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Abstract

In this paper, a combustion control algorithm is presented that, in combination with rate shaping, allows closed-loop
control of a cylinder pressure trace. Given this system, it is possible to control the behaviour of the entire combustion
process. The paper starts with an explanation of the control algorithm that was developed based on iterative learning
control. Consequently, the so-called a-process, which comprises a constant pressure rise, is presented as an example
of the additional degrees of freedom gained. Based on the exact analysis of experimental results and combustion simula-
tions, the effects of a peak pressure limitation on the emission behaviour of a single-cylinder engine powered by an
a-process are analysed in detail. The capability of the developed control system to isolate certain effects of ideal
combustion processes gives a wide range of possible further investigations. However, for practical applications, the use
of injection rate shaping is coupled with high hardware costs. Therefore, an additional concept study regarding the possi-
ble realisation of the developed control system with a conventional common-rail injector is presented. In this study, it is
shown that injectors without rate-shaping capabilities are able to solve the feedback control problem through multiple
injection strategies.
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Introduction The present paper outlines the benefits of a combina-
tion of injection rate shaping and closed-loop combus-
: : 70 i . ) . tion control. Thus, a flexible injection rate-shaping tool
cess in a direct-injection diesel engine, different ideal (FIRST) developed by FEV GmbH is used (see the later

processes, such as the S.eiliger Process, are well knoyvn section on injector and system setup). Additionally, a
and have been established in fundamental engine control algorithm that uses iterative learning control

research. While combustion under real operating condi- (ILC) to perform experimental system inversion is

tloln s dlft{erli frorrlll this theoretical case, it is still c11e51r- applied. This combination raises the possibility of pre-
ab ¢ to follow these pressure traces as accurately as setting the whole combustion process by defining the
possible in order to identify and understand the signifi- . .4 process output without knowing the required

cant.characterlstlcs of this specific process. ‘Therefore, & injection rate beforehand. As an example, the so-called
precise and adequate control system is inevitable.

In engine technology, increased introduction of
injection systems with rate-shaping capability has been  'FEV GmbH, Aachen, Germany
observed.! These injection systems manipulate the ’Institute for Combustion Engines, RWTH Aachen University, Germany
injection rates using needle lifts or variations of the .
injection pressure, which allow direct modulation of Corresponding author:
mjec p . ’ L Stefan Pischinger, Institute for Combustion Engines (VKA), RWTH
the combustion. Improvements of exhaust e;nissmns Aachen University, SchinkelstraBe 8, D-52062 Aachen, Germany.
using rate shaping have already been observed. Email: office@vka.rwth-aachen.de

In order to analyse and improve the combustion pro-
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a-process, which describes a constant pressure rise dur-
ing the combustion, is introduced. The difference
between a pure a-process and an a-process with peak
pressure limitation (PPL) is analysed using experimen-
tal results of a single-cylinder engine.

Furthermore, a parameter study is presented that
analyses the potential of multiple injection strategies to
perform rate shaping and obtain predefined pressure
traces without an injector with rate-shaping capabil-
ities. The required injector dynamics are discussed at
the end of this paper.

ILC

ILC algorithms were developed in 1984 to improve the
operation of robots.” Later on, ILC was used to control
a wide variety of plants, such as vibration test benches
for fatigue tests,® and cyclic production processes, such
as extruders.” However, the application of cylinder
pressure control to diesel engines has not yet been
observed.

From a mathematical point of view, the ILC illus-
trates a stepwise experimental process inversion. The
actuating variable of the process will be modified from
control cycle to control cycle until the desired output
value is reached. During one control cycle, an open-
loop control of the process takes place. The actuating
variable for the whole control cycle is calculated offline
based on the results of the previous control cycles, and
is then used for the actuation of the system. By using
the feedback from previous control cycles, a closed-
loop control across control cycles is generated.® ILC is
obtained with an open-loop control in combination
with a memory element. The analysis of the memory as
a whole takes place between the control cycles (i.e. a
pause must be available between each control cycle).

