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The dual-fuel engine (DFE) has been focused on in order to improve its efficient use of

natural gas. It has been reported that in DFE the combustion efficiency of the natural gas

decreases at a low load. In an attempt to tackle this problem, it has been reported that

a multi-stage diesel injection can improve the combustion efficiency of natural gas at a

low load. The aim of this research is, therefore, to explain the mechanism for improving

combustion efficiency with a multi-stage diesel injection and to develop a control model

that predicts engines’ combustion efficiency by multi-stage injection. Additionally, a

controller was developed using the control model to improve the combustion efficiency

by changing the diesel injection conditions. Experimental results show that the controller

improves combustion efficiency. Furthermore, taking in to account the heat ratio of natural

gas to diesel fuel in addition to combustion efficiency, it has been shown that it is possible

to design a controller to leverage the advantage of DFE, which reduces the quantity of

fossil fuels.

Keywords: dual-fuel engines, natural gas, control model, model-based control, combustion efficiency

INTRODUCTION

Natural gas has a lower environmental effect compared to diesel or gasoline fuel as its CO2 emission
per unit heat value is lower. The development of a dual-fuel engine (DFE), a gas engine, has
been a popular topic for the efficient use of natural gas. DFE combusts natural gas through the
self-ignition of a small quantity of diesel fuel. It is known that under high load, DFE has higher
thermal efficiency compared to the spark ignition gas engine, and the emission of NOx and soot
are lower compared to diesel engines. However, DFE is also known to have poor combustion
efficiency of natural gas under a low load and to worsen the thermal efficiency and emission of
total hydrocarbon (THC) (Papagiannakis and Hountalas, 2004). Hence, in order to utilize the
advantage of natural gas in DFE, improving the combustion efficiency under a low load is important
to obtain high thermal efficiency and low emission of THC. To improve the combustion in low
load, combustion characteristics under various operating conditions have been clarified so far. By
introducing a multi-stage diesel injection using the common rail system, high thermal efficiency
and low THC emission can be achieved, as the combustion efficiency improves, and by adjusting the
injection timing and injection pressure, low NOx emission and stable combustion can be realized
(Carlucci et al., 2006, 2015; Min et al., 2016; Yang and Zeng, 2018; Yousefi et al., 2018; Ichihashi
et al., 2019). Also, it has been reported that, by using an EGR (Exhaust Gas Recirculation) system
and a turbocharger system, thermal efficiency, and emission characteristics improved under low
loads (Abdelaal and Hegab, 2012; Kojima et al., 2016; Krishnan et al., 2016). To date, several studies
have been undertaken under individual conditions to improve combustion efficiency in low load,
but the consideration toward controlling DFE as an engine system is insufficient. Traditionally,
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FIGURE 1 | Visualization engine setup.

TABLE 1 | The engine specifications for visualization engine.

Engine type Single cylinder diesel engine

Bore / Stroke [mm] 70/72

Connecting rod [mm] 110

Compression ratio 16

Displacement [cc] 277

Injection system Common rail direct injection

Combustion chamber Toroidal type

map control has been used to control an engine as a
system. However, in DFE, a large number of experiments
are required to construct the control map, since DFE has
more manipulated variables than spark ignition gas engines
or diesel engines. To solve this problem, a control method
called model-based control appears to be usable, but no existing

control model assumed various operation conditions, such

as multi-stage diesel injection. Therefore, in this research, a

control model was developed to predict the combustion in

DFE under a low load, assuming various operation conditions

and a control system was implemented using that model.

As explained above, the diesel injection strategy has the

potential to improve combustion efficiency in low load, so

the purpose of the controller implemented in this research is
to obtain the diesel injection condition that maximizes the
combustion efficiency.

