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Abstract: Equivalent combustion natural gas engines typically utilize exhaust gas recirculation (EGR)
systems to tackle their high thermal burden and NOx emissions. Variable nozzle turbochargers
(VNT) can increase the engine intake and EGR rate simultaneously, resulting in NOx reduction while
ensuring robust power performance. Using a VNT along with engine bench testing, the impact of
VNT- and EGR-coordinated control on the performance and emissions of equivalent combustion
natural gas engines was investigated under different operating conditions. Subsequently, multi-
objective optimization was performed using a support vector machine. The results demonstrated
that the use of VNTs in equivalent combustion natural gas engines could bolster the capacity to
introduce EGR under several operative conditions and extend the scope of EGR regulation, thereby
decreasing the engine’s thermal burden, improving fuel efficiency, and curbing emissions. Owing to
the implementation of a multi-objective optimization method based on a support vector regression
model and NSGA-II genetic algorithm, VNT and EGR control parameters could be optimized to
slightly improve the economy and significantly reduce NOx emissions while maintaining the original
engine power performance. At 20 operating points optimized for validation, brake-specific fuel
consumption (BSFC) and NOx decreased by 0.94% and 47.0%, respectively, and CH4 increased by
3.7%, on average.

Keywords: natural gas engine; EGR; emissions; support vector machine; optimization

1. Introduction

In comparison to gasoline or diesel engines, natural gas engines emit lower levels
of pollutants, including polycyclic aromatic hydrocarbons (PAHs), sulfur dioxide (SO2),
and CO. However, owing to higher combustion temperatures in the cylinder, their NOx
emissions are higher [1–3]. Additionally, various factors, such as valve overlap angle,
cylinder clearance, and incomplete combustion, result in massive CH4 emissions from
natural gas engines [4–8]. CH4 is the most challenging element to oxidize in hydrocarbon
emissions, with a higher catalytic ignition temperature than other alkanes and unsaturated
hydrocarbons, causing difficulty while treating emissions [9,10]. Natural gas engines with
an equivalent combustion mode commonly incorporate a three-way catalytic converter
as the post-treatment system to synergistically and efficiently reduce HC, CO, and other
pollutants. However, the comparable combustion mode results in elevated combustion
temperatures and increased NOx emissions.

Usually, an exhaust gas recirculation (EGR) system is utilized to enhance the engine’s
thermal burden and NOx emissions. The implementation of an EGR system is an effective
solution for addressing the issues of increased thermal burden, knocking tendency, and
NOx emissions in natural gas engines under equivalent combustion modes [11,12]. EGR
systems with high pressure are typically favored in heavy-duty engines owing to their
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durable compressors and intercoolers, responsive functionality, and mature technological
level. The pressure drop in high-pressure EGR systems is determined by the difference
in pressure between the vortex front pressure at the exhaust end and the intake manifold
pressure at the intake end. The value of the pressure difference affects the introduction
capacity of EGR. Consequently, high-pressure EGR can normally only be introduced within
a specific operating range. Moreover, the intake point is located in front of the turbine;
this reduces the turbine’s efficiency to a certain extent. If the EGR valve is fully open
and the ideal EGR rate cannot be achieved, alternative methods are required to improve
and optimize the introduction ability of EGR; common methods include using Venturi
tubes, adjusting throttle valves, utilizing exhaust back-pressure valves, and implementing
variable nozzle turbochargers (VNTs). The application of VNT can effectively decrease
nitrogen oxide emissions while maintaining the engine’s power performance. It achieves
this by simultaneously increasing the engine’s intake and EGR rates. Furthermore, VNT
increases the pressure in the pre-vortex stage post-boosting, thereby reducing the amplitude
in the difference between exhaust and intake pressure. This reduction, in turn, results in
smaller fluctuations in the pump air loss over time. Li et al. [13] compared the effects of
different EGR rates on combustion and emissions in a spark ignition natural gas engine.
The results showed that as the EGR rate increased, NOx emissions significantly decreased,
and the maximum reduction in the engine’s effective expansion ratio was approximately
3.88%. At high speeds, EGR had a more significant impact on the engine performance. It
should be noted that cooling the circulating exhaust gas of EGR can further improve the
engine performance and reduce NOx emissions. Zheng et al. [14] compared the inhibitory
effects of non-cooled and cooled EGR on NOx emissions at different oxygen levels. As the
intake oxygen content decreased, NOx emissions decreased. Using cooled EGR could more
effectively suppress NOx emissions; hence, the exhaust gas temperature should be reduced
below 120 ◦C for best results. Li et al. [15] conducted a study on spark ignition natural gas
engines, and the results showed that regardless of the type of dilution gas, NOx emissions
significantly decreased upon increasing the dilution ratio. Reynolds et al. [16] compared
the effects of EGR and lean burn modes on the combustion and emission characteristics
of a naturally aspirated ignition engine with a compression ratio of 10.5. The results
showed that the implementation of the lean burn mode significantly improved the thermal
efficiency, while EGR was more effective in reducing NOx emissions, but it also increased
THC emissions more. Wijetugne et al. [17] established a VNT system based on PID control
based on a numerical model of diesel engines. They used an EGR valve to control the intake
flow rate, thus achieving faster transient torque control response, more precise control, and
better control of exhaust smoke. Yu et al. [18] investigated the coupling effects of EGR and
pilot diesel quantity on a high-pressure direct injection (HPDI) engine. The simulation
indicated that NOx and soot emissions could be well-balanced at moderate EGR rates.

