Adaptive control, adaptive estimation, internal
combustion engines, linear feedback control systems, nonlinear
dynamical systems, power-train control.

NOMENCLATURE

m f Fuel mass per cycle.
mres Trapped residual mass.
mc Mass of total charge.
ηm Combustion efficiency.
cv Specific heat for a given composition.
R Gas constant for a given composition.
qlhv Heating value of the fuel.
AFRs Stoichiometric air–fuel ratio.
EVO/C Exhaust valve open/close.
IVO/C Intake valve open/close.
NVO Negative valve overlap.
ω Engine speed.
V Cylinder volume.
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θx Crank angle of position x .
θ̄50 Measured crank angle of 50% burned.
θ̂50 Model prediction of θ50.
T Temperature.
P Pressure.
λ Air–fuel ratio.
κ Adaptive gain.
� Adaptive parameter.
cad Crank angle degrees.

I. INTRODUCTION

HOMOGENEOUS charge compression ignition (HCCI)
is a promising combustion strategy that can achieve

high thermal efficiency with low engine-out emissions when
compared with traditional spark-ignited combustion [1].
It is characterized by compression-driven near-simultaneous
autoignition events at multiple sites throughout a homoge-
neous mixture [2]. Autoignition timing in HCCI combustion
requires careful regulation of the temperature, pressure, and
composition of the precombustion cylinder charge. This
has been accomplished in the previous works by various
means, for example, rebreathing in [3], intake air heating
in [4] and [5], and dual fuel combustion phasing control in [6].
The control of charge properties in this paper is carried out
via recompression HCCI. When using recompression HCCI,
a large fraction of the postcombustion residual gases are
retained, before they can be exhausted, for the next cycle [7].
This introduces a strong internal feedback mechanism.
In addition, the charge properties are regulated through the
start of injection (SOI) timing, which is typically realized
during the recompression period [8], [9]. This paper presents
a method for controlling the combustion phasing of an
HCCI engine while adaptively modifying the feedforward
controller, developed in [10] and [11], which augmented the
midranging feedback controllers in [12] and [13]. An overview
of the adaptive control structure is given in Fig. 1.

Model-based control of recompression HCCI requires the
development of accurate control-oriented models that can be
executed in real time on embedded control hardware. Models
have been used to design feedforward and feedback strategies
for combustion phasing control in [14] and [15] and for
feedback gain selection and gain scheduling in [16]–[19].
Nonlinear feedback using model-based estimation was done
in [20] and model-based predictive control strategies were
demonstrated in [11] and [21]–[23].

Performance and stability robustness of the closed-loop-
controlled HCCI combustion is of great importance, provided
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Fig. 1. Graphical representation of the adaptive control structure. Cycle
definition, the model inputs, and outputs as well as the states are indicated as
well as the basic block diagram of the adaptive parameter estimation and the
adaptive parameter changing the feedforward control.

that HCCI combustion can be open loop unstable at
various operating conditions, as shown in [24]–[27] and
recently in [28] and [29]. The combustion phasing must
remain within a narrow acceptable range to satisfy stability
and mechanical constraints, as demonstrated in [30] and [31].
However, there are few papers that address control design
and adaptation with model uncertainty. For instance, in [32],
a method of determining a bilinear parametric model of com-
bustion phasing is applied in simulations for the regulation
of combustion phasing in an HCCI engine. Adaptive para-
meter estimation has also been used in [33] to improve the
fidelity of Spark Ignition engine models and for air–fuel
ratio control purposes in [34]–[37]. Here, the midranging
control structure adapted from [11], [38], and [39] is used to
control load transitions with adaptive feedforward, as shown
in Fig. 1. Midranging control is a method used primarily in
process-control applications [40], [41]; however, it has been
utilized successfully in engines for the combustion control
where similar coarse and fine trim actuators are often avail-
able [13], [42]. To help speed up load transitions and better
regulate combustion phasing, the midranging controller is
augmented with linear model-based feedforward control. This
paper advances this state of the art by introducing adaptive
parameter estimation into the feedforward controller of [38]
and [39]. This paper addresses, for the first time, potential
model mismatch with experimental behavior and helps ensure
that the control remains accurate.