THE TARGET COMBUSTION IN DFE

First, a diesel injection strategy was organized to clarify the
target combustion that realizes high thermal efficiency and
low emissions under low load in DFEs. Ichihashi et al. (2019)
reported that a triple-stage diesel injection, including an early
injection, improved the combustion efficiency. The mechanism
for improving the combustion efficiency assumes that diesel fuel
spreads in the combustion chamber from the early injection, and
the number of ignition points of natural gas increases. However,
it is not sufficient to confirm the change in the number of ignition
points by simply analyzing the in-cylinder pressure.

Therefore, to clarify the mechanism for improving
combustion efficiency and to decide the modeling concept
for DFE with multiple injections, experiments with an optical
access engine (see Figure 1) were carried out. The engine
specifications of the optical access engine are shown in Table 1.

OH radical luminescence photographs by changing the diesel
injection condition using the optical access engine were taken
and analyzed to clarify the ignition area. The knowledge obtained
from the analysis of the photograph was mainly reflected to
express the combustion of the natural gas.

The self-emission of OH radical was captured by setting a
bandpass filter (310 nm) and an image intensifier before a high-
speed camera. The exposure time of the high-speed camera was
set to 60µs. The diesel injection condition was set to single (θMain

= −10 deg. ATDC), double (Case1: θPre = −50 deg. ATDC,
θMain = −10 deg. ATDC, Case2: θPre = −90 deg. ATDC, θMain

Frontiers in Mechanical Engineering | www.frontiersin.org 2 August 2020 | Volume 6 | Article 48

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


Ichihashi et al. MBC for Dual-Fuel Engines

= −10 deg. ATDC), and triple (θPilot = −90 deg. ATDC, θPre =
−50 deg. ATDC, θMain = −10 deg. ATDC) to observe the effect
of a multi-stage injection. By implementing a multi-stage diesel
injection, including an early injection, the number of combustion
starting points increased (Figure 2). In a single injection, the
combustion started only from the upper end of the combustion
chamber. On the other hand, in double injection case 1 and triple
injection, the combustion started at 2∼3 points. It shows that,
with a multi-stage diesel injection including an early injection,
the ignition points of natural gas increased. However, as seen in
double injection (case 2), the ignition points of natural gas did
not increase in some injection timings. This shows that the diesel
injection strategy is important for increasing ignition points and
achieving high combustion efficiency.

DFE CONTROL MODEL

Since the diesel injection strategy is important to achieve high
combustion efficiency, constructing a controller to derive the
injection condition that maximizes the combustion efficiency
is important. To implement this controller in DFE, first, a
control model for DFE was constructed. This control model
is required to predict the combustion efficiency for various
operation conditions, especially the injection conditions under
low load, and for a multi-stage diesel injection including an
early injection. Therefore, the inputs of this model are the

operating conditions that can be obtained from the ECU (Engine
Control Unit), and the output is the combustion efficiency.
Also, to use the model for iterative calculation for optimization,
the calculation load needs to be minimal. To minimize the
calculation overhead, the model was designed to only predict
discrete points in the engine cycle. Such a concept to calculate
several discretized points was proposed for HCCI (Homogeneous
Charge Compression Ignition) engine by Ravi et al. (2006).
The author’s group also developed models for advanced diesel
combustion based on such a concept (Yasuda et al., 2016;
Yamasaki et al., 2019a) and the controllers were designed using
the model (Yamasaki et al., 2019b). The developed controller for
the advanced diesel engine was validated in engine experiments

TABLE 2 | Discrete points of the DFE combustion control model.

IVO Intake Valve Open

IVC Intake Valve Close

Pilot INJ Pilot Injection

Pre INJ Pre-Injection

Main INJ Main Injection

IGN Ignition

EC End of Combustion

EVO Exhaust Valve Open

EVC Exhaust Valve Close

FIGURE 2 | Heat release rate and pictures of the combustion chamber.
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(Takahashi et al., 2019). It has been clarified that such control-
oriented models calculating discretized points are useful to
construct a model-based control system for engines. However,
in DFE, two kinds of combustion, the self-ignition of diesel fuel
and flame propagation of gas fuel, occur simultaneously, and this
has become a complicated phenomenon and it was thought to
be difficult to predict the combustion only by discrete points.
Therefore, the developed model in this paper employs both
the discrete model and the continuous model. The continuous
model predicts the combustion only in the combustion process
(IGN∼EC). The discrete points (see Table 2) and each process,
including the combustion process in the cycle, are shown in
Figure 3. Also, the calculation flow of the DFE control model is
shown in Figure 4.