Engine combustion typically involves complex physical and chemical processes. The
mathematical model of engine combustion is a dynamic, multivariate, and highly nonlinear
system. To optimize VNT and EGR on natural gas engines, it is essential to establish the
correlation between input parameters, such as VNT opening, EGR opening, ignition angle,
and intake manifold pressure, and the resultant variables of torque, gas consumption rate,
exhaust temperature, emissions, EGR rate, and cylinder knock indicator parameters, among
others. This correlation must be based on empirical data to enable the prediction of depen-
dence of output variables on independent input variables. Vapnik introduced the support
vector machine (SVM) learning approach in 1995 [19]. SVMs aim to discover the optimal
balance between model complexity and learning capacity with limited sample information.
SVMs have demonstrated numerous advantages in addressing practical issues, such as
small samples, nonlinearity, and high dimensionality, while also mitigating problems of
‘curse of dimensionality’, ‘over learning’, and ‘under learning’. Their mathematical model
is straightforward, with a solid theoretical foundation, which makes it a popular tool for
regression prediction analysis, function estimation, signal processing, etc. [20–29].
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EGR can effectively address the emission issue of natural gas engines with equivalent
combustion. However, due to the proximity of the VNT booster’s inlet and outlet as well
as the high-pressure EGR system’s inlet and outlet within the intake and exhaust gas
pathways, there is an interaction between the airflows. Changes in control parameters
for engine intake flow and EGR rates can simultaneously affect the power, economy, and
emission performance of natural gas engines. Therefore, further exploration is required to
understand the coupling and coordination relationship. To optimize engine performance,
multiple objectives must be satisfied, including power, economy, emissions, and durability.
However, different optimization objectives are frequently conflicting, including economy
and emissions, maximum cylinder pressure, and front turbine temperature. Therefore, a
compromise is necessary. For natural gas engines utilizing the VNT+EGR technology, the
objectives involve the range of VNT regulation for EGR, EGR regulation for the ignition
angle, and ignition angle regulation for NOx emissions and fuel efficiency. Multi-objective
optimization aims to establish the relationships between different parameters, enabling the
engine to maintain an optimal balance between power, efficiency, and emissions based on
requirements. Using a VNT in this study, engine bench tests were performed to examine the
effects of coordinated VNT and EGR control on the performance and emissions of identical
combustion natural gas engines under varying operational conditions. Multi-objective
optimization was conducted on multiple selected test operating points via SVMs that
combine SVR and NSGA-II algorithms.

2. Materials and Methods

The experiment employed a 12.4 L, inline six-cylinder, four-stroke heavy-duty natural
gas engine with spark ignition. Table 1 summarizes the engine’s main technical specifi-
cations. The continuous flow (CFV) fuel supply system met the requirement for accurate
fuel metering, thus enabling improved combustion, fuel efficiency, and transient response.
The engine utilized an adaptive closed-loop control system equipped with a wide-range
oxygen sensor to control the excess air coefficient (λ). Additionally, it was equipped with
a high-pressure EGR system to mitigate the high thermal burden and NOx reduction
requirements resulting from equivalent combustion.

Table 1. Engine technical parameters.

