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Abstract: Cyclic variability is a factor adversely affecting engine performance. In this paper a cyclic moving average
regulation approach to cylinder pressure at top dead center (TDC) is proposed, where the ignition time is adopted as the
control input. The dynamics from ignition time to the moving average index is described by ARMA model. With this model,
a one-step ahead prediction-based minimum variance controller (MVC) is developed for regulation. The performance of
the proposed controller is illustrated by experiments with a commercial car engine and experimental results show that the
controller has a reliable effect on index regulation when the engine works under different fuel injection strategies, load

changing and throttle opening disturbance.
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1 Introduction

In internal combustion engines, the cyclic variation of in-
cylinder pressure profile is one of the important factors that
affect torque generation precision and fuel efficiency. For
example, the speed fluctuation caused by cyclic torque vari-
ation is not ignorable even in the steady operation mode, and
more than 10% fuel efficiency is damaged by the cyclic vari-
ability [1]. Furthermore, the cyclic imbalance is also a cause
damaging exhaust emission performance. As shown in [2],
when an engine runs in lean situation, 30% of the emission
can be reduced if the engine runs without cyclic variability.
However, the cyclic variation of in-cylinder pressure pro-
file, as a result of the combustion process in each cycle, is
an unavoidable natural phenomenon with chaotic property
[3]. Therefore, cyclic balancing is still a challenging issue
in automotive engine management.

From the control point of view, a feasible way to deal
with the cyclic imbalance is to develop a model of the cyclic
variation and to establish a model-based control approach
with the model. Indeed, in the past two decades, a num-
ber of studies have been reported along this research line. A
combustion event-based discrete model for the cyclic vari-
ation of heat release was proposed in [4, 5] where the main
attention is focused on the effect of residual gas, and fur-
thermore, the model is utilized in on-line heat release bal-
ancing control by introducing neural networks for learn-
ing the relationship from fuel charge to heat release [6].
However, the air and fuel inlet dynamics are not taken
into account in the physical event-based model. In contrast
to the physical model, most of the papers addressed the
cyclic variation modeling using the statistic approach and
in-cylinder pressure-related indexes are explicitly used to
evaluate cyclic balance performance. For instance, balanc-
ing the location of peak pressure (LPP) was investigated in
[7] where the ARMA model is introduced to describe the
dynamics from the ignition time to the LPP and the gener-
alized minimum variance controller was proposed based on
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the time series model. The cyclic balancing scheme with the
LPP index was also investigated in [8, 9]; however, a neu-
ral network is used to predict the LPP and a conventional
PID control law is exploited for the LPP regulation. The
mass fraction burned (MFB) is an alternative in-cylinder
pressure-related index for the cyclic balancing control. In
[10] the MFB balancing control was presented with PI con-
trol strategy. For the heavy burden in calculation, the indi-
cated mean effective pressure (IMEP), as another index for
cyclic variability, is usually used for off-line evaluation, and
a feedback control with a predictive model for IMEP is pro-
posed in [11].

In this paper, we will present a moving-average control
approach to the cylinder pressure at the top dead center
(TDC). Four-cycle moving average of the cylinder pressure
at TDC is chosen for evaluating the cyclic variability and
the spark advance (SA) is used as the control input. First,
we will introduce ARMA model to describe the dynamics
from the actuating signal to the control output, the moving
average of the TDC pressure. With the model, a one-step
ahead prediction-based minimum variance controller will
be provided to regulate the control output at the nominal
value according to the steady operation mode. The second
contribution of this paper is to provide an experimental val-
idation of the proposed control approach with a commercial
car engine. It will be shown that the modeling and the con-
trol approach are effective for rejecting the variation of the
moving average index even when the engine works under
different fuel injection strategies, additional load changing
and throttle opening disturbance.

2 Preliminaries

In the spark ignition engines, combustion of the air and
fuel mixture trapped in cylinders produces heat to force the
piston to move down, and the linear motion of the piston
is transferred by the connection rod into the rotation of the
crankshaft. However, due to the uncertainties in the air and
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fuel intake paths, statistical combustion efficiency, etc., the
combustion profile varies cyclically, and this cyclic varia-
tion will immediately cause fluctuation in torque generation.
As a result, it damages the engine performance.