The following explains the detail of the model. To consider the
effect of residual gas, the calculation was done 10 times from the
intake model to the residual gas model.

In the intake model, the pressure and temperature at IVC was
predicted as,

PIVC = A+ B · Pboost + C · Ne (1)

TIVC = A+ B · Tintake + C · TRG + D · rEGR
+ E · Qprevdiesel + F · FprevNG + G · Ne (2)

Where A ∼ G are coefficients which need to be adapted, Pboost
is the boost pressure, Ne is the engine speed in rpm, Tintake is
the temperature of fresh air, TRG is the temperature of residual
gas, rEGR is the EGR ratio, and Qprevdiesel and FprevNG are the
quantities of fuel input in the previous cycle. In this model,
the intake sub-model was developed using multiple regression

analysis. The pressure at IVC is thought to be affected by the
boost pressure and the engine speed, since the time frame for
the intake valves to remain open decreases as the engine speed
increases. The temperature at the IVC was explained by the
temperature of each gas, which constitutes the in-cylinder gas.
Also, the amount of fuel input in the previous cycle was included
since the temperature of the cylinder wall changes and the
amount of heat transfer from the cylinder wall to the in-cylinder
gas changes as well. In addition, the engine speed was included
since the time for heat loss will change.

Then the total amount of substance of the in-cylinder gas is
calculated using the ideal gas equation.

nIVC =
PIVCVIVC

RTIVC
(3)

Using the total amount of substance at IVC, the amount of
substance for each composition is calculated.

[

nair
nEGR

]

=
[

1− rEGR
rEGR

]

× (nIVC − nRG − nNG) (4)






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


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
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0

0
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











+













0

0

0

0

1













× nNG (5)

Where nRG and nNG are the quantity of substance of residual gas
and input natural gas. In this research, the composition of the
EGR gas was assumed to be the same as the residual gas.

In the compression model (IVC ∼ INJ), the pressure,
temperature, and quantity of substance for each composition are

FIGURE 3 | The discrete points and processes in the cycle.
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FIGURE 4 | Calculation flow of the DFE combustion control model.

predicted at each injection timing. The pressure and temperature
are predicted from polytropic change. The polytropic index is
calculated from the temperature of IVC and engine speed, which
are considered to affect the heat loss during the compression
process. The composition is assumed to be the same as the IVC.
A, B, and C are coefficients that need to be adapted.

PINJ = PIVC

(

VIVC

VINJ

)γcomp

(6)

TINJ = TIVC

(

VIVC

VINJ

)γcomp−1

(7)

γcomp = A+ B · TIVC + C · Ne (8)

In the spray model, the volume of the diesel spray was calculated
using the Reitz spray shapemodel (Reitz and Bracco, 1979). LSpray
is the penetration and tan (ϕ) is the spray angle.
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LSpray = 2.95

(

Prail − PINJ

ρdiesel

)0.25 √

dHoletspray (9)

tan (ϕ) =
{

3.0+ 0.28

(

LNozzle

dHole

)}−1 √

ρGas

ρdiesel

4
√
3π

6
(10)

In the ignition timing model (INJ ∼ IGN), ignition timing was
predicted using the Livengood-Wu ignition model (Livengood
and Wu, 1995).

τ = A−1
[

Diesel
]−B

[O2]
−C exp

(

−
E

RT

)

(11)

∫ IGN

INJ

1

τ
dt = K (12)

Where
[

Diesel
]

and [O2] are the concentrations of diesel fuel
and oxygen and T is the temperature of the in-cylinder gas at
the main injection. A, B, C, and E are coefficients that need to
be adapted. The pressure and temperature at IGN are predicted
from polytropic change, as shown in Equations (6, 7) and the
composition is assumed to be the same as each injection timing.