Adaptive parameter estimation provides several benefits.
First, the adaptation is capable of making adjustments to
mitigate modeling errors, as shown in [43]. Second, as will
be shown experimentally, a single-model parameterization
can be propagated to all four cylinders which reduces model
calibration effort. This is beneficial because the current

HCCI model requires parameterization, which is nontrivial
and time intensive. Furthermore, the adaptive model makes
adjustments to the controller throughout the lifetime of the
engine, which helps mitigate modeling errors and sensitivity
to engine aging and environmental conditions. The adaptive
control is implemented on a four-cylinder engine. Experiments
are presented that show the comparison between the adaptive
and nonadaptive controllers, where an average reduction of
41% in the absolute value of SOI feedback effort at steady
state is achieved. In addition, the controller’s stability and
convergence properties are evaluated through simulations.

This paper is organized as follows. First, the experimental
setup is described in Section II followed by an overview of
the HCCI model in Section III. The model is then modified
in Section IV to include the adaptive parameter estimation
scheme, and an analysis of the adaptive parameter’s authority
on the model output is performed. The controller structure
is described in Section VI, and the experimental results
are provided in Section VIII. The conclusion is then drawn
in Section IX.

II. EXPERIMENTAL SETUP

A four-cylinder 2 -L General Motors LNF Ecotec engine
running research grade gasoline was used as the baseline plat-
form. To accommodate HCCI combustion, the compression
ratio was rised to 11.25:1 and camshafts with shorter duration
and lower lift were used to allow for unthrottled operation
with NVO, which is a method used to retain large amounts
of internal residuals. A small supercharger (Eaton M24) was
added to the air path in series with the stock turbocharger
to provide additional boosting capabilities. The stock turbo
charger is too large to generate boost when running HCCI
due to the low exhaust enthalpy. The results here were run at
approximately 1.1 -bar intake manifold pressure, engine speeds
of 1600 and 1800 r/min, and loads between 3.0- and 3.8 -
bar net-indicated mean effective pressure (IMEP), the air–
fuel ratio was not controlled; however, it was approximately
λ = 1.2 throughout these tests. The engine coolant temperature
was controlled to a set point of 90 °C. The spark was left on,
but at a position of 40° after top dead center of combustion.
Since the mixture is lean and highly diluted with residuals, the
spark will have little influence on the combustion; having the
spark on late only helps prevent the spark plugs from fouling.

Cylinder pressures were sampled at a resolution of 0.1° cad
for offline pressure analysis; however, real-time estimation
of combustion features were done at a resolution of 1° cad.
The combustion phasing used in feedback and for the
adaptive algorithm was determined with a Bosch Motronic
MED 17 engine control unit (ECU). The control strategies
were implemented using a combination of C and MATLAB
code, and were tested in real time using an ETAS ES910 rapid
prototyping module. The ES910 uses an 800 -MHz Freescale
PowerQUICC III MPC8548 processor with double-precision
floating-point arithmetic and 512 MB of RAM.

III. HCCI MODEL

The discrete time low-order model developed
in [10], [11], and [38] is used for control purposes.
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The model, modified for online adaptation, consists of two
dynamic states used to capture cycle to cycle interactions.
They are as follows:

1) Tbd: the temperature of the blowdown gases, which is
used to represent the recycled thermal energy from one
cycle to the next;

2) bbd: the burned gas fraction of the blowdown process,
which represents the composition dynamics of each
cycle.

The blowdown process is a rapid expansion of exhaust gases
during the exhaust stroke, where the pressures of the cylinder
and exhaust system equalize quickly. The states are defined
immediately after the blowdown process and are given by

Tbd(k) = Tivc(k − 1)

(
pivc(k − 1)

pem

) 1−n
n

×
[

1 + ηm(k − 1)qlhv RV50
n−1

cv pivcVivc
n m f (k − 1)

] 1
n

(1)

bbd(k) = (AFRs + 1)m f (k − 1)

mc(k − 1)
+ �x̂r (k − 1)bbd(k − 1).