For example, this cyclic variation can be observed from
the cylinder pressure profile. Fig.1 shows an experimental
result on a six-cylinder engine test bench, where actuating
signals such as throttle angle, spark advance and fuel in-
jection are set to be constants so that the engine works at
2000 rpm under the constant load 86.5 Nm. It is obvious
from Fig.1 (a) that the maximum value of the cylinder pres-
sure of each cycle is different and the variation range is
about 4 bar. Furthermore, comparing the cylinder pressure
profiles in each cycle, it is also easy to observe the cyclic
imbalance. Fig.1 (b) shows three consecutive cycles and
the average cylinder pressure profile of 1000 cycles, from
which remarkable changes of cylinder pressure value at the
same location in crankshaft angle can be observed during
the combustion, especially, around the TDC in crankshaft
angle.
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Fig. 1 In-cylinder pressure profile.
To evaluate the performance of torque generation, IMEP
is popularly accepted and IMEP (k) of the k-th cycle is de-
fined as:

ey

where 1} is the cylinder volume from TDC to BDC, P(6)
and V' (0) are in-cylinder pressure and cylinder volume from
TDC to the piston at crank angle 6, respectively. However,
in practice, the IMEP (k) is not feasible for performing on-
line feedback balancing control, due to the heavy burden in
calculation.

As shown in [3, 12], the in-cylinder pressure-related in-
dexes are usually employed to evaluate the combustion vari-
ation. In this paper, we choose the cylinder pressure P(6) at
TDC as the cyclic balancing performance index, and actu-
ally, in the controller design, we will use the four cycles
moving average value as the control target to avoid undesir-
able sensitivity on the stochastic feature in the combustion

IMEP (k) = Vio f:” P(6)dV (),
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process, i.e., the control output of the cyclic balancing con-
trol system which will be designed later is defined by

13
y(k) = 1 ;)PTDC(IC — 1),

2

where Prpc (k) is the cylinder pressure at TDC of the k-th
cycle. Fig.2 illustrates the response y(k) of the experiments

shown in Fig.1.
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Fig. 2 Four-cycle moving average of Prpc.

It should be noted that the in-cylinder pressure at TDC
is not the only index for indicating combustion variation.
For example, in-cylinder pressure at crankshaft angle 370°
may also be a candidate. However, in most steady opera-
tion modes, crankshaft angle 370° is near LPP and rapid or
slow combustion may lead the peak pressure position to ap-
pear before or after this position, respectively (Fig.1 (b)).
In this situation, the measurement of in-cylinder pressure at
crankshaft angle 370° cannot indicate the combustion vari-
ation effectively.

Many actuating factors might affect the control output
y(k). However, due to the evident causality between the
starting time of the combustion and Prpc, we choose the
spark advance as the control actuating signal. The effect of
spark advance on Prpc can be observed more clearly from
Fig.3. In the experiments for Fig.3, besides the spark ad-
vance, all other actuating signals are kept constant the same
as the experiments of Fig.1. In Fig.3, each of the six curves
is the average profile of 1000 consecutive combustion cy-
cles under different spark advance. It is noticeable that the
average of Prpc increases with spark advance enlarging.
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Fig. 3 Cylinder pressure profile with different spark timing.

3 Modeling and control law

As mentioned above, the aim of this paper is to provide a
control law for regulating the chosen index y(k), and conse-
quently, for improving the cyclic balance. To this end, with
the selected actuating signal, we will first establish a dynam-
ical model for the controlled plant, and based on the model
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a feedback control law will be derived subsequently.

Indeed, the mechanism determining the physical dynam-
ics from the chosen control input and the output is not sim-
ple, and moreover, in practice this dynamics is inter-coupled
with other paths such as emission control loop, throttle op-
eration, etc. For example, the combustion with variation dis-
turbs the rotational motion of the crankshaft, and the varia-
tion in speed during induction stroke will result in the fluc-
tuation of intake air mass. Moreover, the combustion of
the following cycle is affected by the recycled residual gas
from its previous one. Based on a physical hypothesis, a
model emphasizing residual gas effect was proposed in [4]
to produce dynamical cyclic variation pattern. However, this
model is not feasible in the stoichiometric situation. More-
over, the calculation of heat release is a heavy burden for
online application. In fact, since the heat release process for
combustion is not clear, it is difficult to establish the dy-
namics of combustion between cycles from aerodynamics
and thermodynamics. In other words, it is difficult to model
the dynamics of the moving average index between cycles
from the view of physics.