In the combustion model (IGN∼ EC), Wiebe function (Vibe,
1970) was used to predict the history of heat release rate, in-
cylinder pressure, and temperature. Wiebe function predicts the
rate of fuel consumption in internal combustion engines in a
simple function and it is commonly used to predict the heat
release rate of auto-ignition combustion, such as in the diesel
engine and HCCI engine (Yasar et al., 2008; Maroteaux et al.,
2015). Also, by combining several Wiebe functions, it is possible
to express complicated combustion where various combustion
forms occur simultaneously (Awad et al., 2013; Aklouche et al.,
2018). The heat release rate was predicted as,

dQcomb

dθ
=

dXb,diesel

dθ
· Qdiesel +

dXb,NG

dθ
· QNG · ηNG (13)

where Xb is the rate of the fuel consumed, written by the
Wiebe function, and ηNG is the combustion efficiency of
natural gas, and Qdiesel and QNG are supplied calories of
diesel fuel and natural gas. In this research, two forms of
combustion, self-ignition of diesel fuel and flame propagation
of natural gas, are assumed, hence a double Wiebe function
was used.

Xb,i (θ) = 1− exp

{

−6.9

(

θ − θIGN

1θi

)mi+1
}

(

i = diesel, NG
)

(14)

There are several parameters in the Wiebe function which need
to be adapted. mi and 1θi are combustion characteristic
exponent and combustion duration, respectively. In

addition, ηNG needs to be predicted, hence a model was
constructed to predict these parameters for various operation
conditions. miand ηNG are predicted by statistic equations,
as shown below

mdiesel = a+ b · te + c · θPilotINJ + d · θPilotINJ2 + e · θPreINJ
+ f · θPreINJ2 + g · θMainINJ + h · θMainINJ

2 (15)

mNG = a+ b · tan (ϕPilot) + c · LSpray,Pilot + d · tan (ϕPre)

+ e · LSpray,Pre + f · tan (ϕMain) + g · LSpray,Main

+ h · PIGN + i · TIGN (16)

ηNG = a+ b · θIGN + c · φNG + d · PIGN + e · TIGN

+ f · tan (ϕPilot) + g · LSpray,Pilot + +h · tan (ϕPre)

+ i · LSpray,Pre + j · tan (ϕMain) + k · LSpray,Main

a = −3.6, b = −3.5× 10−2, c = 2.3, d = 4.3× 10−8,

e = 1.2× 10−3, f = −7.2, g = 49, h = 1.5, i = 220,

j = −3.9, k = 76.9 (17)

Where te is the ignition delay time and φNG is the equivalence
ratio of natural gas. For the combustion characteristic exponent
for diesel self-ignition, the ignition delay time and the ignition
timing were assumed to affect the combustion characteristic
exponent for diesel self-ignition; as the diesel fuel become more
premixed, steep combustion occurs. Then, for the combustion
efficiency, the ignition timing was included since it showed a
strong correlation with the combustion efficiency. In addition,
the equivalence ratio of natural gas, pressure, and temperature
were included since they affect the combustion speed of natural
gas, and shape parameters of the diesel spray were included
to express the change of ignition points confirmed from the

TABLE 3 | Details of the neural network for prediction of parameters in the Wiebe

function.