(2)

The value of Ty , Vy , and py are the temperature, volume,
and pressure at the indicated valve timing. Specifically, the
temperature at the time of IVC is given by

Tivc(k − 1) = �x̂r (k − 1)Tres(k − 1) + (1 − �x̂r (k − 1))Tim

(3)

where Tres is the residual gas temperature as defined
in [10], [11], and [38], Tim is the intake manifold temperature,
and � is the adaptive parameter, which modifies the residual
gas fraction xr , presented in the following sections. When
no adaptation is in place, � = 1. The residual gas fraction
estimate x̂r is

x̂r (k − 1) = 1 − (c0 + c1θevc(k − 1))

(
pim(k − 1)

pem(k − 1)

)c2

× Tbd(k − 1)c3ω(k − 1)c4 (4)

where c0,1,2,3,4 are the coefficients tuned to steady-state data,
θevc is the crank angle of EVC, and ω is the engine speed.
The values of pim and pem are the intake and exhaust
manifold pressures, respectively. The combustion efficiency
ηm is defined by a sigmoid in [10], [11], and [38] and is
a function of the estimated combustion phasing θ̂50, which
is the point at which 50% of the charge has burned. The
model depends on several constants: the lower heating value
of the fuel qlhv , the gas constant R, polytropic coefficient n,
specific heat cv , and the stoichiometric air–fuel ratio AFRs .
The total charge mass is defined by mc = mair + m f + mres,
where mair is the fresh air mass inducted into the cylinder
and mres = xr mc.

The model has three inputs: 1) the mass of fuel
injected (m f ); 2) the SOI timing; and 3) the timing of
the EVC. The crank angle difference between the EVC and the
IVO is known as the NVO region. The EVC timing controls
the amount of NVO, because for these tests, IVO timing was
fixed. Varying the amount of NVO directly controls the amount

Fig. 2. Sweep of the adaptive parameter � shows its effect on the model
states Tbd and bbd (right) and the model output θ50 (left). The effect on θ50
is approximately affine.

of residuals trapped inside the cylinder. The residual mass has
a direct impact on the charge composition and temperature.
The model has two outputs, the combustion phasing when
50% of the charge had been burned (θ̂50) and the engine torque
denoted by the IMEP.

IV. PARAMETRIC MODEL

The HCCI combustion model in (1) and (2) is nonlinear
and requires parameterization, which is nontrivial and time
consuming, and it is, therefore, desirable to minimize this
effort. In addition, the model is control oriented and is
susceptible to modeling errors. One method to reduce para-
meterization effort and minimize modeling errors is to include
adaptive parameters. The selection of an adaptive parameter
or parameters is challenging due to the model’s nonlinearities.
Ideally, one would want to achieve a large authority over the
model’s output with a small number of physically sensible
adaptive parameters. Since the combustion phasing in HCCI is
most significantly influenced by Tivc and the value of Tivc, as
shown in (3), has a high sensitivity to the modeled residual gas
fraction xr , it was concluded that the adaptive parameter would
scale the model’s estimate of the residual gas fraction �x̂r .
Placing the adaptive parameter on the residual gas fraction,
rather than Tivc, allows for the formation of a linear parametric
model and the use of a simple parameter estimation law.
In addition, the placement of the adaptive parameter on the
residual gas fraction results in strong effect on the model
output (θ50), as shown in Fig. 2. It is recognized that not all
errors, such as unmodeled thermal dynamics or heat transfer,
should be attributed to this term. However, since many of these
sources of model error are relatively unknown, all errors are
lumped into the residual gas fraction in the simplified control-
oriented model.

To determine the parameter �, an error term is required

ε(k − 1) = x̄r (k − 1) − �(k − 1)x̂r (k − 1) (5)
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where x̄r would ideally be the measured value of the residual
gas fraction xr . It is, however, extremely difficult to measure
the residual gas fraction of an engine, especially on board
a vehicle. We therefore employ the measurement of the
combustion phasing θ̄50, computed by the ECU through the
use of the in-cylinder pressure sensors and online heat release
analysis.

The data suggest that the combustion phasing model can be
well approximated by the quadratic expression

θ̄50(k − 1) = αθ1T 2
ivc(k − 1) + αθ2Tivc(k − 1) + αθ3 (6)

where αθ1,2,3 are the functions of the injection timing.
This approximation has been validated extensively with
experiments on a multicylinder engine across a broad range
of operating conditions. Through inversion of this model,
the value of Tivc, which was necessary for the measured
combustion phasing (T̄ivc) of the previous cycle, is given by

T̄ivc(k − 1) =
−αθ2 −

√
α2

θ2 − 4αθ1(αθ3 − θ̄50(k − 1))

2αθ1
. (7)

