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ignition combustion stability
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Abstract
Homogeneous charge compression ignition is a part-load combustion method, which can significantly reduce oxides of
nitrogen (NOx) emissions compared to current lean-burn spark ignition engines. The challenge with homogeneous
charge compression ignition combustion is the high cyclic variation due to the lack of direct ignition control. A fully vari-
able electromagnetic valve train provides the internal exhaust gas recirculation through negative valve overlap which is
required to obtain the necessary thermal energy to enable homogeneous charge compression ignition. This also
increases the cyclic coupling as residual gas and unburnt fuel is transferred between cycles through exhaust gas recircula-
tion. To improve combustion stability, an experimentally validated feed-forward water injection controller is presented.
Utilizing the low latency and rapid calculation rate of a field programmable gate array, a real-time calculation of residual
fuel mass is implemented on a prototyping engine controller. Using this field programmable gate array–based calculation,
it is possible to calculate the amount of fuel and the required control interaction during an engine cycle. This controller
prevents early rapid combustion following a late combustion cycle using direct water injection to cool the cylinder
charge and counter the additional thermal energy from any residual fuel that is transferred between cycles. By cooling
the trapped cylinder mass, the upcoming combustion phasing can be delayed to the desired setpoint. The controller was
tested at several operating points and showed an improvement in the combustion stability as shown by a reduction in
the standard deviation of combustion phasing and indicated mean effective pressure.
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Introduction

Homogeneous charge compression ignition (HCCI) is a
part-load combustion method, which is characterized
by lean low-temperature combustion (LTC). HCCI has
the potential to significantly reduce NOx emissions by
as much as 99% when compared with current stratified
lean-burn gasoline combustion.1–3 Therefore, expensive
exhaust after-treatment systems can be reduced or sim-
plified.4–6 HCCI utilizes rapid multi-site combustion,
and this in combination with reduced wall heat losses
from LTC leads to thermodynamic and fuel efficiency
benefits of up to 30% over current gasoline engines.7

HCCI combustion is defined by compression-induced

autoignition and is therefore highly dependent on the
in-cylinder temperature, pressure and fuel mixture after
compression. The lack of a direct combustion timing
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control method like spark timing in spark ignition (SI)
engines or injection timing in traditional compression
ignition (CI) engines is a major challenge of this com-
bustion method.

Ignition timing is strongly dependent on tempera-
ture and can be altered through intake air heating,
increased compression ratio or exhaust gas recircula-
tion (EGR).8–11 When using internal EGR as a means
to provide the thermal energy required to achieve auto-
ignition, a strong coupling between cycles can exist
when the engine is operated near the misfire limit.12,13

Current cycle-based control strategies only stabilize a
small section of the operation range, which is insuffi-
cient for practical engine deployment.14 Therefore, a
stabilizing controller which works over a wide range of
operating conditions is needed to reduce the cyclic var-
iations in combustion phasing and load, and prevent a
spontaneous shift from stable to unstable operation.
Previous work in this area has been investigated in the
literature.4,15–19

To capture the behavior of HCCI combustion, vari-
ous simulation models including stochastic, multi-zone
and physical models have been developed to predict the
gas exchange and combustion processes.20–23 Detailed
physical models are typically too computationally
intensive for use in real-time engine applications and
are often linearized around a specific operating point
for implementation in processor-based engine control-
lers.24,25 However, using the low latency and parallel
computing architecture of field programmable gate
array (FPGA) hardware, complex cylinder pressure
analysis and control algorithms can be implemented in
real time.26 FPGA-based controllers have been success-
fully used to provide closed-loop control for the posi-
tion of pneumatic valves.27 An online calculation of
heat release28 on FPGA hardware has been used for
engine control to calculate unburned fuel and prevent
an overshoot of indicated mean effective pressure
(IMEP).29 FPGA hardware has also been used to
implement a physics-based gas exchange model that is
used to calculate the cylinder state including in-cylinder
pressure, temperature and trapped mass each
0.1 �CA.30 This FPGA model has been expanded in this
work and is used for in-cycle water injection control.