Input layer Inputs:





































Ne

tan
(

ϕSpray
)

LSpray

θIGN

PIGN

TIGN

nO2 ,IGN

nNG,IGN





































Hidden layer Number of nodes: 21 Activation function: Sigmoid function

Output layer Outputs:









rdiesel

rNG









Activation function: Sigmoid function

Training method Backpropagation (Gradient descent)

Loss function L = ‖t− y‖
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optical experiment in section The Target Combustion in DFE.
Also, 1θi was predicted by a neural network (NN) model
since the combustion process is a non-linear phenomenon
and complex. The NN model developed in this research is
a 3-layer fully connected NN and backpropagation (BP) by
gradient descent is used as the training method, as shown in
Table 3. Using the heat release rate predicted by Wiebe function,
the in-cylinder pressure, temperature, and composition are
calculated as,

P (θ) =
(κ (θ) − 1)

(

dQcomb
dθ (θ) − dQloss

dθ (θ)

)

+ V (θ)P (θ − 1)

V (θ) + κ (θ) dV
dθ (θ)

(18)

T (θ) =
P (θ)V (θ)

n (θ)R
(19)






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



nO2 (θ)

nCO2 (θ)

nN2 (θ)

nH2O (θ)

nNG (θ)













=













nO2 ,IGN

nCO2 ,IGN

nN2 ,IGN

nH2O,IGN

nNG,IGN













+













−15.5
10.8
0
9.35
0













×
dXb,diesel

dθ
· ndiesel

+













−2.25
1.17
0
2.17
−1













×
dXb,NG

dθ
· nNG · ηNG (20)

Where κ is heat capacity ratio and
dQloss
dθ

is the heat loss calculated
by the model of Woschni (Merker et al., 2005). Prediction of the
in-cylinder pressure, temperature, and composition by Equations
(18–20) are calculated based on IGN pressure, temperature, and
composition that continues until the end of the combustion
predicted from the combustion duration.

FIGURE 5 | Experiment setup for DFE combustion control model identification.
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In the expansion model (EC ∼ EVO), the pressure and
temperature are predicted by polytropic change, just as in the
compression model. The polytropic index in the expansion
process is calculated as,

γexp = A+ B · TEC + C · Ne (21)

Finally, in the residual gas model (EVO∼ EVC), the temperature
and composition at EVC are predicted. The pressure at EVC is
assumed to be the same as the boost pressure and the temperature
is predicted by polytopic change using the polytropic index in the
expansion model.

TEVC = TEVO

(

Pboost

PEVC

)

1−γexp
γexp

(22)

The total quantity of substance at EVC is calculated using
the ideal gas equation and the quantity of substance for each
composition is calculated by assuming the same ratio at EVO.
The temperature and composition are assumed to be the same as
the temperature and composition of the residual gas.

TABLE 4 | The engine specifications for the DFE combustion control model.

Engine type Inline 4 cylinder diesel engine

Bore × Stroke [mm] 92 × 103.6

Connecting rod [mm] 155

Compression ratio [-] 15.6

Displacement [cm3 ] 2754

Injection system Common rail direct injection

Turbo charger Variable geometry

EGR system High pressure EGR

TABLE 5 | Experiment condition for the DFE combustion control model

identification.

Engine speed [rpm] 1000 / 1500 / 2000

Injection pressure

[MPa]

85 / 95 / 105

Boost pressure [kPa] 95 / 100 / 105

EGR rate [-] 0 / 0.2 / 0.3 / 0.4

Natural gas

Equivalence ratio [-]

0.3 / 0.4 / 0.5

Total injection quantity

[mm3/cycle]

2.6 ∼ 5.1

Injection timing

[deg.ATDC]