Items Parameters

Bore/mm 126
Stroke/mm 166

Compression Ratio 11.5
Maximum Torque/N·m 2100

Speed at Maximum Torque/r·min−1 1300
Rated Power/kW 330

Speed at Rated Power/r·min−1 1800

The apparatus utilized for testing the engine on a bench is depicted in Figure 1.
The experimental setup comprised the engine, electric dynamometer, electronic control
calibration system, bench measurement and control system, control computer, gas supply
system, cooling system, engine gaseous emission testing system, and engine cylinder
pressure acquisition and analysis system. The equipment employed in the experiment
encompassed control systems, measurement and analysis systems, and others. Table 2
presents details related to the equipment’s type parameters, accuracy, and resolution.

Owing to the significant impact of VNT opening on the engine pressure difference,
engine performance, and EGR driving ability, to explore the influence of different VNT
openings on the introduction ability of high-pressure EGR, 1000, 1300, and 1600 r/min were
selected as the representative low, medium, and high speeds, respectively. The engine was
controlled to operate at 25%, 50%, 75%, and 100% load conditions of the aforementioned
three speeds, and the opening of the VNT nozzle ring was adjusted accordingly. By
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adjusting the EGR valve opening, different EGR rates were achieved; it should be noted
that 1–3 EGR rates, including the maximum EGR rate, were selected, and the ignition angle
was gradually advanced to the maximum brake torque (MBT) ignition angle or knocking
edge, which was used as a representative operating point at this EGR rate. Owing to the
presence of a certain amount of empty stroke in the nozzle ring of the turbocharger, further
increase in the VNT opening after 70% had minimal effect on the working state of the
turbocharger. Therefore, the adjustment range of the VNT opening in the test was selected
to have a good linearity of 30–70%.
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Figure 1. Experimental setup for engine bench testing.

Table 2. Main testing equipment parameters and accuracy.

Device or System Type Accuracy/Resolution

Dynamometer INDY S66-4/4400-1BS-1 ±0.2% N·m; ±2 r/m
Gas flow meter Toceil CMF025 ±2.5%

Combustion Analyzer Kistler Ki-box 2893B /
Cylinder pressure sensor Kistler 6052Cu20 ±0.5%

Goniometer Kistler CA adapter 2619 0.1 CA
Signal amplifier Kistler 5064C ±0.1V

To improve the generalization ability of the model, data were randomly selected
from the sample data to generate training and testing sets. Among the 241 sample point
data obtained in the experiment, 181 were randomly selected as the training set, and
the remaining 60 were used as the testing set to evaluate the model’s performance. To
improve the prediction accuracy of the model, it is necessary to preprocess the data used
for training the support vector regression machine model before establishing it. Owing
to differences in the magnitudes of various engine parameters during the experiment,
normalization is required in the preprocessing stage. Normalization can limit the input
and output data within a certain range, thereby eliminating the adverse effects of singular
sample data. Moreover, logarithmic transformation before normalizing the output data
during support vector regression model training can further reduce the range of parameter
changes, improve model fitting accuracy, and reduce model training time [30]. Therefore,
in this study, base 10 logarithmic transformation was performed on the output training
data, and the input and output data were normalized within the range of [−1, +1]. These
normalized input and output data were used to train the support vector regression machine.
The RBF kernel function can reflect the distance between two data vectors; additionally, it
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exhibits a strong generalization ability and has been widely used in nonlinear models [31].
Therefore, this function was adopted in this study. When using the RBF kernel function, it
is necessary to adjust its two key parameters, i.e., the penalty parameter (C) and variance
(g). To achieve optimal performance, this study aimed to minimize the mean square error of
the regression model and used the grid search function of libsvm to determine the optimal
C and g for each regression model.

After optimizing the kernel function and regression model parameters, the model
parameters were determined, and the predictive models for performance parameters at
each operating point were trained. To ensure the fitting and prediction accuracy of the
SVR model, it is necessary to evaluate the model. The performance of regression models
is mainly reflected by the size of various errors between the fitted data and the truth.
Common evaluation indicators include goodness of fit (R2), mean square error (MSE), and
mean absolute percentage error (MAPE). The calculation formulas for each evaluation
indicator are given in Equations (1)–(3).

R2 =
SSR
SST

= 1 − ∑l
i=1 (y

∗
i − yi)

2

∑l
i=1 (yi − y)2

(1)

MSE =
1
l

l

∑
i=1

(y∗i − yi)
2 (2)

MAPE =
1
l

l

∑
i=1

∣∣∣∣y∗i − yi

yi

∣∣∣∣× 100% (3)

where SSR is the sum of regression squares, SST is the total sum of squares, yi* is the
predicted value of the i-th sample, yi is the true value of the i-th sample, y is the mean of
the sample, and l is the number of samples.