The other solution to (6) is always a nonphysical solution,
since αθ1 is negative. The result obtained by (7) is dependent
on the measurement of combustion phasing and is there-
fore more accurate than the result obtained by the model’s
regression. If we then employ a mass balance at IVC as
shown in

T̄ivc(k − 1) = x̄r (k − 1)Tres(k − 1) + (1 − x̄r (k − 1))Tim

(8)

where Tim is the measured intake manifold temperature and
Tres is the residual gas temperature given by the model in [10],
then the value of x̄r is simply

x̄r (k − 1) = T̄ivc(k − 1) − Tim

Tres(k − 1) − Tim
. (9)

By developing a parametric model of this form, linear
parameter estimation laws can be applied.

V. ADAPTIVE LAW

The discrete gradient parameter estimation law given in (10)
is used to determine the value of � based on online measure-
ments for each cycle. This enables the model adaptation. The
equation and its stability properties are derived in [44] for
linear systems. The speed at which the algorithm converges
is controlled by the constant gain κ . It is important that the
gain is tuned to enforce slow convergence and has a minimal
impact on the transient response of the system. The rate of
convergence of the adaptive parameter will be addressed in
greater detail in Section V-B

�(k) = κ x̄r (k − 1)ε(k − 1)

x̄r (k − 1)2 + c�
+ �(k − 1)

where κ, c� = constants. (10)

There are two conditions to avoid with this formulation:
x̄2

r + c� = 0 and x̄rε, x̄2
r + c� → ∞. Division by zero is

prevented because c� is small and positive, and additionally,
and since x̄r ∈ [0, 1], the denominator will remain positive

Fig. 3. Simplified system used for analyzing the stability of the estimation
scheme. The value of x̄r is treated as an input to the system. Note that the
stability of the adaptive controller in Fig. 1, when the estimator is used for
the adaptation of x̄r , is analyzed in Section VII.

and cannot grow unboundedly. The value of x̄rε will stay
bounded provided the error ε is bounded. To avoid unwanted
behavior however, the value of � is also restricted, through
the saturation of the output, to be within � ∈ [0.9, 1.2].
It is unlikely that the actual in-cylinder residual gas fraction
changes by more than 10%–20% over short periods of time
for this system. There are many ways to mitigate unwanted
parameter drift [45].

A. Authority of Adaptive Parameter

To observe the effect that the adaptive parameter has on the
system, simulations were performed for the range of possible
� values. At each point, the model was allowed to come to
steady state and the values of Tbd , bbd , and the predicted
combustion phasing were observed (Fig. 2). The sweep was
performed at both 1800 and 1600 r/min. This simulation and
the linearization in Section V-B were done with 10.8 mg of
fuel, an SOI of 330° before TDC of combustion, and an EVC
of −106° after TDC of gas exchange. The adaptive parameter
has an approximately affine effect on the model output with
relatively high sensitivity. This indicates that the adaptive
parameter selection is well suited for the control objective.

B. Stability

To evaluate the stability of the adaptive parameter estimation
scheme, the simplified system in Fig. 3 is analyzed. Here,
the estimated residual gas fraction from a measurement of
combustion phasing, x̄r , is treated as an input to the
system. A state update equation for � can then be derived by
combining (5) and (10) to get

�(k) = κ x̄2
r (k − 1)

x̄2
r (k − 1) + c�

+�(k − 1)

(
1 − κ x̄r(k − 1)x̂r (k − 1)

x̄2
r (k − 1) + c�

)
. (11)

To investigate the stability of the adaptive parameter
estimation, we must demonstrate that at steady state,
� converges to a value that causes the error ε in (5) to
go to zero. Let us define with ∗ the equilibrium values for
which ε = 0. If we solve (5) for � when ε = 0, we can see that
�∗ = x̄∗

r /x̂∗
r . Equation (11) is linearized about the steady-state

parameter value (�∗) as well as the steady-state values of the
states Tbd and bbd in (1) and (2). The linear system is obtained
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by substituting (4) into (11) and then analytically linearizing
the result around the stationary operating point (�∗, T ∗

bd , x̄∗
r )


�(k) =
(

1 − κ x̄∗
r x̂∗

r

x̄∗2
r + c�

)

�(k − 1)

+
(

καc3x̄∗2
r T ∗(c3−1)

bd

x̂∗
r (x̄∗2

r + c�)

)

Tbd(k − 1)

+
(

κ x̄∗
r

x̄∗2
r + c�

)

x̄r (k − 1) (12)

where

α = �c2(c0 + c1θevc)ω
c4, � = pim

pem
.