As an alternative, system identification methods can be
used from the view of statistics. In this paper, we employ
the following ARMA model to represent the dynamics from
ignition time w to y:

A(g y(k) = Bl ulk —m) + Clg"He(k), (3)
where
Alg) =1+a1g +aeqg? + - +aig",
B(g ) =bo+big ' +bag %+ +bjqg,
Clag)=cotaq +eg?+ +eaq,
and m is the system delay.

To identify the model for the engine test bench, which
will be explained in detail later, the recursive least squares
algorithm is applied with the selection of the orders, and the
model order that determines the system structure is decided

by a trial-and-error approach with experimental results. As
a result, the following 2nd-order model is determined.

(14 a1q™ + azq2)y(k) = bou(k — 1) + (k)
with identified parameters as
a1 = —0.88587, as = 0.16736, by = 0.13226.

The experimental result used in the parameter identifica-
tion is performed under the steady operation mode as shown
in Table 1. In the experiment, the input signal u is generated
to be pseudo random sequence both in amplitude and time
duration. Data of 600 cycles is used for parameter identifi-
cation, which is illustrated in Fig.4. The effectiveness of the
model (4) is validated with experimental result. Fig.5 shows
the modeling error, the average and the standard deviation
is —0.0587 bar and 0.594 bar, respectively.

From the view of practical application, the error of the
second-order model with determined parameters is allow-
able. It should be noted that increasing the order of the
model does not necessarily lead to improving the model pre-
cision. Fig.6 shows the response of the 3rd-order model with
the error between the model and the measured data from
a; = —0.8669,a2 = 0.0037,a3 = 0.1780,b9 = 0.1788
and b; = 0.0310. The average and the standard deviation of
the error is —0.0633 bar and 0.5905 bar, respectively.

“
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Table 1 Specifications of the steady mode for model
structure determination.

Throttle open (°) 6.9
Load (Nm) 60
Speed (rpm) 1800
Fuel injection for cylinder No.1, 3, 5 (mm?®/cycle) 13.1
Fuel injection for cylinder No.2, 4, 6 (mm?®/cycle) 13.6
Nominal value of SA of No.2 BTDC (°) 26.8
Nominal value of Prpc of No.2 (bar) 12.6
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Fig. 4 Experiment data for system identification.
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Fig. 6 Identified 3rd-order model output.

The control subject considered in this paper is to keep
y(k) to the nominal value that is determined by the corre-
sponding operation mode. Thus, a natural choice for the cost
function is the variance of the error

J = ggg)l(E[(y(k +1) = 50)?)), (5)
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where yg is the given nominal value, which is decided by
the steady operation mode.

As is well-known, a routine with the identified model (4)
along the design procedure according to [13] obtains the
minimum variance control law as follows:

wk) = o+ Sy(R) + Pylk -1 ©
0 0 0

4 Experimental validation
4.1 Experimental set-up

The hardware system of the test bench comprises the
SI engine, engine electronic control unit (ECU), dSPACE
and a dynamometer. The schematic diagram of the system
is shown in Fig.7. The experimental engine is a Toyota 3-
liter, 6-cylinder and direct injection production and the six
cylinders are denoted by No.l to No.6 according to the
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ignition sequence. In cylinder No.2, a pressure transducer
(KISTLER Type 6118AFD35Q01) is equipped at the po-
sition of the spark plug and the pressure is used for on-
line control. We use the dynamometer to simulate addi-
tional load effect. The control algorithm is built in Mat-
lab/Simulink software platform and downloaded to dSPACE
from a computer. Meanwhile, this computer is also em-
ployed for parameter resetting and data saving during exper-
iments. The generated spark advance command for cylinder
No.2 is sent from dSPACE to ECU every cycle and in other
cylinders the ignition time are fixed to the nominal value.
The sampling period of dSPACE is set as 0.25 ms and the
synchronization between the dSPACE and ECU is guaran-
teed by the signal of crank angle encoder (KISLTER Type
2613B1), which generates alternate high and low TTL for-
mat voltage every 6° in crank angle.
Exhaust manifold 2#
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Fig. 7 Schematic diagram for test bench system.

Other commands for engine operation, such as fuel injec-
tion and throttle opening etc., are controlled by the ECU.
During experiments the dSPACE can reset these commands
to simulate the disturbance effect.