The main pollutants emitted by natural gas engines are NOx and CH4; there exists
a trade-off between these two main emissions as well as emissions and engine economy.
According to the transient emission test of post-treated equivalent combustion natural gas
engines, to meet the latest emission regulations, residual NOx emissions in each pollutant
must be significantly smaller than CH4 emissions. Therefore, during optimization, the main
consideration should be the reduction of NOx emissions. Therefore, the final optimization
problem is constructed as follows:

min
{

fbe(OVNT , OEGR, θST , PMAP, n)
fNOx(OVNT , OEGR, θST , PMAP, n)

s.t.



| fT(OVNT,OEGR,θST,PMAP,n)−Ttarget|
Ttarget

≤ 0.03
fTexh(OVNT, OEGR, θST, PMAP, n) ≤ 760
fKpeak (OVNT, OEGR, θST, PMAP, n) ≤ 1.5
fREGR(OVNT, OEGR, θST, PMAP, n) ≤ REGRmax
40 ≤ OVNT ≤ 70
0 ≤ OEGR ≤ 100
10 ≤ θST ≤ 50
PMAP ≤ PMAPmax

(4)

where be is the effective gas consumption rate (g/kW·h), OVNT is the VNT valve opening (%),
OEGR is the EGR valve opening (%), θST is the ignition advance angle (◦CA BTDC), PMAP
is the manifold pressure (MPa), n is the engine speed, T is the brake torque (N·m), TEXH
is the exhaust temperature before vortex (◦C), KPEAK is the statistical knocking amplitude,
and REGR is the EGR rate (%).

Because the constructed natural gas engine support vector regression model is a non-
parametric prediction model, traditional optimization methods cannot effectively handle
such problems. Compared with traditional optimization algorithms, evolutionary algo-
rithms draw on the evolutionary operations of organisms in nature and are not limited
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by the continuity and nonlinearity of optimization functions; moreover, they demonstrate
high robustness and wide applicability. In evolutionary algorithms, genetic algorithms
are the most mature and widely used in multi-objective optimization solutions. Among
them, non-dominated sorting genetic algorithms are multi-objective genetic algorithms
based on Pareto optimal solutions. However, the first generation of non-dominated sorting
genetic algorithms required fitness allocation; consequently, the optimization results were
somewhat influenced by the subjective thoughts of designers, and the algorithm itself had
certain limitations [32]. Deb et al. [33] proposed the second-generation NSGA algorithm
based on the first-generation NSGA algorithm in 2002, which is the elitist non-dominated
sorting genetic algorithm (NSGA-II). Compared to the NSGA algorithm, the NSGA-II
algorithm has been optimized in the following aspects: introduction of an elite retention
strategy, adoption of a fast, non-dominated sorting algorithm, and introduction of a conges-
tion comparison operator. In this study, the support vector regression model and NSGA-II
algorithm were combined to solve the aforementioned problem.

3. Results and Discussion
3.1. Impact of VNT on EGR Introduction Ability

According to the working principle of VNTs, decreasing the VNT opening reduces
the cross-sectional area of the airflow, thereby enhancing the turbocharging capability of
the engine and increasing the turbine speed and power output. It should be noted that
excessively reducing the VNT opening in conditions with ample engine turbocharging
capacity can result in engine overcharging, excess intake, and more torque than required
for operation. If the VNT opening is too high, the turbocharger’s boosting capacity will be
insufficient, causing the engine to intake a volume that falls short of demand.

Figure 2 illustrates the effect of VNT opening on pressure drop before and after EGR
and the maximum EGR rate of an equivalent combustion natural gas engine under different
load conditions at a speed of 1000 r/min. At low speeds, the engine cannot introduce EGR
at medium to high load conditions owing to the inability to establish a pressure drop. After
using a VNT, in working conditions where the EGR could not be driven previously, as
the VNT opening decreased, the engine pressure drop gradually changed from negative
to positive; in other words, the exhaust pressure in front of the engine turbine gradually
exceeded the intake manifold pressure. Therefore, as the VNT opening decreased, the
maximum EGR rate achievable under each operating condition also significantly increased.
By adjusting the VNT opening, maximum EGR rates of 17.7% and 18.4% were achieved
under the 1000 r/min external characteristics and 75% load conditions; EGR could not be
introduced previously under this condition. For low load conditions, owing to the large
pressure drop in the engine, it was relatively easy to achieve a higher EGR rate. According
to the previous analysis, after the equivalent combustion natural gas engine EGR rate
exceeded 20%, the negative impact on engine combustion, power, and economy became
more obvious. Therefore, during testing, when the EGR rate reached approximately 20%,
it did not continue to increase. Therefore, reducing the VNT opening under low load
conditions had no effect on the maximum EGR rate; it only increased the engine pressure
drop. It should be noted that excessive pressure drop leads to significant pump air loss,
which negatively impacts the engine economy.