This article will present the development and experi-
mental validation of an FPGA-based in-cycle feed-for-
ward water injection controller. To prevent the early
rapid combustion following a late ignition or misfire,
water injection is used. The residual fuel mass calcula-
tion by Wick et al.29 is improved by incorporating a
real-time gas exchange model30 to capture the fuel leav-
ing through the exhaust flow. Correlations between in-
cylinder residual fuel mass and combustion phasing will
be presented and used to determine the quantity of
water injection. Two separate injection timings have
been identified as having the largest impact for the
injected water mass. Using these two water injection

timings, the control method will be experimentally eval-
uated and an improvement in HCCI combustion stabi-
lity will be shown.

Experimental setup

A single-cylinder research engine (SCRE) outfitted with
a fully variable electromagnetic valve train (EMVT) is
used for all reported results. The EMVT system allows
for engine operation with a variety of valve strategies
to provide combustion chamber EGR; however, in this
work, only negative valve overlap (NVO) will be used
to provide the required thermal energy for HCCI com-
bustion. The piston used in the engine has enlarged
valve pockets to provide free running operation at any
valve timing.

Fuel is injected into the SCRE through a piezoelec-
tric outward-opening hollow-cone injector. The fuel
pressure can be varied and is set at 100bar. The fuel
used for all tests in this work is conventional European
Research Octane Number (RON) 96 gasoline contain-
ing 10% ethanol. For the injection of distilled water
directly into the combustion chamber, an identical
injector is used. An injection pressure of 50 bar is used
throughout this work as it ensures evaporation of the
water while still allowing small water injection amounts.
The engine geometry and testing conditions are listed in
Table 1.

In-cylinder pressure is measured using a Kistler
A6061B piezoelectric pressure transducer. The intake
and exhaust manifold pressures are measured using
Kistler 4045-A5 piezoresistive pressure transducers.
Kistler charge amplifiers are used to output the mea-
sured pressure as a 0–10V signal. The positions of the
valves are measured using FEV Europe GmbH conduc-
tive lift measurement sensors. The angular position of
the crank is measured using a 0.1 �CA resolution

Table 1. Single-cylinder research engine parameters.

Parameter Value

Displacement volume 0.499 L
Stroke 90 mm
Bore 84 mm
Compression ratio 12:1
No. of valves (In/Ex) 2/2
Valve train EMVT
Max. valve lift (In/Ex) 8 mm/8 mm
Valve angle (In/Ex) 22.5�/22.5�
Valve diameter (In/Ex) 32 mm/26 mm
Intake air pressure 1013 mbar
Exhaust pressure 1013 mbar
Oil and coolant temperature 90 �C
Engine speed 1500 L/min
Fuel rail pressure 100 bar
Intake temperature 50 �C

EMVT: electromagnetic valve train.
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optical encoder. All of these signals are simultaneously
input into both the combustion analysis system (CAS)
and prototyping engine control unit (ECU).

For offline analysis, an FEV CAS is used to record
the cylinder and manifold pressures and the valve posi-
tion at a 0.1 �CA resolution. The ECU contains a
microprocessor and an FPGA board which are used
for real-time gas exchange calculation and engine con-
trol. Both injectors and the EMVT system are directly
controlled by the FPGA board allowing for rapid con-
trol intervention. The control algorithms that are devel-
oped are run on the FPGA board along with existing
calculations with a sampling time of 12.5 ns on the
FPGA used. These additional calculations include a
thermodynamic zero-point correction for cylinder pres-
sure referencing. Along with a cylinder pressure indica-
tion system and angle calculation module as presented
by Pfluger et al.26 For all the tests in this work the pro-
cessor in the ECU has a sampling time which is set at
0.5ms. Details of the MicroAutoBox II (MABX) pro-
totyping ECU are provided in Table 2.

Control strategy and combustion phasing
correlations

To improve HCCI combustion stability, large cyclic
variations need to be reduced. Figure 1 shows the
experimentally measured cyclic pressure signals of three
consecutive cycles. Cycle 1 is a good representation of
a standard cycle with a normal combustion phasing of
12 �CA after top dead center of the power stroke
(aTDC). It is then followed by cycle 2 which can be
considered an incomplete combustion with a very late
combustion phasing. Then, due to the incomplete

combustion, residual fuel is transferred to the next
cycle through internal EGR. As the combustion phas-
ing is very late, the in-cylinder temperature increases
which increases the temperature of the exhaust gas
transferred to cycle 3. There is also the possibility that
during the NVO recompression a portion of the resi-
dual fuel ignites (as seen in cycle 3) and leads to a fur-
ther temperature increase of the residual exhaust gas.
The result is an increase in the temperature of the fresh
air charge and the temperature after compression. This
leads to an early combustion phasing with a high pres-
sure rise rate. An early combustion phasing is not
desired as the high pressure rise rate leads to increased
combustion noise and possible engine damage.31,32

Overall, high cyclic variation of combustion also tends
to reduce thermal efficiency and increase exhaust
emissions.33

Figure 2 shows the return map for the combustion
phasing, CA50. A return map is used to show the rela-
tionship between the combustion phasing of the current
cycle, CA50(i), and of the following one, CA50(i+1).