In Figure 1, the structure of the ILC is shown. The
central memory z ' separates the actuating variables of
two consecutive control cycles u; and u; , ; from each
other before they are applied to the plant G. The feed-
back Y, for the generation of the control cycle to con-
trol cycle closed-loop control is also shown. The
actuation signal for the next control cycle

Uy + 1(i) = Sﬂk(i) + Egk(i) (1)

is generated from the actuating signal vector of the pre-
vious control cycle, which is weighed with the actuating
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Figure 1. Time-domain ILC control structure.
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variable filter S, and the control error, which is weighed
with the learning operator I'. The control error

e (i) = w— Y (2)

is calculated from the setpoint vector w and the feed-
back of the current control cycle. Equation (1) forms
the core of the ILC and is therefore named the learning
rule, as the learning procedure is processed here. The
learning operator is taken as constant for all control
cycles.

Neither the actuating variable filter nor the learning
operator includes any system information. ILC can
therefore be designed and operated with minimal sys-
tem knowledge. Furthermore, one of the advantages of
ILC is that it can adjust to a time-variant system.

Equation (1) shows that complete learning is only
possible when all information from the previous con-
trol cycle is taken over to the current control cycle. The
actuating variable filter has to be constructed as an
identity matrix

S=1 (3)

in order to reach full noise suppression and stationary
accuracy. A more detailed description of the control
algorithm and the specific governor design can be
found in Hinkelbein et al.®

The control algorithm obtained uses multiple engine
cycles (e.g. 20) to generate one control cycle; therefore,
the settling time of the ILC algorithm is of the order of
several hundred engine cycles, or up to 60 s for an
engine speed of 2280 r/min. This is due to the iterative
nature of the algorithm, and shows that it is not feasi-
ble for transient engine operation without an additional
pre-control methodology. In this paper, the control sys-
tem is therefore used as a calibration tool for stationary
engine operation. The actuating variable filter S is
designed as the identity matrix. The design of the learn-
ing operator I' only influences the settling time of the
controller, not the stationary results. Therefore, its
design will not be shown in detail in this paper. The
control error of the control algorithm is always the dif-
ference of the cylinder pressure setpoint and the actual
measured cylinder pressure of the engine.

Injector and system setup

The system setup and signal flow is shown in Figure 2.
In the single-cylinder engine (see Table 1 for specifica-
tions), the cylinder pressure is measured using a piezo-
electric pressure transducer. The calculation of the
control algorithm is executed in a rapid control prototyp-
ing (RCP) system by using the measured crank angle
(CA) signal and the amplified pressure transducer signal.
The resulting injector voltage (actuating variable of the
control algorithm) is amplified by a power stage and then
fed to the injector, which injects the fuel into the engine.
The FIRST injector was developed to be able to
investigate the full potential of injection rate shaping
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Figure 2. Signal flow and components of the control system
(CA: crank angle; RCP: rapid control prototyping).

Table I. Specifications of engine and nozzle.

Engine

Number of cylinders |
Number of valves 4
Bore (mm) 8l
Stroke (mm) 88
Displacement (cm®) 453
Compression ratio 15.8
Swirl (cu/ca @ maximum valve lift) 1.7
Nozzle

Cone angle (°) 153
Hydraulic flow rate (cm®/30 s) 320
Hole number 8
Nozzle k-factor 1.5

without having parasitic side effects by nozzle seat
throttling. The injector is a common-rail type actuated
by a piezo-actuator. It allows the modelling of any kind
of injection shape by varying the injection pressure via
a piezo-actuated control valve at a fully opened nozzle
needle. An additional advantage is a very fast opening
and closing of the needle, which reduces the nozzle
seat throttling effects to a minimum compared to cur-
rent series production injectors. Detailed descriptions
of the FIRST injector can be found in Schmiiker’.
Specifications of the nozzle used are given in Table 1.
See also Hinkelbein et al.®

Realised combustion process

The presented control system offers several new possi-
bilities to adjust the injection. By not only adjusting the
start of injection (SOI) or the duration of injection, but
the whole combustion trace, a wide increase in degrees
of freedom is gained. To fully utilise these new degrees
of freedom, the setpoint curve also has to be defined in
a way that not only single points, such as the start of
combustion or the centre of combustion, are defined.
Instead, a complete trace of setpoints has to be given to
define the control target.

In addition to the well-known classical combustion
processes for diesel engines, such as the Seiliger and the
constant pressure process, a complete new class of pro-
cesses can be generated with the new control system.