This equation can be augmented with a linearization of the
system in (1) and (2), where � is added as a multiplicative
modification to the residual gas fraction. This is the system
represented in Fig. 3. The linearization was achieved numeri-
cally using MATLAB Simulink to yield⎡
⎣
Tbd(k)


bbd(k)

�(k)

⎤
⎦

=

⎡
⎢⎢⎢⎣

0.4871 −93.2017 84.1512
−0.0001 0.5176 0.5494(

καc3 x̄∗2
r T ∗(c3−1)

bd

x̂∗
r (x̄∗2

r + c�)

)
0

(
1 − κ x̄∗

r x̂∗
r

x̄∗2
r + c�

)
⎤
⎥⎥⎥⎦

·
⎡
⎣
Tbd(k − 1)


bbd(k − 1)

�(k − 1)

⎤
⎦ +

⎡
⎢⎢⎣

B11 0
B21 0

0

(
κ x̄∗

r

x̄∗2
r + c�

)
⎤
⎥⎥⎦

[

uss(k − 1)

x̄r (k − 1)

]

(13)

where

B11 = [−1.6, 33.2,−0.02, 0.08]
B21 = [−0.004, 0.04, 0, 0]


uss = [
u∗

evc, m∗
f , u∗

soi, ω
∗].

This augmented system allows us to observe the effect the
adaptive parameter has on the dynamics of the temperature and
composition states as well as the eigenvalue of the adaptive
parameter state itself. This is shown through the root locus plot
of Fig. 4. Here, we can see that when the adaptive gain κ is 0,
the eigenvalues of the temperature and composition dynamics
are the same as those of the system with no adaptation, in
which both are on the positive real axis. In addition, the
eigenvalue of � is one. As κ is increased, the eigenvalues
of the system approach each other and eventually break off
into the imaginary plane. At approximately κ = 1, the
system becomes unstable. The eigenvalue associated with the
adaptive parameter is pulled in while κ increases indicating
that the parameter will converge faster with a higher gain,
as is expected. For small gains, the system is stable, which
indicates that ε will converge to 0.

To demonstrate how the adaptive parameter converges, the
system in Fig. 3, as summarized by (13), was simulated with
a value of x̄r and constant inputs u that corresponded to
�∗ = 0.9 and θ̄50 = 8.2. Three different adaptive gains

Fig. 4. Root locus of the eigenvalues associated with the system in (13).
As κ is increased, the adaptation occurs more quickly, but the underlying
system eventually becomes unstable.

Fig. 5. Convergence of the adaptive parameter to a set point with different
gains through the simulations of the system in Fig. 3, the prediction of
combustion phasing θ̂50 also converges to the measured combustion
phasing θ̄50.

were tested. The simulation results are shown in Fig. 5 and
it can be observed that the system successfully converges
to the unknown parameter �∗ and the desired combustion
phasing θ̄50. A gain of κ = 0.005 was used for the tests
presented in the following sections, because it offers good
convergence response without pulling off the temperature and
composition eigenvalues of the real axis.

VI. CONTROLLER

The midranging controller with the linear feedforward
developed in [10] and [11] is used here as a baseline controller
for the regulation of combustion phasing (θ50). The regulation
of combustion phasing in an HCCI engine is critical due to
its sensitivity to cyclic variability at late combustion phasing
and the excessive pressure rise rates for early θ50. As such,
the controller objective is to regulate θ50 to a desired reference
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Fig. 6. Midranging control architecture for a multicylinder engine. Here, the
coarse and fine trim actuators are uevc and usoi, respectively [10].

set point during load transitions. This set point is
typically determined offline or provided by a supervisory
controller.