Table 2. Rapid prototyping ECU specifications.

Parameter Specification

Processor dSPACE� 1401 IBM PPC-750GL
Speed 900 MHz
Memory 16 MB main memory

I/O board dSPACE� 1513
Analog input 24 parallel channels
Resolution 16 bit
Sampling 1 MHz
Analog input 32 multiplexed channels
Resolution 16 bit
Sampling 200 kHz
Analog output 12 channels
Digital input 40 channels
Digital output 40 channels

FPGA dSPACE� 1514 Xilinx� Kintex-7
Flip-flops 407,600
Lookup table 203,800
Memory lookup table 64,000
Block RAM 445
Digital signal processing 840
I/O 478

FPGA: field programmable gate array.

Figure 1. Distinct cyclic variation in the in-cylinder pressure
pcyl trace at n = 1500 L/min and IMEP = 4.0 bar.

Figure 2. Distinct cyclic variation in the corresponding
combustion phasing CA50 return map at n = 1500 L/min and
IMEP = 4.0 bar.
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In the stable operation, two consecutive cycles are not
correlated and the return map shows random scatter
around the combustion phasing mean. The spread of
the data points represents the stochastic variation from
cycle to cycle.12 However, when a distinct pattern or
branching can be seen on the return map as is the case
in Figure 2, a direct coupling between cycles exists. To
effectively stabilize combustion, the spread of the data
points and distinct ‘‘V’’ should be reduced.

In this work, cyclic variation will be reduced by pre-
venting the early combustion following a late combus-
tion (cycle 2 in Figure 2) using direct water injection to
cool the trapped exhaust gas to retard combustion
phasing back to the desired value. The combustion
phasing as a function of the residual fuel mass at
exhaust valve closing (EVC) is shown in Figure 3 where
a strong relationship between a high residual fuel mass
and an early combustion phasing is apparent. The cycle
with an early phasing can be seen as a leg extending
out of the main point cloud. The relevant cycles were
chosen by selecting a combustion phasing cutoff of
2 �CA and a residual fuel mass of 5mg. These limits
where manually selected to capture the cycles with a
clear trend from the main point cloud. A linear regres-
sion is performed to provide a relationship between
combustion phasing and residual fuel mass for these
cycles. Using the residual fuel mass as the control vari-
able, the model is physically based and is better able to
handle changes in valve timing and boost pressure for a
wider operating range and better disturbance rejection.

Impact of direct water injection

To evaluate the influence of water injection timing, the
start of injection (SOI) was varied between 270 �CA
and 720 �CA aTDC. The amount of injected water was
kept constant at 2.3mg, which is the smallest possible

injection duration for the injector used. The pressure
difference between the water rail and cylinder pressure
at the point of injection was maintained at 50 bar to
ensure good water evaporation while keeping the pres-
sure low to limit the amount of injected water. The
resulting combustion phasing is shown in Figure 4(a)
with the corresponding peak pressure rise rate shown
in Figure 4(b). As the combustion phasing timing is
delayed, the pressure rise gradient also decreased as the
piston is already moving downward which is the
expected relationship between combustion phasing and
pressure gradient.

To increase the effect of water injection and reduce
the amount of water needed, there are two points where
the largest impact of water can be achieved. These
points are early in the compression at 270 �CA and
580 �CA aTDC. The next step is to determine the sensi-
tivity of combustion timing to the injected water mass
using these two injection timings that achieve the largest
delay in CA50. Variation of injected water mass at con-
stant engine speed is performed and shown in Figure 5.
An approximately linear relationship between the

Figure 3. Linear regression of combustion phasing CA50 based
on residual fuel mass at EVC. Here, n = 1500 L/min, IMEP = 4.5
bar, single fuel injection at IVO and mf , injected = 16:1 mg.