Figures 3 and 4 show the effects of VNT opening on engine pressure drop and the
maximum EGR rate under different load conditions of 1300 and 1600 r/min for equivalent
combustion natural gas engines, respectively. The VNT adjustment range was reduced at
medium to high speeds in comparison to low speeds. At a medium to high load condition of
1300 r/min, excessive VNT opening caused insufficient introduction of EGR; it is noteworthy
that higher thermal burden results in excessive exhaust temperature. However, when the
VNT opening was too small, it increased the pressure under medium to high loads. Under
the condition of the EGR rate not exceeding 20%, a significantly small VNT opening can
cause the torque to exceed the operating requirements. Therefore, the optimal adjustment
range of VNT under external characteristics of 1300 r/min was 47–53% and 50–60% under
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75% and 50% load conditions, respectively. Compared to 1300 r/min, a higher speed resulted
in more intake flow; hence, the turbocharger achieved a maximum EGR rate of 20% at 55%
opening. A higher EGR rate could also be achieved at larger VNT openings.
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3.2. Impact of VNT-Coupled EGR on Engine Economy and Emissions

Figure 5 shows the effects of VNT and EGR on the fuel efficiency of equivalent com-
bustion natural gas engines under different operating conditions at a speed of 1000 r/min.
The black, red, and blue data points in the figure represent external characteristic operating
conditions, 75% load operating conditions, and 50% load operating conditions, respectively.
Different data point shapes represent different VNT openings, and the opening values
are indicated next to the data points. Owing to the sufficient introduction capacity of the
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engine, the performance difference in the engine after adopting VNT was not significant
under the 25% load condition; to avoid interference, it is not included in the comparison
chart. By adjusting the VNT opening, the engine could operate at different EGR rates.
As the VNT opening gradually decreased, the range of EGR rate adjustment gradually
increased. The increase in the upper limit of the EGR rate can mainly be attributed to the
decrease in VNT opening, which increased the engine pressure drop and enhanced the
driving ability of EGR. Meanwhile, the increase in the lower limit of the EGR rate was
mainly caused by the increase in engine turbocharging capacity. When the EGR rate is
too low, it leads to excessive intake pressure and changes in engine operating conditions.
Comparing the data under the same load conditions, as the VNT opening decreased, the
minimum gas consumption rate gradually decreased. For example, under external charac-
teristic conditions, a minimum gas consumption of 187.5 g/W·h was observed at 40% VNT
opening and 17.6% EGR rate.
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Figure 6 shows the effects of VNT and EGR on the fuel efficiency of equivalent
combustion natural gas engines under different operating conditions (medium speed,
1300 r/min; high speed, 1600 r/min). Owing to the high thermal burden of the engine
at medium and high speeds, a smaller EGR rate could not be used; thus, the range of
VNT opening adjustment was reduced, and the effect of EGR boundary expansion due
to VNT was weakened. At this speed, although reducing the VNT opening could still
improve the adjustment range of the EGR rate, it did not optimize the gas consumption
rate. The optimal value of gas consumption was observed at a moderate VNT opening. In
the high-speed range, the control range of the EGR rate was narrower, and the impact of
adjusting the VNT was smaller. However, under some loads, the EGR rate increased, and
air consumption increased in comparison to the raw engine.
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Figure 7 shows the effects of VNT and EGR on NOx emissions from equivalent combus-
tion natural gas engines under different operating conditions at a speed of 1000 r/min. For
equivalent combustion natural gas engines, NOx emissions are mainly dominated by the
high combustion temperature in the cylinder, and a larger EGR rate can significantly reduce
the combustion temperature in the cylinder, thus significantly reducing NOx emissions.
NOx emissions exhibited a nearly linear variation with EGR. The influence of VNT opening
on NOx emissions was relatively small, and the main effect involved changes in the EGR
regulation range of the engine. In operating conditions where the raw engine had no or
poor EGR introduction capacity, a higher proportion of EGR introduction could be achieved
by changing the VNT opening, which significantly reduced NOx. After the introduction of
EGR, high NOx emissions of the raw engine at 1000 r/min and 75% load conditions were
reduced from 13.09 and 14.04 g/W·h to approximately 4.33 and 3.76 g/W·h, exhibiting a
decrease of approximately 66.9% and 73.2%, respectively.
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Figure 8 shows the effects of the VNT and EGR on NOx emissions from equivalent
combustion natural gas engines under different operating conditions at medium and high
speeds of 1300 and 1600 r/min, respectively. Similarly to 1000 r/min, under the same operating
conditions, NOx emissions were mainly affected by changes in the EGR rate and less affected
by the VNT opening. By comparing the curves of different VNT openings under the same
operating condition, it was evident that a decrease in the VNT opening could increase the
upper limit of EGR rate regulation, thereby further reducing NOx emissions. However, at the
same EGR rate, a decrease in the VNT opening slightly increased NOx emissions. Therefore,
similarly to the results of the gas consumption rate, obtaining the ideal EGR rate at a moderate
VNT opening could lead to optimal NOx emissions. Compared with the 1000 r/min operating
condition, as the speed increased, the raw engine could achieve a certain EGR rate; thus,
the optimization amplitude of VNT and EGR on NOx emissions decreased. For the 75%
load condition at 1300 and 1600 r/min with high NOx emissions from the raw engine, NOx
emissions could be reduced from 7.85 and 5.54 g/W·h to a maximum of 2.69 and 3.31 g/W·h,
exhibiting a reduction of approximately 65.7% and 40.3%, respectively.