Fig.8 shows the real image of the test bench system. The
engine, dynamometer system, individual A/F sensors and
cylinder pressure transducers are illustrated in Fig.8 (a). In
Fig.8 (b) the apparatus for power supply, display unit and
control panel, etc., are demonstrated.

| power supplyjgs

(b) Experiment instrument and appatatus
Fig. 8 Test bench system.

4.2 Experimental validation for control scheme

In practice, an on-line recursive least-squares identifica-
tion is taken for consecutive 2500 cycles with a forgot-
ten factor 0.998 when the engine works under the same
operation mode of Table 1. The identified parameters are
a; = —0.833,b; = 0.125, ¢; = 0.138. During experiments
a limit of spark advance deviation is set as £2° for engine
protection.

To validate the proposed model and model-based con-
trol scheme, experiments are implemented when the engine
works under different fuel injection strategies, load chang-
ing and throttle opening disturbance. In all experiments, the
same model-based control law are adopted with respect to
the on-line identified parameters as mentioned above. The
experiments are carried out for two cases according to fuel
injection strategies. The first case is fixed fuel supply and
the other is fuel injection adjusting under an air/fuel ratio
(A/F) balancing controller.

4.2.1 Case 1: Engine works with fixed fuel injection

With fuel injection fixed to the nominal value, Fig.9 and
Fig.10 show results of regulating the moving average in-
dex. The experiment for Fig.9 is with fixed throttle open-
ing and additional load. As shown in Fig.9, when the con-
troller switches off at the cycle index 108, the standard de-
viation changes from 0.8928 bar to 1.0160 bar with about
20% improvement in performance. After the controller op-
erates again from cycle index 236, the standard deviation is
then reduced to 0.5880 bar.
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Fig.10 demonstrates the regulation results for load dis-
turbance which changes from the nominal value 60 Nm to
45 Nm during experiments. It is clear Prpc decreases when
load changes without spark advance adjustment and this
trend is effectively counteracted by the proposed control
scheme.
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Fig. 10 Control with fixed fuel injection under load disturbance.

4.2.2 Case 2: Engine works with individual A/F bal-
ancing

In practice, the fixed fuel injection is not a flexible condi-
tion for A/F balancing. By using the individual A/F sensors
(see in Fig.7), a PI controller is employed for fuel injection
adjustment to keep A/F ratio to the stoichiometric value.
The experimental results for moving average index regula-
tion under this situation are illustrated in Fig.11, Fig.12, and
Fig.13, respectively.

Fig.11 shows the experimental result when the engine
works under fixed throttle opening and additional load. The
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controller switches off at the cycle index 133 and standard
deviation changes from 0.6845 bar to 1.2718 bar. After the
controller operates again from cycle index 259, the standard
deviation reduces to 0.7154 bar, which is more than 40%
improvement.

The load disturbance experimental results under individ-
ual A/F balancing is illustrated in Fig.12 and the trend for
decreasing in Prpc is counteracted by the adjustment of
spark advance. However, due to the coupling effect between
the proposed MVC controller and the A/F balancing one,
the regulating effect shown in Fig.12 is not as clear as that
shown in Fig.10.

Fig.13 shows the experimental results when the engine
works with throttle opening disturbance and in this situa-
tion the additional load is fixed. Fig.13 (a) illustrates the
performance when the throttle opening increases from 6.9°
to 7.5°. Similarly, in Fig.13 (b) the experimental result when
the throttle opening decreases from 6.9° to 6.3° is demon-
strated. In both situations, the proposed control scheme
shows reliable effect for regulation.
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Fig. 12 Control with A/F balancing under load disturbance.
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5 Conclusions

This paper presented a four-cycle moving average con-
trol approach to regulating the in-cylinder pressure at TDC.
ARMA model was introduced for the dynamics from spark
advance to the moving average index and a model-based
MVC controller was developed. Furthermore, the proposed
model and model-based control law were validated by ex-
periments. Experimental results show that the proposed
control scheme can obtain reliable effect for index regula-
tion when engine works under different fuel injection strate-
gies, additional load changing and throttle opening distur-

P. Ll et al. /J Control Theory Appl 2009 7 (4) 345-351

bance. It should be noted that in this paper, the proposed
SA adjusting scheme is developed only for Prpc balanc-
ing. In fact, the ignition signal is also a traditional actuator
of control loops for engine performance in other aspects,
such as emission control, etc., which are not considered in
this paper. One of the future works will focus on the devel-
opment of the SA control strategies by considering both the
combustion balancing and other aspects.
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