As a mixture of the Seiliger and constant pressure pro-
cesses, the so-called a-process is introduced.

This process comprises a constant pressure rise after
the start of combustion at top dead centre (TDC). It
can be expressed by the CA © in the following equation

w(i) = a - (0; — Orpc) + pcy(®Orpc), Vi=irpe

(4)

where the index i gives the position of the CA after
TDC. From equation (4), it can be seen that the com-
plete pressure trace can be described with one charac-
teristic parameter, which is the slope of the pressure
rise . Although the trace is defined in a relative way
based on the pressure trace of the motored engine, it
can be recalculated for each control cycle to also take
changes in engine load into account. Since the engine
load is controlled by a separate governor, the constant
increase of the pressure with increasing CA, as
described in equation (4), can be neglected. The end of
the injection is controlled by the load governor and has
therefore not to be considered in the setpoint equation.
From equation (4), it can also be seen that the special
case of @ = 0 bar/° CA is equal to the already known
constant pressure process.

Figure 3 shows the definition of the a-process as
described in equation (4). The constant pressure rise
starts at TDC and ends after the desired load is reached.
At this point, the pressure trace changes into a normal
expansion stroke.

The disadvantage of the relative determination of
the setpoint vector is the limitation of describable
sequences to a function depending on the CA.
Processes with PPL can be described by an additional
parameter Ap

w(i) Vw(i) < pey(®@rpe) + Ap
Pcyi(®@rpc) + Ap Y w(i) = pey(®rpc) + Ap
(5)
and the setpoint profile from equation (4). By applying
equation (5), the Seiliger process can be defined with an

wppr(i) = {

‘Cylinder pressure [bar] ‘
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Figure 3. Definition of the a-process. Operating point: 2280
r/min, 10 bar indicated mean effective pressure (IMEP).
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infinite « value and a PPL that fits to the correspond-
ing Seiliger process. Therefore, the Seiliger process can
be seen as a special case of the a-process with PPL.

Experimental results

By feeding the two described setpoint traces of the
a-process and the a-process with PPL to the control
system, these processes can be obtained with the single-
cylinder engine described in Table 1.

The results obtained after 50 control cycles are
shown in Figure 4. The setpoint trace of the pure
a-process fits very well, whereas the a-process with
PPL shows some deviations at the beginning of the
ramp. The figure also shows the required injection rates
that are required to obtain the setpoint traces. These
injection rates are automatically gained by the ILC
algorithm. By comparing these two injection rates, it
becomes obvious that the first part is nearly identical.
Both start with a ramp-like injection rate, since the
processes need to achieve a constant pressure rise of
4 bar/° CA, starting at TDC. The injection rate of the
pure a-process starts to drop very fast after reaching a
maximum of 2.1 mg/° CA. Since a certain amount of
time is required for the fuel to evaporate and ignite, the
maximum of the injection rate is located a few ° CA
before the maximum of the cylinder pressure.

For the a-process with PPL, the maximum of the
injection rate is much lower and earlier than for the

Cylinder pressure [bar] ‘ ‘ Injection rate [mg/°CA]

140 P 3.5
120 1 3.0
100 AN 25

80 ] 2.0
60 ] //ff\ \ 1.5

40 i / \ ™~ 1.0

Ty
20 0.5
0 = inj. rate 0.0
160 170 180 190 | p measured| 220
140 == p-setpoint 35
120 3.0
100 seshesssesysssses 25

80 2.0
2 N\

60 / N 1.5

40 N~ o

20 0.5

0 T T 0.0
160 170 180 190 200 210 220

Crank angle [°CA]

Figure 4. Experimentally realised a-processes with slope of
4 bar/° CA. Pure a-process (top) and a-process with PPL of
20 bar (bottom), both after 50 control cycles. Operating point:
2280 r/min, 9.4 bar IMEP, 33% EGR rate.

pure a-process. After the maximum is reached, the
injection rate drops drastically and stays at this lower
value to meet the PPL setpoint. For higher engine
loads, the injection rate would start to increase again at
the end of the injection to keep the cylinder pressure
constant while the cylinder volume increases. However,
for this load point, this effect is hardly noticeable. The
difference at the beginning of the ramp results from an
advanced injection timing of the a-process with PPL to
reach the overall best fit to the setpoint trace and not
only to the ramp as for the pure a-process.