Figure 9 shows the effects of VNT and EGR on CH4 emissions from equivalent com-
bustion natural gas engines under different operating conditions at a speed of 1000 r/min.
CH4 emissions are the second largest emissions produced by natural gas engines, and their
emission trends are the opposite of those of NOx. The regularity of CH4 emissions was
more evident, exhibiting a nearly linear increase with the EGR rate. According to engine
emission testing, the CH4 emission margin of the equivalent combustion natural gas engine
combined with high-efficiency TWC was relatively large; therefore, it was more inclined to
reduce NOx emissions when optimizing emissions. Compared with the decrease in NOx, the
comprehensive effect of increasing the EGR rate on CH4 was not significant. For example,
under external characteristic conditions, CH4 emissions increased from 1.11 to 1.20 g/W·h,
exhibiting an increase of approximately 8.1%. Under 75% load characteristic conditions, CH4
emissions increased from 1.20 to 1.51 g/W·h, exhibiting an increase of approximately 25.8%.
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Figure 9. Influence of VNT-coupled EGR on methane emissions under 1000 r/min.

Figure 10 shows the effects of VNT and EGR on CH4 emissions from equivalent
combustion natural gas engines under different operating conditions at medium and high
speeds of 1300 and 1600 r/min, respectively. Under the same operating conditions, CH4
emissions were almost not affected by changes in the VNT opening; they only changed
with changes in the EGR rate. At high EGR rates with good economic efficiency and NOx
emissions, CH4 emissions from the raw engine increased from 2.25 and 2.79 g/W·h to 2.43
and 3.17 g/W·h at 50% load conditions at 1300 and 1600 r/min, exhibiting an increase of
approximately 8.0% and 13.7%, respectively.
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3.3. Validation and Analysis of Multi-Objective Optimization Results

The training and testing sets used to establish the model were evaluated; the results
are summarized in Table 3. Except Kpeak, the determination coefficients in all output
parameters were above 0.97, and the MSE was relatively small in the order of magnitude of
each parameter, with an average relative error of less than 5%. The evaluation parameter
data were good, indicating that the established model had good accuracy and generalization
ability to meet the demand for predicting the output parameters of natural gas engines
based on input parameters. The error of Kpeak in the parameters was relatively large,
mainly due to the weak correlation between the cylinder detonation situation and input
parameters, thus slightly decreasing the prediction accuracy. However, the MAPE was still
within 10%; the value of this parameter itself was small, and the actual difference due to a
slight increase in relative deviation was not significant. Therefore, good predictions could
still be made for the cylinder knocking situation.

Table 3. Evaluation of output parameters of support vector regression model.

