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1. INTRODUCTION

The automotive industry has evolved through the years with a higher demand for fuel efficiency.
Therefore, manufacturers have been actively producing small capacity turbocharged engine to compensate
the needs for fuel efficiency while producing enough power and torque. Water injection has been used as an
internal cooling system especially for forced induction spark ignition engines [1]. Higher intake pressure
increases the temperature of the engine process which requires cooling to prevent detonation. As a result,
more oxygen enters the combustion chamber and the combustion process becomes more efficient [2], [3].
Water injection is proven to increase the engine performance especially for forced induction engines [4]-[7].
Among the most common engine characteristics to be positively impacted are the improvement of brake
torque and decrease of emissions in the engine [8]. Water injection is proven to be the most effective engine
knocking reduction media [6], [9], [10]. Lanzafame [11] reported that improvement in the anti-detonation by
using water injection. Water injection is proven to lower the engine knocking index due to lower in-cylinder
pressure. Water is the best heat absorption medium that helps to lower the temperature of the engine process.
The lower in-cylinder temperature causes the large latent heat during the water evaporation process [12].
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Water evaporation leads to a decrease of in-cylinder temperature and pressure because of the heat absorption
energy that is higher than the expansion work [13]. This knocking tendency reduction affects the fuel
consumption relatively. Brake specific fuel consumption (BSFC) is reportedly reduced to 22% with the
addition of water injection to the engine process [10]. Specific fuel consumptions are also reduced from 6%
to 12% by advancing the spark with a wide range of engine speed operation [14]. The advantages of water
injection have made it possible for the industry to equip engines with the best intake cooling system.

The advanced system in the automotive industry plays a big role in the control system. Most of the
control systems in commercial engines are controlled by a mapping system that changes based on different
variables. This has made the calibration works become more complicated and time-consuming. Thus, the
conventional calibration and optimization technique could not sustain the high industrial demands. On the
other hand, strict emissions regulations have made the automotive industry become more vigilant towards the
improvements. The model-based calibration (MBC) technique improves engine calibration by saving cost
and time. For example, nowadays, there are too many engine sensors to control the efficiency of the engine
process due to strict legislations. The optimized method to do calibration works is mostly done using a
model-based calibration optimization that offers significant advantages in reducing the time and effort
required to obtain engine calibrations [15]. An actual engine calibration requires a dynamometer test in real-
time but with the model-based calibration, the input, output, and variables can be built by a predictive engine
model that is based on equation-based methods. A fully developed, steady state base engine can be tested in
every condition by using the model-based calibration modelling [16].

In the experimentation of the water injection for the engine process, there are a few options of the
injection method can be use. Determining fuel ratio and air pressure is the easiest way to introduce water into
the engine process. Berni et. al. [10] tested water and methanol injection system at downsized direct injection
engine by using water injection ratio based on fuel injected. Injection ratio is set by percentage based on the
mixture of air and fuel at stoichiometry. Ratio of water injection is the most common way being tested.
Bozza et al. [17], [18] has tested two different methods of water injection, one is using ratio and the other
when the knock signal was detected. Water injection mostly tested to eliminate knocking tendency in engine
operation. There are no control systems using mapping to inject water into the engine system.

The objectives of water injection control are to determine the amount of water to be added to the
engine system. Thus, if this purpose is fulfilled, then the usage of water injection control system is complete.
The basic components of control system are input, process, and output. In this case, the output for water
injection system is the injection, but the input may vary. Busuttil and Farrugia [19] provided the control
system input data based on air pressure from the intake air pressure to determine the injection of the water
into the intake manifold. Stoichiometric data can also be the input for the water injection system. The ratio
between injected water quantity and stoichiometric fuel mass can also be considered as the point of injection
[20]. The output of the system would be water injector. Most tests placed the injector at the intake manifold
[4], [7], [21]. The input data are the engine load or throttle position and engine speed. To control the amount
of injected water, the usage of mapping needs to be adopted due to the differences in the amount of water
needed at every point of the engine process system.