The baseline controller uses the uevc and usoi actuators
to regulate θ50 in a midranging configuration, where the
coarse and fine actuators are uevc and usoi, respectively. This
architecture is demonstrated graphically in Fig. 6, which
has been adapted from [10]. The uevc actuator has a large
range and high authority. However, since the hydraulic cam
phasers are slow and there is a single intake and exhaust
camshaft for all four cylinders, a single value of EVC must
be applied for all cylinders. The usoi actuator can be changed
on a cycle-by-cycle and cylinder-by-cylinder basis, however,
its authority is small, and it can saturate quickly depend-
ing on the operating condition. Therefore, the actuator uevc
strives to midrange usoi back to a set point that is chosen
to be in its region of greatest authority. The θ50 tracking
error signal drives the controller for usoi. This midranging
control structure has been used successfully to navigate
transients in various actuators including throughout a large
load and speed operating region in [11]. Using the adaptive
scheme, we can mitigate errors and adjust the SOI control
based on the adaptation of � and the θ50 tracking
error.

The feedforward component of usoi from [10] is modified
here to incorporate the adaptive parameter, which is taken as
an input. The feedforward control is found by linearizing the
nonlinear model summarized by (1) and (2) about a typical
HCCI operating point. Specifically, uevc = −106° aTDC,
SOI = 330° bTDC, m f = 10.8 mg, and an engine speed of
1800 r/min are used. The linearized model inverted at steady
state is

xss = Axss + Bsoiu
ff

soi+Bevcuevc+B f minj
f + Bωω + B��

θ ref
50 = Cxss +Dsoiu

ff
soi+Devcuevc+D f minj

f +Dωω + D��

∴ u ff
soi =

[
0
1

]T
[
(A − I ) Bsoi

C Dsoi

]−1 [
−B 0

−D 1

]

×
[
uevc, minj

f , ω, �, θ ref
50

]T
(14)

Fig. 7. Block diagram of the complete system as implemented for the
simulation of the small signal stability analysis. The engine is replaced by
a linearized model.

where

B = [
Bevc B f Bω B�

]
D = [

Devc D f Dω D�
]
.

The feedforward injection timing u ff
soi is the timing nec-

essary for a given reference combustion phasing, assuming
all other inputs are at steady state. The reference combustion
phasing was set to 8.5° aTDC for these tests. It can also be
seen that the equations have been appropriately modified to
incorporate the adaptive gain � that presents itself in the B and
D matrices. The feedforward block is then a fixed gain for a
given cycle. Since each cylinder can have a different fuel mass
and combustion phasing reference and because uevc, ω, and �
are constantly varying parameters, the controller computes a
gain for each cylinder on each cycle. The eigenvalues for this
system are real and lie on the positive axis, they are less
than one and are therefore stable. For significantly later values
of uevc, the model predicts the onset of high cyclic variability
in the form of oscillatory dynamics [11].

The value of � pushes the steady-state value of the states
closer to that of the actual engine based on the measured
combustion phasing, as presented in Section IV. This in turn
yields a control usoi, which is more accurate.

A graphical representation of the complete system is pro-
vided in Fig. 1. Here, it can be seen how the continuous-time
system is separated into discrete cycles, where the measure-
ments are taken and where inputs are applied. The adaptive
algorithm and nonlinear model run alongside the midranging
controller on the rapid prototyping hardware.

VII. CLOSED-LOOP STABILITY

The system of Fig. 1 can be represented in simula-
tion by the block diagram of Fig. 7, where the engine
is replaced by a linearized model and the controller is as
described in the preceding sections. The closed-loop trans-
fer function from input to output [r(k) to y(k)] has poles
at {0.997, 0.970, 0.855, 0.664, 0.622, 0.383, 0.250, −0.001},
which all lie within the unit circle and are therefore locally
stable. The poles which are close to 1 correspond to the
adaptive state and integrators in the controllers. These inte-
grators are being pulled away from 1 by the adaptive gain and
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closed-loop zeros. The following stability analysis is linear
and therefore local as well.

To analyze the internal stability of the system, the
four-transfer-function matrix theorem [46] is applied from
the inputs r and d to the outputs y and v, as indicated
in Fig. 7. Here, the reference signal r is the desired combustion
phasing and the output y is the measured combustion phasing.
The values of d is a disturbance and the value of v is the
disturbance plus the control actuation. The system is given by[

Y
V

]
= T4T F

[
R
D

]
(15)

where Y, V , R, and D are the z-transform representation
of the y, v, r, and d signals, respectively. The four transfer
functions can be summarized by

T4T F =
[

TO PSI

SI C SI

]
(16)

where TO is the output complementary sensitivity function
(from r to y) and SI is the input sensitivity function
(from d to v). The plant and controller are P and C ,
respectively, and the plant has poles at {0.38 0.62}. Since
the plant and controller have no unstable poles and all poles
of the four transfer functions in T4T F are also stable, the four
transfer function theorem for multivariable systems indicates
that the closed-loop system is internally stable.