Single Main:−5 /−10 /−15

Double Pre:−15 /−20 /−25 /−30 /−40

Main:−5 /−10 /−15

Triple Pilot:−45 /−50 /−55

Pre:−25,−30 /−35

Main:−5 /−10 /−15

EXPERIMENTS

TheDFE control model includes some coefficients that need to be
adapted and the NN model also needs to be trained. To identify
the DFE control model, experiments were carried out using a
common inline 4-cylinder diesel engine (Figure 5). The engine
specifications are shown in Table 4. This engine is equipped
with the common rail injection system, high-pressure EGR, and
variable geometry turbocharger. It is possible to operate this
engine as a DFE, by providing an inlet for natural gas at the
upstream of the intake pipe and controlling the natural gas
flow rate with a mass flow controller. The in-cylinder pressure
was measured by a pressure sensor and the average value of
200 cycles was used. Also, the exhaust gas composition was
measured and the measurement time length was 10 s for each
condition. Further, to change the operation condition, an ECU
by-pass tool was used. The experimental conditions are shown
in Table 5. These conditions realize multi-stage diesel injection,
including early injection, in low load. The number of experiments
would be enormous if the experiment had been conducted on
all combinations, hence the experiment was conducted under
135 conditions using the design of experiments. Out of the
135 conditions, 120 conditions were used for model adaptation
and the remaining 15 conditions were used for verification.
By adapting the DFE control model using the experimental
data, the DFE control model was able to predict combustion
efficiency with good accuracy, Figure 6. Among the range where
the experiment was done, Table 5, using this model it is possible
to predict the combustion efficiency due to the changes in various
operating conditions such as the diesel injection conditions,
intake conditions, or engine speed. However, it might be difficult
to predict accurately out of this range. This is because the model

FIGURE 6 | Prediction accuracy of the combustion efficiency.
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includes several statistical models, such as multiple regression
analysis and neural network model.

DFE CONTROL SYSTEM

The purpose of the controller to be constructed in this
research is to predict the proper diesel injection condition to
maximize combustion efficiency. Since the DFE control model
is a non-linear model, a non-linear optimal control using the
gradient method was introduced. The diagram of the constructed
controller in this research is shown in Figure 7. The inputs
of this controller are uini (initial injection timing, quantity,
and pressure) and x (engine speed, EGR rate, boost pressure,
and equivalence ratio of natural gas). Also, the purpose of this
controller is to maximize combustion efficiency, therefore the
objective function was set, as shown in Equation (23). First, to
obtain the gradient of the objective function against the injection
conditions, a deviation u was given to the initial injection
conditions uini, and the combustion efficiency was calculated
for each case by the DFE control model. The gradient against
the injection conditions is calculated using these calculated
results, and the injection conditions are updated according to
this gradient and renewal rate λ. The injection conditions were
updated until the gradient was smaller than a constant α, and
output the injection condition at the same time as the optimized
injection condition. However, the injection conditions were
updated in the range of the experiment done (see Table 5). Also,
λ and α were set as a constant in this research.

L = ηNG
2 (23)

To evaluate this controller, the combustion efficiency was
compared by experiments in 36 conditions against random
combinations of operating conditions, after which the conditions
of injection were changed to that which the controller outputted.
When changing the injection condition, the engine speed
and intake conditions were set to be the same. By changing
the injection conditions to which the controller outputted,
the combustion efficiency improved in all 36 conditions (see,
Figure 8A).

Also, the change of the emission of CO and THC are shown in
Figures 8B,C. Each plot represents the average value during the
measurement at each condition and the error bar represents the
maximum and minimum value. From Figure 8B, the emission
of THC has decreased in most experiment numbers by the DFE
controller. Also, from Figure 8C, the emission of CO decreased,
especially when there was a lot. This controller changes the diesel
injection conditions to maximize the combustion efficiency and
this directly improves the emission of THC and CO. However,
in some experiment numbers, the emission of THC slightly
increased. In these numbers, the emission of CO decreased
and the combustion efficiency improved overall. The reason
why the emission of THC did not improve in these numbers
is believed to be because the diesel injection conditions at
the random combinations were already close to the conditions
which maximize the combustion efficiency and the combustion
efficiency was restricted by the intake conditions. As mentioned
earlier, the controller changes only the diesel injection conditions,
and the intake conditions, such as the EGR rate or the
boost pressure, were set the same. As a further study, to
design a controller that also considers the intake conditions
is needed.