How these two different injection rates (resulting
from the different setpoint traces) influence the exhaust
emissions of the engine can be seen in Figure 5. Here,
an exhaust gas recirculation (EGR) variation with these
two processes is shown. As seen in the top plot, the
NOx-—particulate trade-off of the pure a-process is
clearly lower than the one of the process with PPL. The
pure a-process almost reaches the EU 6 target values
for this operating point. The target values are calcu-
lated from a 14 point test of a vehicle with 1590 kg
mass and a 1.8 1 engine without a NOx-aftertreatment
system for the new European driving cycle (NEDC).

The CO emissions of the pure a-process also lie
within the target range for EU 6. The process with PPL
misses this target range and also shows a slight draw-
back in fuel consumption. As the fuel consumption
is comparable for a wide range of EGR rates, the pure
a-process shows an advantage of approximately 1%
for high EGR rates. The hydrocarbon emissions (not
shown in Figure 5) are very low for both processes (less
than 0.1 g/kWh) and therefore safely meet the EU 6
target.

However, the combustion sound level (CSL) (see
Heuer'?) shows a clear advantage for the process with
PPL. The introduction of the PPL results in 1.5 dBA
less combustion noise. Both processes show a slight
decrease in CSL with increasing EGR rate. To reduce
the CSL, it is also possible to lower the slope of the
pure a-process, instead of introducing a PPL. Since the
slope determines the pressure rise of the combustion, it
is directly linked to the combustion sound. However, a
lower slope also results in higher fuel consumption, and
will lead to an increase in exhaust emission, especially
in smoke emissions. By increasing the slope to values
of, for example, 6 bar/° CA, the fuel consumption
approaches optimal values, but the CSL reaches values
that are not acceptable for passenger car applications.
This paper focuses on a slope of 4 bar/° CA since this
slope gives the best trade-off regarding fuel consump-
tion, exhaust emissions and CSL.

Since both investigated processes are variants of the
a-process, the question arises why the PPL results in
such a clear drawback regarding the exhaust emissions
of the engine. A first indication can be seen in Figure 4,
which shows a big difference in required injection rates
for both processes. How these different injection rates
influence the exhaust emissions is analysed by perform-
ing combustion simulations with a three-dimensional
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Figure 5. EGR variation of both a-processes. Operating point:
2280 r/min, 9.4 bar IMEP (CSL: combustion sound level; ISCO:
indicated specific CO emissions; ISFC: indicated specific fuel
consumption; ISNOX: indicated specific NOx emissions; ISPM:
indicated specific particulate matter).

(3D) computational fluid dynamics (CFD) tool. For
the CFD analysis, the points of Figure 5 with the best
NOx—particulate trade-off for each process were cho-
sen. This is, in both cases, the measurement with an
EGR rate of 33%.

Of particular interest are the conditions in which
soot is formed and oxidised to gain a better insight as
to why the particulate emissions of the process with
PPL are rather high. For this analysis, the 3D data of
the CFD simulations are clustered into cells with soot
forming conditions

T—1500K
> <06-——— ">
T>1500K A A<0.6— s (6)

and cells with soot oxidation conditions
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Figure 6. Mass fraction at soot forming and oxidation
conditions. Operating point: 2280 r/min, 9.4 bar IMEP, 33% EGR
rate.

T>=1500K A A>=1.1 (7)

The clustering is carried out for each simulation step (in
this case, each CA) separately by summing up the mass
contained in these cells. The mass fraction, as well as
the normalised integral of the mass fraction of these
cells, versus the CA is shown in Figure 6. It can be seen
that even with a higher peak value of mass at soot form-
ing conditions, the integral of the pure a-process is
approximately 40% lower than that of the a-process
with PPL. This means that the process with PPL spends
considerably more time at soot forming conditions.
Additionally, the soot oxidation conditions are signifi-
cantly better for the pure a-process. In particular, at
late CAs, the conditions are 20% more often reached
than during the process with PPL. This clearly shows
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Figure 7. Specific turbulent kinetic energy and injection rate
relative to SOI. Operating point: 2280 r/min, 9.4 bar IMEP, 33%
EGR rate.

why the NOx—particulate trade-off of the a-process
with PPL is so disadvantageous.