VIII. EXPERIMENTAL RESULTS

The adaptive controller was implemented in real time on
the experimental setup from Section II. The model inverted
for feedforward control was parameterized with data from
one cylinder and then duplicated for the remaining three.
Cylinder-to-cylinder variations are large enough to warrant
the cylinder individual parameterizations; however, it will be
shown through steady-state tests that the adaptive controller
alleviates this need. In addition, transient tests will show the
controller’s ability to perform load steps and correct for the
modeling errors before and after transitions.

A. Feedback Effort Reduction

To demonstrate the adaptive controller’s ability to correct
for modeling errors and uncertainty, a test was run in which
the engine was allowed to come to a steady state with the
baseline controller active, at which point the adaptive gain
was applied to the feedforward control. For this test, the
combustion phasing is regulated to its reference position and
does not move much, with the exception of typical cycle-to-
cycle variability. The test was run as close to the linearization
point as possible; however, there are clear cylinder-to-cylinder
variations. The effect on the feedforward control can be found
in Fig. 8. The adaptive algorithm is turned on at t = 20 s,
at which point the adaptive gain pushes the feedforward part
of the control closer to the set point of 330°, indicating that
the model is more correctly representing the physical system.
In addition, the total SOI (feedforward plus feedback) remains
the same for both the adaptive and nonadaptive.

Fig. 8. Adaptive control makes the model-based feedforward control more
accurate when activated at 20 s. The result is similar for all four cylinders
even though they all are at slightly different operating conditions and have
the same parameterization.

Fig. 9. Feedback control is minimized by the adaptive gain making the
feedforward control more accurate, as shown in Fig. 8. In addition, the
adaptive parameter � is shown to go to different values for each cylinder.

The effect on the feedforward SOI is further shown in Fig. 9,
where the feedback effort is observed. It is clear here that
the feedback effort after the adaptive parameter is activated is
reduced and that it tends toward zero. The amount by which
the adaptive gain � must modify the model inversion is shown
in the second plot of Fig. 9. The difference in � for the four
cylinders indicates that the model’s parameterization for some
cylinders was better than for others, and the deviation from
unity indicates more correction by the adaptive parameter.
This also indicates that the adaptive parameter has effectively
made corrections to each cylinder’s model parameterization



LARIMORE et al.: ADAPTIVE CONTROL OF A RECOMPRESSION FOUR-CYLINDER HCCI ENGINE 2151

Fig. 10. Load step from 3.75- to 3-bar IMEP at 1800 r/min. Feedforward is
more accurate with adaptive control, and the transient effort required by EVC
is reduced.

as necessary. Here, the adaptation had already been turned
on and converged at the beginning of the test; however, the
gain is only applied when indicated. While the gain is applied
instantaneously, the control moves slowly because it depends
on the slow EVC actuator.

B. Load Steps

Since the feedforward controller is derived via a linear
approximation around a specific operating point, the deviation
from the linearization point can cause errors in the feedforward
component of the control. Even if gain scheduling of the
linear controllers or a nonlinear inversion is applied, a slow
online correction of the nonlinear model and control will
be beneficial. In this section, we demonstrate the benefits of
the adaptation in the linearized feedforward control structure
through the mitigation of model mismatch. It is the objective
of the adaptive controller to mitigate these errors in the
steady state. To explore this effect, fuel steps (load steps)
were performed in closed loop with and without the adaptive
controller active. The adaptive controller was designed to be
slow, since it is not the objective of the adaptive parameter
to change the transient response of the system but rather
adjust the feedforward model inversion to correct for model
mismatch or engine aging. This is done so that the feedforward

Fig. 11. Load step from 3- to 3.75-bar IMEP at 1800 r/min. Feedforward is
more accurate with adaptive control, and the transient effort required by EVC
is reduced.

control remains accurate from one set point to the next, but
the model’s physical basis is relied upon to yield good control
during the fast transitions. The result of a load step down
from 3.75- to 3-bar IMEP is found in Fig. 10, and this is
the result for cylinder 1. Here, we can see that as the load is
reduced, the exhaust valve is advanced to trap more residuals
and compensate for the drop in temperature associated with
the lower load. However, the exhaust valve phases slowly and
so during the transition, the SOI is advanced rapidly to allow
more time for fuel reformation and advances the combustion.
The transient response with and without the adaptation active
is comparable in terms of both torque output and regulation
of combustion phasing. However, it can be seen that the
controller’s feedback effort has been reduced at steady state
and because of this, the EVC control does less work during
the transient. The adaptive parameter is also shown for this
load step, where it is clear that the model is incorrectly esti-
mating the residual gas fraction when not using the adaptive
model.