Sample Parameter Torque
(N·m)

BSFC
(g/kW·h)

Temperature
(◦C)

NOx
(g/kW·h)

CH4
(g/kW·h)

EGR Rate
(%) Kpeak (-)

Training set
R2 0.998 0.991 0.997 0.980 0.997 0.999 0.933

MSE 164.1 0.53 2.09 0.066 0.001 0.006 0.008
MAPE (%) 0.43 0.08 0.11 1.85 0.50 0.24 4.86

Testing set
R2 0.995 0.965 0.993 0.955 0.991 0.975 0.909

MSE 1211.1 3.91 18.87 0.385 0.005 0.493 0.025
MAPE (%) 1.53 0.56 0.43 4.93 2.30 3.67 9.68

The programming implementation was based on Python3 (libSVM and geatpy). When
running a genetic algorithm, it is necessary to set the algorithm parameters. Because there
is currently no theoretical guidance for various application fields, the algorithm parameters
are usually set based on specific problems. The population size refers to the number of
individuals in a population. According to previous research results, a population that
is too large cannot optimize the algorithm results. Therefore, it is necessary to select a
moderate population size, which was set to 50 in this study. The probability of crossing
should generally be relatively high, with an optimal value between 0.8 and 0.95. In this
study, it was set to 0.8. Furthermore, the probability of variation should generally be
small, ranging between 0.05 and 0.1. In this study, it was set to 0.05. It should be noted
that it is better to have a larger number of iterations, but excessive iterations can affect
the algorithm’s efficiency; hence, it was set to 200. Based on the aforementioned model
parameters, optimization was performed for various operating conditions within the
commonly used speed range. Among the obtained optimal parameter combinations and
based on some boundary conditions obtained from testing, the smoothness of the control
MAP was considered. Accordingly, within a reasonable range of control parameters, the
calibration variable combinations for the optimal solutions of each operating condition
were obtained. On the basis of optimizing the control MAP, interpolation was used to
process the operating conditions between each optimized condition. The final optimized
engine VNT opening, EGR valve opening, and ignition angle control MAP are shown
in Figures 11–13.

By using the ECU control software, the optimized calibration control MAP data were
input into the control program and synchronized with the ECU; furthermore, experimental
verification was conducted at 20 operating points. Figure 14 shows the comparison be-
tween the measured and simulated values of air consumption rate, torque, vortex front
temperature, EGR rate, NOx emissions, and CH4 emissions for 20 main test conditions
under various operating conditions using optimized control strategies. Except NOx, the
relative errors of each parameter were relatively small. In most operating conditions, the
experimental and simulation values exhibited good consistency. The relative errors of



Machines 2024, 12, 260 12 of 18

almost all operating points were within 5%. The operating points with larger relative
errors were mainly concentrated in the high-speed and low-load range. Engine operation
under these operating conditions was relatively unstable, and there may be some data
differences in multiple measurements. This is one of the reasons for the large data deviation
under these operating conditions. For NOx emissions, a significant deviation was observed
between the experimental and simulated values under some operating conditions, with a
relative error of less than 10% in most operating conditions. In some individual operating
conditions, such as high speed or low load, it was observed to be 15–20%. This can be
attributed to the large range of NOx changes between different operating conditions during
testing, as well as the large range selected, which decreased the testing accuracy, and a
certain measurement error when testing operating conditions with low NOx emissions.
Meanwhile, the average relative error of NOx emissions during regression model training
was relatively large compared to other parameters. Therefore, under the superposition
of errors, the error between test and simulation values was slightly larger at individual
operating points, but it was small at most operating points; moreover, the absolute error
value of NOx emissions was actually not large owing to the small numerical value. There-
fore, the use of support vector regression modeling and the NSGA-II genetic algorithm for
multi-objective optimization of the VNT+EGR equivalent combustion natural gas engine
control strategy was feasible, and the obtained optimization results were relatively reliable.
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Under the 20 selected optimization operating conditions, changes in economic per-
formance and emission indicators before and after the optimization of the engine control
strategy were compared, as shown in Figures 15–17. Figure 15 shows the relative change
in specific gas consumption between the optimized and original strategies, with negative
values indicating a decrease in optimized gas consumption compared to the raw engine.
With the optimized strategy, the engine gas consumption somewhat decreased under most
operating conditions. The most significant decrease in gas consumption was observed
at the 25% load position; this is because the original gas consumption in this part of the
working condition was relatively high, and the original control strategy was not sufficiently
optimized, resulting in a large space for the reduction of the gas consumption rate. There-
fore, after optimization, the gas consumption rate significantly decreased. For the external
characteristic point and 75% load point of the raw engine with better gas consumption,
in the low to medium speed range of 1000 and 1100 r/min, owing to the improved EGR
introduction ability brought by the VNT, the knocking problem was alleviated, the ignition
angle could be controlled at a better position, combustion was optimized, and the gas
consumption rate was significantly reduced; compared with the raw engine operating
conditions, it achieved a reduction of more than 2.0 g/W·h. In the low speed range, such
as the external characteristic working condition of 900 r/min, owing to the introduction
of EGR, the torque slightly decreased compared to that of the raw engine, thus slightly
increasing the fuel consumption rate. After the engine speed increased, the VNT opening
remained relatively large, with little difference from the original turbocharger’s boosting
effect. Therefore, the engine’s economic performance did not significantly change, and it
even showed an upward trend at some operating points. Furthermore, changes in the gas
consumption rate under each test condition were compared to those under the correspond-
ing conditions of the raw engine; the results showed that the average BSFC reduction for
the 20 test conditions was 0.94%.