The main reason for these drawbacks of the process
with PPL is based on the different injection rates. By com-
paring the specific turbulent kinetic energy (Figure 7) of
both processes, it becomes obvious that the peak energy
of the pure a-process is more than twice as high as that of
the a-process with PPL. This means that the mixture pre-
paration is much better with the pure a-process.

By comparing the turbulent kinetic energy with the
injection rates (also shown in Figure 7), it can be seen
that the difference is caused by the drop in injection
rate that is needed to achieve the PPL. For the pure
a-process, the energy is constantly increasing until the
end of the injection, whereas for the process with PPL,
it stays almost constant after the peak of the injection
rate is reached.

Realisation of the control system with
multiple injection strategies

The following section presents an additional concept
study that describes the potential of conventional high-
pressure diesel injectors to obtain predetermined
pressure traces. Although the improvements regarding
emissions and fuel consumption that can be achieved
with the presented control system are high, a special
flexible injector is necessary to control the combustion
process. The high costs of the injection system auto-
matically lead to the question of whether there is a way
to also obtain predefined pressure traces with conven-
tional injection systems. This can be carried out by

applying strategies based on multiple injections. This
approach is elaborated and discussed by using an
adapted control strategy in combination with 3D CFD
combustion simulations.

In order to use the ILC algorithm for the realisation
of predefined pressure traces with multiple injection
strategies, a number of adaptations have to be imple-
mented. First of all, the discontinuous nature of the
injection event has to be accounted for. Therefore, the
injector voltage in its continuous form cannot be used
as an actuating variable any more; the new actuating
variable is a binary injector voltage in each sampling
point, which turns on or off the injection (two-point
control). This leads to a close dependency of the achiev-
able results on the dynamical behaviour of the injector.
The time scale on which an injection event can be exe-
cuted has a direct influence on the performance of the
control algorithm.

The modified control strategy is developed based on
the above-described ILC structure. The general system
setup and the data processing remain unchanged (see
Figures 1 and 2); only the central equations describing
the governor itself are adapted to the new boundary con-
ditions, the basis of which is a two-point controller with
hysteresis. As in the continuous case, each sampling point
of the injection curve is related to a characteristic point of
the pressure trace via an ignition delay model.®

The criteria for switching from active to inactive
injection and vice versa are formulated with a propor-
tional/differential scheme

U (D) =
0 Qk(i) < — SQﬁ;P A Agk(i) < — S(IfﬁD . N
1 else Jor (i) =1
1 gk(i) > 60/1, P A Agk(i) > 60;1, D g N
0 else Jor u (i) =0

(8)

The actuating variable u;, , | is varied between active (1)
and inactive (0), depending on the value of the control
error ¢, (equation (2)) and the variation of the control
error

Ag[\([) _ gk(l+ 1)_€k(l_1) (9)
2

Note that this differential definition is based on data
points rather than time steps. The hysteresis threshold
values for the proportional condition are indicated by
S,np and 8, p, and the thresholds for the differential
condition by &,, p and 8,z p. These thresholds are not
constant over time, but are decreased stepwise when no
change of the actuating variable u is detected between
the two time steps k and £ + [. With this dependency
of the control cycle, a gain scheduling scheme is intro-
duced to the control algorithm. This is necessary in
order to account for the unstable nature of two-point
control algorithms and to overcome the trade-off
between system stability at the beginning and small
control deviations at the end of the control loop. As a
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Figure 8. Controller setup with the corresponding
proportional thresholds 8., pand 6.5 p and differential
thresholds 6,, p and duf b

result, the actuating variable u; | | is assigned a combi-
nation of time stamps and output values (0 or 1) for
each time stamp, which represents the injector actua-
tion signal for the next cycle and is referred to as ‘calcu-
lated injection profile’.