(a)

(b)

Figure 4. Effect of water injection timing on (a) pressure rise
rate and (b) combustion phasing when n = 1500 L/min,
NVO = 166 �CA, IMEP = 4.5 bar, (pinj – pcyl) = 50 bar,
mH2O = 2:3 mg and tinj, H2O = 0:1 ms.
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injected water mass and the change in combustion
phasing and pressure rise gradient is observed. The
angle of combustion phasing retards due to injected
water mass which is then fit with a linear regression as
shown in Figure 5. This linear fit is used to determine
the required amount of water to inject based on the pre-
diction combustion phasing of the upcoming cycle.

FPGA timing constraint

The correlations presented relate residual fuel mass at
EVC to injected water mass at one of the optimal injec-
tion timings. Since one injection timing is at EVC, it is
necessary to have a real-time capable calculation of
both the residual fuel mass and the injection controller.
To do this, an FPGA is used for the implementation of
the calculation to ensure that the water injection can
begin shortly after EVC. In the tests performed, the
desired EVC timing is set at 268 �CA aTDC and the
water injection is started at 270 �CA aTDC, leaving
2 �CA between events to ensure that the EMVT is com-
pletely closed. This limits the calculation time to
0.22ms at an engine speed of 1500L/min. This is too

short for the existing microprocessor in the ECU but is
easily handled by the FPGA-based controller which is
able to complete the residual fuel mass and injection
controller calculations within 0.1 �CA. This could allow
for the water injection to begin even closer to EVC for
an engine with a traditional valve train.

For the water injection starting at 580 �CA aTDC,
the same FPGA injection controller is used. This is not
necessary for the water control as 312 �CA is available
for the calculation of an injected water mass. However,
the real-time calculation of the residual fuel mass still
needs to be calculated by the FPGA as a larger time
step would introduce resolution errors.30

Real-time residual fuel mass calculation

To achieve the fast calculation times needed for in-cycle
control, the calculation of residual fuel mass was
ported to the FPGA board in the prototyping ECU.
Previous work on a residual fuel mass calculation29 was
expanded by removing lookup tables to capture cyclic
variations and including a real-time capable zero-
dimensional physics-based gas exchange model with a
calculation of in-cylinder temperature, mass and gas
properties.30

The heat release from combustion is determined
from the first law of thermodynamics. The change in
crank angle u is related to the time domain via
du=vdt where v is the angular engine velocity. Using
the energy conservation law for the cylinder, while
neglecting kinetic energy and the latent heat of fuel eva-
poration, yields:

dU

du
+

dQb

du
=

dQw

du
� p

dV

du
+
X
i

hi
dmi

du
ð1Þ

where dU=du is the internal energy change, dQb=du is
the fuel energy release, dQw=du is the wall heat transfer,
pdV=du is the internal work and hidmi=du is the intake
and exhaust enthalpy flows.

To calculate the heat release, it is assumed that, for
both the high pressure and NVO recompression phase,
no mass flows out of the cylinder since the valves are
closed. Additional simplifications of equation (1) can
be made by neglecting the blow-by mass flow34 and
assuming that the mixture preparation takes place
before the start of combustion, which yields

dQb

du
= �mcv(T)

dT

du
+

dQw

du
� p

dV

du
ð2Þ

Then, by considering the differential form of the
thermodynamic equation of state for ideal gases,
pV=mRT, and substituting into equation (2) yields

dQb

du
= � cv(T)

R
V
dp

du
�mT

dR

du

� �

� 1+
cv(T)

R

� �
p
dV

du
+

dQw

du

ð3Þ

(a)

(b)

Figure 5. Effect of water injection amount on (a) pressure rise
rate and (b) combustion phasing when n = 1500 L/min,
NVO = 172 �CA, IMEP = 4.0 bar and (pinj – pcyl) = 50 bar.
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Assuming a constant gas composition dR=du=0
and using the relations R= cp � cv and g = cp=cv, the
rate of heat release can be further simplified to

dQb

du
= � 1

g � 1
V
dp

du
� g

g � 1
p
dV

du
+

dQw

du
ð4Þ

To calculate the wall heat transfer, both the spatially
averaged gas temperature in the cylinder T(u) and wall
temperature Tw are required. For this work, the wall
temperature is assumed constant (Tw=465K) over an
entire cycle and the charge temperature can be obtained
from the equation of state (equation (1)). The wall heat
transfer can then be expressed as

dQw

du
=a(u)A(u)(Tw � T(u)) ð5Þ

Various methods to calculate wall heat transfer coef-
ficient a(u) are given in the literature.35–37 For HCCI
combustion, the Hohenberg correlation is often used38

and is

a(u)=130V�0:06p0:8T�0:4(npis+1:4)0:8 ð6Þ

The piston speed npis in equation (6) is calculated as
a function of crank angle npis(u).