2. METHODOLOGY
2.1. Data acquisition

The data collected was based on the simulation of a CamPro CFE 1.6L turbocharged engine. The
engine was modelled in the GT-Power software based on the model developed by Ismail et al. [22]. The
engine model was validated by comparing the data to the published engine data. The model showed an output
of the engine torque with squares data residuals of 99%. The data comparison of the engine model and the
published industrial data is shown in Figure 1. Figure 2 illustrates the engine that was equipped with 2 water
injectors and the water amount tested was set from 1 g/s to 15 g/s. In all experiments, simulation runs with
different engine speed between 1,000 rpm and 6,500 rpm with intervals of 500 rpm. Other variables set in
this simulation is the throttle position. Throttle position is set from 10% to 100% with intervals of 10%.

2.2. Statistical modelling

In this paper, the calibration had a single stage model with 2 input data. The first input data was
engine speed, and the second input data was the throttle position. Based on the process determining the
amount of injection using GT-Power, only a linear model was needed. For a single stage model, the boundary
model was the convex hull as it fits the input. The one-stage model that was established in the MBC Toolbox
was a local input model. The local model gave a curve fitting for the local variable. Figure 3 shows the one-
stage statistical model used in this experiment. The statistical model uses automatic relevance determination
(ARD) squared exponential as a basis of calculation to fit the model. The equation of the model is:
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To connect the data, this model used the Gaussian process modelling to connect all injection points.
This method was based on the probability to predict the point where there are no data given. This has trained
the model to predict the point and build the response surface. The predicted injection was not the same as the
optimized injection, but it will relate to the point aside.

Brake Torque for CamPro CPS Engine
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Figure 1. Torque data comparisons of engine model and Industrial Proton 1.6L CamPro CFE data
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Figure 2. Proton 1.6L CamPro CFE engine model with water injection
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Figure 3. Water injection system single stage model

2.3. Water injection control system simulation

The control system for water injection was built in Simulink after the statistical model had been
determined. This system must include both input signals which are speed and throttle position. The speed
signal had to be built to make sure that the model responds to the speed change in simulation. The decoder
for the speed system must be constructed first. For the throttle position the signal was based on the voltage to
trigger the opening degree of the throttle. The signal was between 0.5 V for a complete shut throttle to 4.5 V
for a wide-open throttle. The response received based on the model was gram per second but in the actual run
the system provided the output of pulse width modulation (PWM). From gram per second, calculation was
done to convert to the injection time to provide the opening time for the injector. In this project, the injector
size was 1,800 cc per minute or 30 cc per second. When the conversion was complete then, the signal was
digitalized to generate the PWM signal. At this point, the system was complete and needed to be validated.
The experiment was based on the change of the voltage signal for throttle position from 0.5 V to 4.5 V with
the interval of 0.5 V to simulate the different throttle openings. The speed was kept as constant, but the
experiment was done at every speed from 3,500 rpm to 6,500 rpm.

3. RESULTS AND DISCUSSION
3.1. Water injection rate optimization

The water injection rate was taken based on the highest torque achieved on every throttle position
and speed. These data provide the amount of optimized water to be injected. This injection rate is based on
GT-Power simulation. In the simulation the injectors were set to injects water vapor [20]. The amount of
injection rate is set to the desired value of 1 g/s to 15 g/s. Simulation is then run with a different speed [7].
The value of the optimized injection rate is recorded based on the highest torque achieved for every speed in
the GT-Power simulation.

Figure 4 shows the torque achieved by the engine in GT-Power simulation. At 40% throttle position,
the highest torque achieved was 232 Nm at 3,500 rpm with the injection rate of 11 g/s. The optimized
injection rate at 40% throttle position were at 11 g/s and 12 g/s. At 60% throttle position, the highest torque
achieved was 234 Nm at 3,500 rpm with the injection rate of 12 g/s. The optimized injection rate at 60%
throttle position were at 12 g/s and 13 g/s. At 80% throttle position, the highest torque achieved was 235 Nm
at 3,500 rpm with the injection rate of 13 g/s. The optimized injection rate at 80% throttle position were at
13 g/s and 14 g/s. At wide open throttle, the highest torque achieved was 236 Nm at 3,500 rpm with the
injection rate of 13 g/s. The optimized injection rate at wide open throttle were at 13 g/s and 14 g/s. The
highest torque achieved was taken as an injection point to build a mapping.