The implementation of these constraints is shown in
Figure 8. Assuming a deactivated injection at a charac-
teristic point of the pressure trace, the threshold value
of the control error 8, p and the threshold value of the
variation of the control error 8,, p have to be exceeded
in order to change the injection status to active at the
related injection curve point. This case is indicated for
the first injection in Figure 8. Since the proportional
and differential criteria are exceeded at 182° CA, injec-
tion number 1 will be activated in the next control cycle
in order to meet the predetermined thresholds. This
combination of proportional and differential error pro-
cessing is suitable to control the predefined pressure
trace. On the one hand, the proportional criterion
directly prevents the cylinder pressure trace from
deviating too far from the desired value. On the other
hand, the differential criterion detects potential pres-
sure rises and drops that might lead to a control error
that cannot be compensated for by the proportional
criterion. Also in Figure 8, the dependency of the
threshold values &, » and 8,, p on the progress of the
control event is expressed, as both are a function of k.

The so calculated actuating variable u, (i) is further-
more verified by a logical check that processes the raw
voltage curve with regard to the dynamical injector
characteristics so that no technically impossible injector
actuation is processed. This check contains the minimal
distance between two injections, the minimal injection
duration, as well as the imposition of reasonably shaped
ramps at the beginning and end of the injections.

Simulation results

In order to analyse the adapted system, the control
algorithm is coupled to a validated 3D CFD combus-
tion model. The analysis is executed stepwise, and the

| Cylinder pressure [bar] ‘ ‘ Injection Pressure [bar]
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120 |#1 m = p-simulated K- 3000
1 /’ o= p-setpoint
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Figure 9. a-process with 4 bar/° CA realised with the adapted
control system. Control cycle # | (top) and control cycle # 9
(bottom). Operating point: 2280 r/min, 9.4 bar IMEP.

calculated injection profile based on equation (8) is fed
to the CFD model, which simulates the combustion
with this particular injection. As a result, the corre-
sponding pressure trace is transferred to the control
algorithm, which compares this pressure trace with the
setpoint vector and returns the next injection profile to
the CFD model. This procedure is executed repeatedly
until the stepwise reduction of the threshold values sets
in and causes the control error to decrease with each
control step. Each recalculation of the injection profile
according to equation (8) is hereby considered a new
control cycle.

Figure 9 shows the simulated combustion at the first
control cycle of the control algorithm and after nine
control cycles. Since the chosen « of 4 bar/® CA is close
to the pressure gradient observed in that operating
point without closed-loop combustion control, it only
takes nine control cycles (e.g. nine variations of the
injection profile until the predefined pressure trace is
reached). In order to prevent the pressure trace from
overshooting the setpoint curve in the area of 182° CA,
the injection is cut off at approximately 178° CA and
reactivated shortly after. The length of the second injec-
tion is controlled to reach the desired load, as in the
continuous case. From Figure 9, it can be seen that this
automatically determined injection strategy meets the
desired combustion trace accurately.

Although in Figure 9, only two injections are
required to generate the desired combustion, the algo-
rithm is capable of using as many as five injections or
more, if necessary. This becomes essential as the
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Figure 10. a-process with | bar/° CA realised with the
adapted control system. Control cycle # | (top) and control
cycle # 22 (bottom). Operating point: 2280 r/min, 10.9 bar IMEP.

predefined pressure trace differs more from the ‘natu-
ral’ combustion in the considered operating point, as,
for example, given by an a-process with a ramp of
1 bar/° CA . Since now the permitted pressure gradi-
ents are now much lower than in the previous case, an
additional injection event is necessary in order to com-
ply with the given thresholds, see Figure 10. To reach
this injection profile, 22 control cycles are needed.

Injector dynamics

As already pointed out, in addition to a sophisticated
control algorithm, the dynamical behaviour of the
injector is also crucial for successful application of the
multiple injection approach. This is why the injector
characteristics need to be studied closely in order to
identify the system-specific delay times and, in the next
step, define the minimal acceptable delay times in order
to gain a satisfyingly low overall final controller devia-
tion. Therefore, an additional parameter study is exe-
cuted. In this study, the above-mentioned logical check
regarding the injector characteristics is varied to find
out how a slowdown of the injector activation affects
the control results obtained. The two parameters that
are varied are the minimum time between two injec-
tions and the minimum total injection time. These two
variables are considered to be characteristic for the
dynamic behaviour of the injector. All simulations are
executed at an engine speed of 2280 r/min. Figure 11
shows the average control error from 0 to 15° CA after
TDC as a function of the minimum time between two
injections and the minimum total injection time. The