FIGURE 7 | Controller diagram.
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Furthermore, the emission of NOx was also measured and
the NOx emission increased to a high level in some experiment
numbers, Figure 8D. Just as with THC and CO, each plot
represents the average value during the measurement at each
condition and the error bar represents the maximum and
minimum value. This research focused on maximizing the

combustion efficiency and does not consider NOx emission for
fuel injection conditions, but consideration of NOx emission
is required even in DFE under a low load. Therefore, as
a further study, in order to control for the NOx emission
as high combustion efficiency, a prediction model of NOx
emission from DFE is needed and optimization is required

FIGURE 8 | Continued
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FIGURE 8 | Comparison of combustion efficiency and emissions. (A) Combustion efficiency, (B) THC, (C) CO, (D) NOx.

by coupling with the NOx emission model and the present
combustion model.

Also, to confirm that the controller predicted the change
of the combustion efficiency against the injection conditions,
the experiment was conducted around the injection conditions
outputted by the controller (see Figure 9). Also, the combustion
efficiency predicted by the model is the parameter used to predict

the heat release rate (Equation, 17), while combustion efficiency
measured in the experiment is calculated from the unburned fuel
concentration in the exhaust gas. Therefore, these two compared
in Figure 9 do not match in absolute value, hence the issue
now is whether the change trends are consistent. Regarding the
injection pressure, quantity, and the main injection timing, the
model predicted the trend of combustion efficiency in the real
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FIGURE 9 | When the injection conditions were changed around the output of the controller.

engine. On the other hand, regarding the pilot and pre-injection
timing, the model was able to predict the maximum point among
the range of the experiment done. However, the model could
not predict the slight downward convex which the real engine
showed. The constructed model in this research includes non-
linear models such as the ignition timing model or the diesel
spray model, but since the formula for ultimate prediction of the
combustion efficiency (Equation 17) is a linear format, the model
could not predict the non-linearity.

The combustion efficiency increases monotonically with the
injection quantity (Figure 9). Therefore, when the controller
considers only the combustion efficiency (Equation 23), the
injection quantity of diesel fuel increases. If the injection quantity
increases, the combustion efficiency improves, but increasing
the heat ratio of diesel fuel to natural gas is not desirable from
the viewpoint of the effective use of natural gas, as it has a
smaller environmental impact. Therefore, the objective function
of Equation (23) was reconsidered to consider the combustion
efficiency and the heat ratio of natural gas. The objective function
was changed to,

L = ηNG
2 ×

(

QNG

Qdiesel + QNG

)2

(24)

where QNG is the input heat of natural gas and Qdiesel is the
input heat of diesel fuel. When considering only the combustion
efficiency (Equation 23), the combustion efficiency did improve
against the random conditions, but the heat ratio of natural gas

FIGURE 10 | Relation between combustion efficiency and the heat ratio of

natural gas.

did not show a difference. However, by considering the heat ratio
of natural gas (Equation 24), the points where the heat ratio
of natural gas was low shifted toward the higher heat ratio of
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natural gas without the combustion efficiency becoming worse
(Figure 10).

CONCLUSION

In this research, a model-based control system was constructed
for DFE using natural gas and diesel fuel, to maximize the
combustion efficiency at low load by adjusting the diesel injection
conditions. First, by the visualization experiment, it has been
explained that the combustion efficiency improves when using
a multi-stage diesel injection including early injection, since the
ignition points increase. Also, a control model that predicts
the combustion efficiency of the natural gas was constructed,
assuming a multi-stage diesel injection at low load. Then, by
using this control model, it was able to construct a controller
that outputs the diesel injection condition to maximize the
combustion efficiency of natural gas.

This research mainly focused on improving the low
combustion efficiency under low loads in order to save fuel and
reduce CO2. The issue of the low combustion efficiency must
be solved first, hence this paper focused on the combustion
efficiency. By improving combustion efficiency, the emission of

HC and CO also improved since these substances are mostly
caused by unburned natural gas. However, further study is
required to correctly evaluate the benefit on the fuel and CO2

saving with the consideration of NOx emission, as NOx emission
will give several constraints to injection conditions. In order to
control NOx emission with high combustion efficiency, an NOx
emissionmodel is required, and the controller should be designed
using the combinedmodel of the combustionmodel and theNOx
emission model.
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