Similarly, a load step up is observed in Fig. 11, where
the adaptive control provides a similar result. It should also
be noted that for both load steps, the adaptive parameter
stays within the region where the effect on the system is
approximately linear. In an ideal scenario, the adaptive para-
meter should push the feedback control component to zero;
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Fig. 12. Load step from 3.8- to 3.25-bar IMEP at 1600 r/min. A significant
improvement in the feedforward component of SOI control is observed
at 3.25 bar. The transient effort of EVC is also reduced during the transition.
The feedforward is accurate at 3.8 bar and the adaptive parameter � is
close to 1.

however, small changes to the system, such as the temperature
and pressure of the intake manifold, can cause errors. The
adaptation tries to lump various sources of model mismatch
and hence cannot completely eliminate, or replace, the
feedback correction.

C. Speed Variation

To quantify the controller’s performance away from the lin-
earization point, similar load steps to those of Section VIII-B
were run at 1600 r/min, and a load step down is shown
in Fig. 12. The feedforward controller has knowledge that the
speed has changed to 1600 r/min and the model inversion
is accurate at approximately 3.8-bar IMEP. Specifically, the
feedfoward SOI is close to the set point and � is close to
unity. However, when the load is stepped down to 3.25 bar,
the feedforward at steady state is very far from the set point
and the slow EVC controller is required to do more work. This
is despite the fact that engine speed enters into the inversion of
the model in the B matrix of (14). When the same transition
is made with the adaptive control active, the SOI feedforward
quickly returns to the set point and the feedback tends to zero
resulting in less EVC effort during the transition. A load step

Fig. 13. Load step from 3.8- to 3.25-bar IMEP at 1600 r/min. A significant
improvement in the feedforward component of SOI control is seen at 3.25 bar.
The transient effort of EVC is also reduced during the transition. The
feedforward is accurate at 3.8 bar and the adaptive parameter � is close to 1.

TABLE I

STEADY-STATE SOI FEEDBACK EFFORT BEFORE AND AFTER LOAD

STEPS. RESULTS SHOWN AS NONADAPTIVE/ADAPTIVE

IN CRANK ANGLE DEGREES

up in Fig. 13 shows similar behavior, and the feedforward
controller’s performance is improved at 3.25 bar.

D. Summary of Results

Table I presents a quantitative summary of the adaptive
control results through the absolute value of the steady-state
feedback SOI. Specifically, it can be seen that the feedback
effort required for nearly all tests is significantly reduced
when using the adaptive control. The exception is before
the load step down at 1600 r/min; however, at this point,
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the feedforward control is already very good without
adaptation and so there is little room for improvement. Over
all the tests, the average reduction in the absolute value
SOI feedback at steady state was 41%.

IX. CONCLUSION

An adaptive control scheme has been developed and evalu-
ated through the simulations and experiments. The use of an
adaptive parameter in the feedforward control helps to improve
the accuracy of the controller at steady state. An average
reduction in steady-state SOI feedback effort of 41% was
achieved. This allows the system to make transitions using
mostly feedforward control, which reduces the effort required
by the slow EVC actuator. This is particularly useful when
using linear model inversion, because any transition will
deviate from the linearization point.

In addition, a stability analysis has been performed for both
the adaptive parameter estimation scheme and the full closed
loop system. It has been shown that the adaptive state is stable
for small gains and that the closed loop system is internally
stable for typical engine operating conditions. Future work
includes extending the feedforward controller to a nonlinear
model inversion and using adaptive parameter estimation to
further improve the control for the onset of cyclic variability
in load transitions. Nonlinear stability analysis could also be a
focus of the future work and the use of an adaptive parameter
on other physical components of the model could be explored,
for instance, heat transfer could be adapted to compensate for
slow dynamical changes.
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