Then, using the measured pressure and the calcu-
lated cylinder volume and temperature from the exist-
ing gas exchange model,30 the integration of the rate of
heat release for the duration of combustion yields the
heat release as a function of crank angle

Qb(u)=
ðuEOC

uSOC

dQb(u) ð7Þ

The calculated heat release during the main and
NVO compression is used to calculate the amount of
fuel mass mf reacting in the combustion chamber at
any point throughout the cycle. The combustion of fuel
during the main combustion and NVO recompression
can be obtained from the respective heat release Qb and
the lower heating value (LHV) of the fuel

mf, b =
Qb

LHV
ð8Þ

The conversion of fuel during combustion and por-
tion of unburned fuel leaving through the exhaust
should be subtracted from the injected fuel mass mf, inj

mf =mf, inj �mf, b,main �mf, ex �mf, b,NVO ð9Þ

The unburned fuel mass leaving via the exhaust
mf, ex is determined by assuming that the residual fuel is
homogeneously distributed in the exhaust gas and can
be determined by the mass fraction of exhaust gas xex
multiplied by the residual fuel mass at exhaust valve
opening (EVO) mf,EVO

mf, ex=
mcyl,EVO �mcyl,EVC

mcyl,EVO
mf,EVO

= xexmf,EVO

ð10Þ

in which the exhaust gas fraction xex is defined as the
fraction of the total in-cylinder mass leaving the com-
bustion chamber. The implementation of fuel mass cal-
culation yields continuous crank angle–resolved
information about the current fuel mass present in the
combustion chamber as shown in Figure 6. Residual
fuel transferred from previous cycles can now be
calculated.

Controller implementation

By combining the real-time residual fuel mass calcula-
tion with the correlation between residual fuel mass
and combustion phasing (shown in Figure 3), a feed-
forward controller can be implemented to control com-
bustion phasing of the cycle following a late combus-
tion by injecting water. The linear regressions for both
the combustion phasing correlation and the water injec-
tion mass correlation allow for extrapolation outside of
the data range presented in Figures 3 and 5, respec-
tively. The final controller output is then restricted for
small water injection amounts to the minimum water
injection of 2.2mg H2O. The control output is also lim-
ited to 15mg H2O to provide a reasonable upper limit
on the injection duration; however, this limit was never
hit during testing but provided a restriction to prevent
excessive water injection amounts. As described earlier,
the most efficient water injection (for CA50 delay) is

Figure 6. Real-time residual fuel mass calculation.
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270 �CA or 580 �CA aTDC. Both timings will be tested
in this work. The overall control strategy is shown sche-
matically in Figure 7.

The implementation of the proposed controller takes
place on the FPGA side of the ECU along with the
existing gas exchange model.30 Therefore, the complete
calculation takes place within 0.1 �CA. The relative
simplicity of the controller presented allows for the
combustion phasing and water mass correlations along
with the calculation of the start and end angles of water
injection to be calculated in 28 FPGA samples (or
350ns for the FPGA used in this study). This controller
utilizes very little additional FPGA resources when
compared to the existing gas exchange model30 with
the proposed controller consuming below 1% of the
available flip-flops and lookup tables.

Multiple injection restriction

One assumption of the water injection controller based
on residual fuel mass is that an early combustion fol-
lows a misfire or late combustion phasing when there is
a high residual fuel amount. This is the case (when there
is no water injection) shown in Figure 3. However,
when water is added, there is the risk that the added
water will completely extinguish the combustion. When
this occurs, the fuel is not burnt but rather transferred
to the subsequent cycle. In the water injection control-
ler, the water injection amount is directly proportional

to the residual fuel mass which leads to an undesirable
large water injection in the next cycle as shown in
Figure 8.