In model-based calibrations the most commonly used modelling technique is by using polynomials
and radial basis function (RBF) network. Friedrich et al. [23] built engine test plans with 50 data points in
total, containing 35 optimal and 15 space filling points which were measured at a four-stroke single cylinder
engine test bench. By using the Gaussian process model, it was proven that model-based engine outputs were
statistically better than the conventional system [23]. In this modelling, there are 49 optimized data points
adapted from the experiment in GT-Power earlier as shown in Table 1. These data were used as the injection
output for the setup of system.
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308 a ISSN: 2722-2586

40% THROTTLE POSITION B0% THROTTLE POSITION

3t %T = ek
5 = oldgh
z a0 =
% w0 i [HET
g =
2 un =
=
=
1 =
=
=
=
=
=
1z0 =
B
w LR : A FER B 41 4
3500 4000 4500 4000 4500 s000 5504
RFM RPM
BO%% THROTTLE POSITION WIDE OPEN THROTTLE
850 250

FL

Cilgk
Biles
[npEFE£3
wligh

ot gh
0 e

H12gh

gk

a0

20

oidgh | — |

=
=
2 no
=

&
g

10

7

o

R

160

w—

150

4 EHIE Hi :
Ason Sa00 5500 Ao
RPM

TN

00 A0 A5

Figure 4. Brake torque data comparisons of different throttle position and water injection rate

Table 1. Optimized water injection based on throttle position and engine speed in GT-Power
Throttle 3500 4000 4500 5000 5500 6000 6500
40% 11 12 12 1 1u 12 12
50% 12 13 12 1 12 13 13
50% 12 13 12 12 13 13 13
70% 13 13 13 12 13 13 14
80% 13 13 13 12 13 14 14
90% 13 13 13 12 13 14 14
100% 13 13 13 12 13 14 14

3.2. Statistical modelling

Based on the Gaussian process model’s construction of the response surface in Figure 5, the
response was built to accommodate the injection. The basic response surface created a shape that connected
all the injection points. This triggered the predicted injection which was use in the actual test plant. In
addition, Figure 6 shows the plot of the predicted injection versus the optimized injection rate for the
GT-Power data. Based on Figure 6 it is difficult to identify the distribution of the collected data. Therefore,
probability plotting was essential to display the data distribution.

Figure 7 shows the probability of the injection plot to studentized residuals to present whether
the data set was normally distributed or having outliers This figure also has been presented by
Friedrich et al. [23]. This was achieved by dividing the data with the standard deviation. From the figure,
several outliers were discovered but the trend line is still linear. This data is shown in the summary in
Table 2. The minimum predicted injection shows +0.03 g/s from the optimized injection which is an
increment of 0.33% from the actual optimized injection. The maximum predicted injection shows +0.1 g/s
from the optimized injection which is an increment of 0.71% from the actual optimized injection. This shows
that the model has a significantly precise analysis of the data with below 1% variance. The mean value for
the predicted injection and the actual optimized injection has the same value of 12.29 g/s. The standard
deviations for both injections are recorded at 1.18 for predicted injection and 1.22 for optimized
injection. The square root of the variance is at 1 g/s from the mean value. This indicates that the deviation
of the data spread from the mean value is low. The Gaussian process model has proven that the data
for the predicted injection model is as close as the optimized injection model. With this data the model is
good enough to plot 2D and 3D predicted injection points.
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Table 2. Statistic summary of the water injection model

Variable Unit  Min Max Mean Std. Dev.
Predicted Injection  g/s 9.03 1410 12.29 1.18
n rpm 2,500 6,500 4,500 1,300.05
Load ratio 0.3 1 0.65 0.23
Injection gls 9 14 12.29 1.22