0.25 [
’Average Control Error [bar]‘ 0.15
L
° \
E
g 0.20 0.12
8
= 0.11
= N
E \
E 0.10
£o1s —0:09 AN
0.10 : \ :

0.10 0.15 0.20 0.25
Minimum Time between two Injections [ms]
Figure I 1. Influence of the injector characteristics minimum

total injection time (ms) and minimum time between two
injections (ms) on the average control error (bar). Operating
point: 2280 r/min, 9.4 IMEP.

calculated value equals the averaged deviation between
setpoint and actual cylinder pressure over the observed
section of 15° CA.

The analysis starts at a near-to-optimum value of
0.1 ms for both constraints (see Figure 11). This theo-
retical case is taken as the reference performance,
expressed by an average control error of 0.08 bar.
When the reaction speed of the injector is decreased,
(e.g. both constraints are raised simultaneously), the
average control error increases noticeably. In the most
extreme case of 0.25 ms for both constraints, the error
has doubled in comparison to the optimal starting
point. However, these injector characteristics, which
can be obtained with the newest generation of piezo-
actuated high-pressure diesel injectors, still supply an
acceptable final control error.

When the two examined constraints are varied inde-
pendently, another conclusion can be drawn. The mini-
mum total injection time has a bigger effect on the final
control error than the minimum time between two
injection events. As indicated by the isolines along the
x- and y-axes of Figure 11, the effect of a minimum
total injection time of 0.15 ms on the control error is
equal to the effect of a minimum time between two
injections of 0.25 ms. The time needed to execute a
complete injection event is therefore restrictive to the
applicability of multiple injection strategies, rather than
the minimum time between two injection events.

Conclusion

The presented paper outlines the development of a new
system for closed-loop combustion control that uses
the full potential of injection rate shaping. The control
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algorithm itself is based on ILC theory. To use the full
potential of the control system, a new class of combus-
tion processes, the so called a-process, is introduced.

The detailed analysis of a pure a-process and an
a-process with PPL shows clear disadvantages for the
PPL, which is due to the decreasing injection rate at the
end of the injection to reach the preset pressure limita-
tion. From these results, it can be concluded that a PPL
should be avoided as long as the mechanical boundary
conditions of the engine or any optimisation targets for
combustion noise require this limitation.

Additionally, a concept study is presented that
proves the possibility of obtaining predefined pressure
traces with multiple injections without using rate-
shaping capabilities. This concept provides the oppor-
tunity to exploit the described benefits of controlling
the combustion pressure trace based on available series
production injection systems. The technical constraints
regarding the controller and the injection equipment
are outlined and analysed. This analysis shows that
injector constraints of 0.25 ms for both the minimum
total injection time and the minimum time between two
injections allow a stable realisation of closed-loop com-
bustion control based on multiple injection strategies
while satisfying final control errors. These technical
characteristics can be obtained by modern, piezo-
actuated high-pressure diesel injectors. Experimental
results of the adapted control system using this type of
injectors and expansions for transient engine operation
will be presented in the near future.
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Appendix |

Notation

e vector of control error of control cycle k

G matrix of plant, respectively, combustion
system, including injector

1 identity matrix

V4 cylinder pressure (bar)

S matrix of the actuating variable filter

T temperature (K)

Uy, vector of actuating variable of control
cycle k

w setpoint vector of the control system

Yy vector of feedback signal of control
cycle k

z ! unit delay

e cylinder pressure slope of the a-process
(bar/° CA)

1) allowed thresholds of the two-point
control algorithm (bar)

A lambda value

(C] crank angle (° CA)

r matrix of the learning operator

Abbreviations

CA crank angle

CFD computational fluid dynamics

CSL combustion sound level

EGR exhaust gas recirculation

FIRST flexible injection rate-shaping tool

ILC iterative learning control

IMEP indicated mean effective pressure

ISCO indicated specific CO emissions

ISFC indicated specific fuel consumption

ISNOX indicated specific NOx emissions

ISPM indicated specific particulate matter

NEDC new European driving cycle

PPL peak pressure limitation

RCP rapid control prototyping

SOI start of injection

DC top dead centre