This scenario has two possible outcomes. In the first,
the desired one, the high residual fuel leads to combus-
tion which is delayed by the added water and results in
a return to the desired combustion phasing. In the sec-
ond, the high amount of injected water leads to over-
cooling of the combustion chamber such that not
enough thermal energy remains for the fuel to auto-
ignite. Then the base controller design would continu-
ally increase the injected water amount as is the case in
Figure 8. This leads to complete extinction of the
HCCI combustion which then needs to be reignited by
returning to the SI mode. This outcome leads to large
amounts of water being injected into the cylinder and a
large decrease in combustion stability and increased
emissions.

To prevent the complete extinction of the HCCI
combustion, the controller will only allow two consecu-
tive water injections. This restriction can also decrease
the combustion stability as some cycles which are very
early may require water injection in subsequent cycles;
however, this added restriction helps ensure that
enough thermal energy will remain in the cycle follow-
ing water injection to enable autoignition.

In-cycle control results

The feed-forward controller was tested at both optimal
water injection timings on the SCRE with the primary
goal of reducing the cyclic variation shown in Figure 1.
The left-hand side of Figure 9 shows five cycles where
the controller is not activated. Here the cyclic variation
characteristic of the HCCI operation at the lean bound-
ary is shown. Cycles 194 and 195 are stable cycles that
are followed by a late combustion in cycle 196. This late
inefficient combustion leads to a high residual fuel mass
which is transferred to the subsequent cycle as shown in
the calculation of residual fuel mass. Then, due to the
high fuel mass and hot exhaust gas transferred to cycle
197, this leads to a rapid and early combustion. The
high pressure rise rates blow away the thermal bound-
ary layer which increases the heat transfer to the cylin-
der wall which in turn advances the combustion
phasing of the following cycle 198.39

The right-hand side of Figure 9 shows five engine
cycles with the controller activated. Again cycles 719

Figure 7. Schematic overview of water injection control strategy.

Figure 8. Growth of water injection amount resulting in
complete HCCI extinction.
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and 720 are stable cycles followed by a late combustion
in cycle 721. In this case, the FPGA model calculates
the increased residual fuel mass in the cylinder and is
able to predict an early combustion phasing leading to
a control input of water injection during the main com-
pression to reduce the cylinder temperature. Here the
control interaction effectively lowers the cylinder tem-
perature which retards combustion phasing and lowers
the pressure rise rate to the desired levels for cycles 722
and 723.

At a given engine speed load point, 1000 consecutive
cycles were recorded and the controller was activated after
the first 500 cycles. This is used to examine the perfor-
mance of the controller on increasing combustion stability.

The performance of the controller at stabilizing the
combustion phasing over 500 cycles is shown in
Figure 10. Here the variation in combustion phasing
after cycle 500 is reduced for both water injection tim-
ings after the controller is enabled. For the water
injection at 580 �CA aTDC, the standard deviation in
combustion phasing is reduced from 7.64 �CA to
6.00 �CA aTDC or a reduction of 21.4% when the
controller is enabled. The average CA50 is slightly
retarded from 15.9 �CA to 17.9 �CA aTDC, but most
of the cycles with a very early combustion phasing
have been prevented, which helps stabilize the com-
bustion overall as the number of very late combustion
events has also been reduced.

Figure 10. Combustion phasing, CA50, stability improvement with in-cycle controller based on residual fuel mass at EVC. Controller
is activated after 500 cycles. Here, n = 1500 L/min, NVO = 150 �CA, IMEP = 4.2 bar, (pinj – pcyl) = 50 bar and SOIH2O = 580 8CA.

Figure 9. Left: In-cylinder pressure showing misfire after two stable cycles, followed by early rapid combustion when controller is
not activated. Right: The same pattern as the left figure; however, control intervention of water injection prevents the early rapid
pressure and restores combustion phasing to the desired value. In-cylinder fuel mass traces are also shown. Here, n = 1500 L/min,
NVO = 150 �CA, IMEP = 4.2 bar, (pinj – pcyl) = 50 bar and SOIH2O = 580 8CA.
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A similar result can also be observed when the water
injection takes place at 270 �CA aTDC, as the stan-
dard deviation in combustion phasing is reduced
from 5.11 �CA to 3.63 �CA or a reduction of 29.0%
(Figure 11).

Similar improvements can be seen for the peak pres-
sure rise gradient of the same 1000 cycles as shown in
Figure 12. Again, after the controller is activated, the
number of cycles with a high pressure rise gradient is
significantly reduced for both injection timings. A

reduction in the average pressure rise gradient from
2.02 to 1.72 bar/�CA after the controller is enabled
for the test with water injection at 580 �CA is observed.
Similarly, when the water is injected at 270 �CA,
the average pressure rise gradient decreases from 1.30
to 1.13 bar/�CA when the controller is activated
(Figure 13). This significant reduction is important to
reduce combustion noise and engine wear.