Predicted Injection  g/s 9.03 1410 12.29 1.18

The response surface or the mapping of the predicted injection is based on 2 variables which are
throttle position or load and engine speed. Both variables are separated into two 2D plot as shown in
Figure 8. After calculating the predicted injection, it has been found that there is not much difference in terms
of injection point from the optimized injection. The predicted injection point is more scattered to cover the
joint area to provide a smooth surface in the 3D plot. Figure 9 shows the plotting of the predicted injection.
This plotting is the combination of both 2D plot for throttle opening and engine speed. The plot is then
generated to produce the surface response in Figure 10. The surface response shows the smooth transition at
every predicted injection point.
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In model-based calibrations, single stage models and two stage models are used to fit statistical data
to develop response surface [24]. In engine development, the response surface or mapping task involves
producing tables and models, which define an engine’s operating characteristics. Complicated engines with
multiple continuous variable systems or stratified direct injection become increasingly difficult and
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time-consuming to characterise [25]. Model-based calibration tools have been assisting engineers in
calibrating engines and generating optimized engine management system data for the purpose of engine
testing using simulations. The accurate use of simulation techniques as an integrated part of vehicle
calibration can already be foreseen as data measurement and statistical modelling will provide a simple
calibration task [26].

3.3. Water injection control modelling

The control modelling was constructed based on the method plan while the water injection
modelling was based on the statistically calculated surface response. The objective of the control modelling is
to validate the response from the constructed model. Based on Figure 11, the two input models which are
throttle position and engine speed need to be replicated based on the actual condition of the engine. During
the simulation, the engine speed variables was fixed, and throttle positions based on the set voltage in
Figure 12. For engine speed, the encoder to replicate the engine speed calculator was built based on the
ignition switches. The timing of the ignition was calculated, and the switch was doubled because one ignition
point between two rotations.
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The output response was based on PWM. The pulse signal is shown in Figure 12 and for the first
10 seconds, the voltage was set at 0.9 V which indicated the opening of the throttle at 10%. This means that
the injection should not be triggered, and the model is following the calculated injection timing which shows
how accurate the model is. Then, for the next 10 seconds the voltage was set at 1.8 V, which indicated a low
opening at 20% and the PWM signal also low which is shown only as a straight line because the opening
signal is at 30% based on the calculation of the predicted injection.

During the actual simulation, the PWM signal was fully recorded. Table 3 and Figure 13 shows the
recorded simulation injection reading at 4,500 rpm and 5,500 rpm. The signal varied around 0.01 and 0.02
based on 4,500 rpm and 5,500 rpm data collected. The overall reading recorded a small variance of 0.04% to
the optimized injection needed. The output signal showed that the system operated well with the changes of
input data which were throttle opening or load and engine speed. The control system simulation results
validated the construction and test of the actual engine testing.

Table 3. Simulation PWM signal recorded at 4500 rpm and 5500 rpm

Throttle Speed (rpm) Injection Simulation Injection Throttle Speed (rpm) Injection Simulation Injection
30% 4,500 10 10.20 30% 5,500 9 9.03
40% 4,500 12 11.77 40% 5,500 11 10.99
50% 4,500 12 12.14 50% 5,500 12 12.19
60% 4,500 12 12.25 60% 5,500 13 12.76
70% 4,500 13 12.75 70% 5,500 13 12.98
80% 4,500 13 12.96 80% 5,500 13 12.95
90% 4,500 13 12.94 90% 5,500 13 12.97
100% 4,500 13 12.91 100% 5,500 13 12.93
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Figure 13. PWM signal output for injector

4. CONCLUSION

This paper describes the water injection control modelling using GT-Power, MBC Toolbox and
Simulink. The development of the response surface for the control output is critical as the response surface
provided a smooth transition while the system runs. The response surface set the predicted injection with a
low standard deviation of 1.18 compared to the optimized injection with 1.22 standard deviation. The
variance of the predicted injection was below 1% which shows that the predicted injection control is adapting
the given optimized injection. The predicted injection control system simulation was validated by the
optimized injection to prove that the surface response model accurately followed the injection needed in the
system. The simulation provided the control system with various variables to justify the systems adaptability
to the engine process. The small variances were recorded while accommodating to the simulation process.
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The signal precisely followed the injection mapping set by the controller. In order to evaluate the control
system in the actual environment, a test on an actual engine test bed was being scheduled. The engine testing
was planned at a steady state condition part load and full load conditions with engine speed and throttle
position variables. The system was tested and also the improvement of the engine performance was recorded
and compared to the result in the GT-Power model.
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