Figure 16 shows the changes in NOx emissions in comparison to those in the original
strategy using the optimized control strategy. The optimized strategy reduced NOx emis-
sions under all test conditions for equivalent combustion natural gas engines. From the
optimization range of NOx emissions, the high load range at medium and low speeds was
the most significant, with a maximum reduction at 75% load and 1000 r/min, which could
be reduced from the raw engine’s 14.0 to 3.8 g/W·h. This is mainly because the raw engine
could not introduce EGR under these operating conditions. After replacing the VNT and
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optimizing the control strategy, better combustion effects were achieved. Similarly to the
optimization of the gas consumption rate, the optimization effect was better at medium and
low speeds, while at medium and high speeds, the optimization effect on NOx emissions of
equivalent combustion natural gas engines through VNT and optimization strategies was
average. On average, NOx reduction under the 20 test conditions was approximately 47.0%.
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Figure 17 shows the changes in CH4 emissions compared to those in the original control
strategy using the optimized control strategy. Owing to the focus of control strategy opti-
mization on NOx emissions from natural gas engines, CH4 emissions increased under most
operating conditions. Moreover, under operating conditions where NOx reduction was more
significant, the increase in CH4 emissions was more significant. However, the overall change
in CH4 emissions was much smaller than the optimization effect on NOx emissions, with an
average increase of only 3.7% in CH4 emissions under 20 operating conditions.

4. Conclusions

To solve the contradiction between the economy and emissions of natural gas engines,
the impact of a VNT-coupled EGR system on the economy and emissions of natural gas
engines was analyzed. Accordingly, a support vector regression machine model for natural
gas engines was established and combined with a genetic algorithm. Subsequently, multi-
objective optimization was performed on the control strategy of VNT-coupled EGR for
natural gas engines; thus, the economy and emissions could be comprehensively optimized.
The conclusions derived from this study are discussed below:

1. The use of VNTs in equivalent combustion natural gas engines can enhance the ability
to introduce EGR under multiple operating conditions and expand the range of EGR
regulation, thereby reducing the engine thermal load, improving fuel efficiency, and
reducing emissions. As the VNT opening decreased, the maximum EGR rate achiev-
able under various operating conditions also significantly increased. By adjusting the
VNT opening, maximum EGR rates of 17.7% and 18.4% could be achieved under the
1000 r/min external characteristic and 75% load conditions, respectively; it should be
noted that previously, under these conditions, EGR could not be introduced.

2. Under medium to high speed operating conditions, owing to the higher engine
thermal burden, the range of VNT opening adjustment became narrower. Although
reducing the VNT opening could still improve the maximum EGR rate, it did not
optimize the economic performance. Thus, adopting a medium VNT opening resulted
in better thermal efficiency. Compared to 1300 r/min, a higher speed brought more
intake flow; hence, the turbocharger could achieve a maximum EGR rate of 20% at
55% opening.

3. The regularity of CH4 emissions was more obvious, exhibiting a nearly linear increase
with the EGR rate. Under the same operating conditions, CH4 emissions were almost
unaffected by changes in the VNT opening and only varied with changes in the
EGR rate.

4. The multi-objective optimization method based on a support vector regression model
and NSGA-II genetic algorithm effectively optimized VNT and EGR control parame-
ters, thus slightly improving the economy and significantly reducing NOx emissions,
while maintaining the original engine power performance. At 20 optimized validation
operating points, the average decrease in BSFC was 0.94%, the average decrease in
NOx was 47.0%, and the average increase in CH4 was 3.7%.
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