Figure 14 depicts a similar operating point to
Figure 2 and shows the improvement in the

Figure 11. Combustion phasing, CA50, stability improvement with in-cycle controller based on residual fuel mass at EVC. Controller
is activated after 500 cycles. Here, n = 1500 L/min, NVO = 185 �CA, IMEP = 2.4 bar, (pinj – pcyl) = 50 bar and SOIH2O = 270 8CA.

Figure 12. Maximum pressure rise rate, dp=du, stability improvement with in-cycle controller based on residual fuel mass at EVC.
Controller is activated after 500 cycles. Here, n = 1500 L/min, NVO = 150 �CA, IMEP = 4.2 bar, (pinj – pcyl) = 50 bar and
SOIH2O = 580 8CA aTDC.

Figure 13. Maximum pressure rise rate, dp=du, stability improvement with in-cycle controller based on residual fuel mass at EVC.
Controller is activated after 500 cycles. Here, n = 1500 L/min, NVO = 185 �CA, IMEP = 2.4 bar, (pinj – pcyl) = 50 bar and SOIH2O = 270 8

CAaTDC.
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combustion stability from the use of the residual fuel
mass–based water injection controller. The stability
improvement can be seen as the reduction of cycles
located in the right leg of the CA50 return map. Not
only are the extreme cycles completely eliminated, but
the number of cycles outside the main point cloud is
also greatly reduced.

The blue-colored points are directly influenced by
the water injection controller in cycle i+1. Here com-
bustion phasing in the current cycle is not affected but
the combustion phasing in the following cycle is
retarded by water injection seen as an upward vertical
shift in the figure. This ‘‘removes’’ the right leg of the
return map. The reduction in the left leg is due to the
prevention of an early combustion following an early
combustion in the previous cycle. Using Figure 2 to
clarify further, the controller would prevent cycle 2
which would also prevent cycle 3 by shifting the com-
bustion phasing back into the stable central area.
Overall, reducing the spread of the CA50 return map

indicates that with the controllers activated an improve-
ment in combustion stability is achieved.

A similar improvement using the water injection
controller for the case shown in Figure 14 is presented
in Figure 15. Now, with an injection timing at 270 �CA
aTDC, the cycles that have been altered using water
injection timing are more tightly grouped showing that
the injected water mass was more accurately calculated
compared to the earlier injection timing.

At both water injection timings, the presence of
some cycles remaining outside the central point cloud
on the CA50 return map shows that the controller does
have complete disturbance rejection and some cyclic
variation still remains. This effect can also be seen in
Figures 10–13 where a significant variation in CA50 and
the pressure rise rate still occurs even when the control-
ler is active. The early cycles with a high pressure gradi-
ent are due to the controller not accurately predicting
an early combustion and therefore not adding water
(the dark gray cycles in the right leg of Figure 14) or

Figure 14. CA50 return map showing the improvement in
combustion stability at NVO = 150 �CA, IMEP = 4.2 bar, and
SOIH2O = 580 8CA aTDC.

Figure 15. CA50 return map showing the improvement in
combustion stability at NVO = 185 �CA, IMEP = 2.4 bar and
SOIH2O = 270 8CA aTDC.

Figure 16. Additional cyclic instability due to control interaction at NVO = 185 �CA, IMEP = 4.2 bar and SOIH2O = 270 8CA aTDC.
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too little water mass added to the cycles (the blue points
that remain in the right lower side of the return maps).
There are also cases where too much water has been
injected, thus resulting in a late combustion phasing
and extremely low pressure rise rates (the blue points
that appear in the right upper side of the return map).
This overcooling due to water injection could also
cause a misfire and result in a high transfer of fuel to
the next cycle resulting in an early combustion phasing
with very rapid combustion which is what the control-
ler is trying to prevent.

Clearly, the simple linear model for relating residual
fuel mass to the amount of water injected does not com-
pletely capture the complex dynamics of the system.
Improvements could be perhaps made by incorporating
non-linear effects of a short injection duration but there
could be inherent limitations due to possible non-linear
dynamics.

Water-induced misfire

Although the proposed water injection controller is
able to improve the combustion stability overall, mis-
fire cycles and subsequent very early combustion phas-
ing cycles caused by the water injection still occur. For
example, the controller reduced additional misfire
cycles followed by a very early strong combustion in
Figure 16. Here an incomplete combustion in cycle 857
leads to an increase in residual fuel mass leading to the
injection of water. This water causes a misfire in the
subsequent cycle (858) leading to a further increase in
residual fuel. As previously discussed, this is a known
problem with a controller strictly based on the residual
fuel mass. To combat this the controller stops injecting
water. However, three more misfire cycles occur lead-
ing to a very high in-cylinder fuel mass, which then
ignites during the NVO period of cycle 861. This leads
to the early combustion phasing in cycle 863.

By only allowing two consecutive water injection
events, the number of occurrences of this pattern is
reduced but not entirely eliminated. Only one possible
way to improve the controller and eliminate this extinc-
tion of HCCI combustion is to couple the second

consecutive water injection with a late spark to ensure
that there is combustion.

Operating point variation

The combustion stability improvement of using the
real-time calculated fuel mass at various load points is
summarized in Table 3. Overall, the current residual
fuel mass–based water injection controller shows a sig-
nificant improvement in the HCCI combustion stability
when evaluating DsCA50, DsIMEP and DsIMEP.

Over the range of operating points tested, all show a
decrease in the standard deviation of CA50 and pressure
rise gradient. An improvement in all the operating
points, except one, shows a reduction in the standard
deviation of IMEP. This experimentally demonstrates
that the controller is able to reduce the cyclic variations
present in HCCI combustion. The increase in IMEP
when the controller is activated shows that the combus-
tion efficiency is increased. This means that, with the
same fueling and even with a slight delay in combustion
phasing, the engine is outputting more work for the
same input energy. This is highly desired as the control-
ler not only reduces the cyclic variability but also
improves the thermal efficiency over a range of operat-
ing points.

The controller works over a range of operating con-
ditions while showing a decrease in the standard devia-
tion of combustion phasing and power output. The
controller was also effective in reducing the average
pressure rise rates with control interventions in approx-
imately 10% of the cycles. The water injection at
270 �CA aTDC was more effective at reducing cyclic
variations, while the later water injection timing of
580 �CA aTDC has a larger impact on the average pres-
sure rise rate. Overall, the residual fuel mass feed-
forward controller using either of the water injection
timings performed well with only slight differences.

Conclusion and future work

Based on a real-time calculation of residual fuel mass,
the feed-forward controller was able to prevent the

Table 3. Combustion stability improvement due to residual fuel mass–based water injection controller.

SOIH2O (�CA) IMEP (bar) CA50 (�CA) DsIMEP (%) DsCA50 (%) Ddp=du (%) Control interactions (cycles)

Controller Off On Off On

580 4.28 4.32 15.9 18.0 211.2 221.4 233.5 63/500
580 2.39 2.41 8.6 8.9 210.0 214.6 214.3 33/500
580 4.23 4.24 15.2 17.2 29.3 222.2 228.5 34/500
580 2.38 2.38 8.6 9.1 20.2 220.6 232.0 47/500
270 2.40 2.45 8.2 8.6 222.0 229.1 212.7 49/500
270 2.80 2.96 8.3 9.9 227.3 233.5 220.0 14/500
270 2.38 2.29 8.2 9.5 8.4 210.1 216.1 125/500
270 3.30 3.41 10.9 12.2 213.5 222.3 217.2 69/500

IMEP: indicated mean effective pressure.
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early rapid combustion following a late combustion
timing in the engine. The controller improved the com-
bustion phasing stability as evidenced in the return
maps using water injection to retard the combustion
phasing of cycles following a late combustion. The con-
troller was tested at several operating points and
showed improvements in the standard deviation of
combustion phasing and IMEP, along with the average
pressure gradient. The control intervention occurs in
approximately 10% of the cycles.

Two separate water injection timings, identified as
having the greatest impact on the combustion phasing,
were tested. It was found that water injection at EVC
provided the strongest effect on reducing the pressure
gradient, but only a very short calculation window is
available for the calculation of residual fuel mass and
injected water quantity. This limited calculation time
meant that FPGA hardware was needed.

The combustion stability improved with the simple
controller developed. Further improvement of the con-
troller is possible by examining the possible non-linear
relations along with water injection coupled with late
spark and is the subject of our future work.
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