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Abstract: The influence of loading strategies on combustion and emissions parameters is
experimentally and numerically studied under typical 5 s transient conditions of constant speed
and increasing torque. The experiment is conducted on a two-stage turbocharged heavy-duty diesel
engine with a constant opening valve high-pressure exhaust gas recirculation (EGR) system. The test
results show that: compared with the full-stage loading (FSL) strategy (constant loading rate during
the entire transient process), the sectional-stage loading (SSL) strategies (holding a certain time at
50% load) can significantly reduce soot emissions (by 41.3%); the greater the first-stage loading rate,
the better the torque response performance, which maximally increases by 56.7%. Besides, longer
loading holding time can effectively restrain the overshoot of EGR rate and advance the combustion
phase (CA10, CA50) at medium and large loads. However, the larger second-stage loading rate
slightly deteriorates the combustion and emission performance. This deterioration situation can be
markedly suppressed by adopting a suitable loading hold time.

Keywords: diesel engine; two-stage turbocharger; transient operation; loading strategy;
performance optimization

1. Introduction

The working conditions of the vehicle engine on urban roads are mostly in transient processes such
as starting, acceleration and deceleration, and the proportion of constant speed and changing torque
conditions is larger [1,2]. However, the transient combustion, emissions and economy performance
are extremely deteriorated [3,4]. In particular, the overshoot of EGR rate occurs in turbocharging
diesel engine under transient process conditions [5]. The main reason for this is the response delay
of combustion boundary conditions caused by the air supply delay [6–8]. Aiming at addressing the
increasingly serious environmental problems and stringent emission regulations, optimization of
transient combustion and emission performance has become a focus of vehicle engine research. Thus,
the two-stage turbocharging system can not only raise intake air and decrease emissions, but also
optimize the dynamic response performance and obtain high EGR rates, which is widely utilized in
engines [9–11].

Shi et al. [12] matched a regulated two-stage turbocharger for a D6114 diesel engine to raise
the low-speed torque, owing to its wider flow range and higher pressure ratio level. Wu et al. [13]
combined a late intake valve closing (LIVC) system with a two-stage turbocharger, adopting variable
geometry turbocharger (VGT) on the high-pressure turbine, to effectively adjust the operating range of
the turbocharging system. They highlighted that, the application of VGT control strategy and Miller
cycle resulted in promising trade-off emissions and torque response performances during transient
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operation. Grönman et al. [14] experimentally and computationally studied a two-stage electrically
assisted turbocharging system. It inferred that overall efficiency could be increased by 2.5% compared
with the conventional single-stage turbocharger. Certainly, increasing the intake air can improve the
transient combustion deterioration, however, it will inevitably lead to complexity of the intake system
structure and increased cost, which have hindered implementation of the optimizing effect of the
technology discussed above. Therefore, the main method is to optimize the combustion and reduce
the emissions by adjusting the fuel supply strategy.

Additionally, with the rapid development of high-pressure common rail technology, the fuel
injection parameters (injection pressure, injection timing and injection quantity etc.) can be controlled
more flexibly to strengthen the air-fuel mixing process and decrease emissions [15–17]. Zhang et al. [18]
proposed that changing the injection pressure decreased the differences in performance between
transient conditions and steady state. Liu et al. [19] introduced sectional-stage rail pressure strategies
for optimizing the transient performance of a two-stage turbocharging diesel engine. Their results
indicated that the smoke opacity peak was maximally reduced by 56.3% and deterioration of BSFC was
significantly restrained. Furthermore, Agarwal et al. [20–22] revealed that fuel injection timing was
another main factor that affected the combustion, emissions and performance characteristics of diesel
engines. Zhang et al. [18] suggested that advancing the fuel injection timing restricted the delay of
combustion phasing, and effectively elevated thermal efficiency under transient conditions. Han et al. [23]
concluded that advancing the injection timing could strengthen the air-fuel mixing energy (ME) to
compensate the adverse impacts caused by turbocharger lag during transient conditions. Besides,
the change of fuel quantity has significant effects on engine performance. Darlington et al. [24] proved
that the peak value of smoke could be reduced by changing the injected fuel quantity under the loading
process condtions, but it inevitably caused deterioration of the torque response. Rakopoulos et al. [25]
proposed that the torque response and emission could be effectively improved by reasonable fuel
quantity control mode and injection timing calibration. Han et al. [23] presented that, the faster the
loading process, the higher the smoke and nitrogen oxides (NOX) emissions. The primary reason for
this was the increasingly rich mixture in the cylinder, caused by a lack of air-fuel mixing energy (ME).

In conclusion, the performance of the diesel engine can be optimized by adjusting the injection
parameters. However, there are few studies on the fuel supply mode, especially with reference to
transient conditions. Hence, a reasonable fuel supply control mode (loading rate) has great potential
of shortening the transient response time, improving fuel economy and reducing emissions. Besides,
this paper has focused on both aspects of fuel and air under transient operation. Therefore, it is of
practical and applied significance to investigate the influence of different loading strategies on transient
performance of a two-stage turbocharging diesel engine.

The purpose of this paper is to reduce soot emissions as much as possible, while improving the
dynamical response performance during typical 5 s transient conditions, with reference to increasing
torque from 10% to 100% and constant speed at 1650 rpm over 5 s transient time [19,26]. Thus,
the influence of loading strategies on the transient performance of a two-stage turbocharged diesel
engine with high-pressure exhaust gas recirculation (HP-EGR) is numerically and experimentally
studied. Initially, different the first-stage loading rates and loading stagnation times were investigated
to improve the transient combustion and emissions performance. Afterwards, the radical reason
for the effects of loading hold time on the transient performance is researched by computational
simulation. Finally, different the second-stage loading rates and loading hold times are discussed to
select an optimal loading strategy, offering a basis for the further application of loading strategies
during transient operation.
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2. Experimental Work

2.1. Experimental Setup and Procedure

Table 1 shows the test engine specifications. The experiment is conducted in an inter-cooled
turbocharged diesel engine, which includes a high- pressure common rail injection system, a Bosch
electronic control unit (ECU), an integrated calibration and acquisition system V5.4 software (INCA),
a two-stage turbocharger and high-pressure EGR loop. Figure 1 shows the schematic diagram of
the control and measurement platform. Before the experiment, the test engine has been equipped
with a two-stage turbocharger manufactured by Hunan Tyen Machinery Co., Ltd. (TYEN, Hengyang,
Hunan, China). Table 2 illustrates the major instruments and accuracy. An eddy current dynamometer,
dSPACE platform, and high response rate sensors are used as the measurement system under typical 5 s
transient operation, which measures and records experimental data parameters such as engine torque,
speed, intake air, temperature, inlet and exhaust pressure, soot and NOX emissions, etc. Moreover,
combustion characteristic parameters (CA10, CA50) are required through a DEWE-2010 combustion
analyzer. Additionally, the cycle injected fuel quantity is calculated by the Bosch ECU. The response
time of NOX sensor and opacimeter is within 1.5 s and 0.1 s, respectively.
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Table 1. Detailed technical specifications of the test engine.

Engine Parameters Specifications

Bore × Stroke 112 × 145 mm
Number of cylinders 6

Volume 8.6 L
Rated power/speed 260 kW/2100 rpm
Compression ratio 17.0:1

Piston bowl ω

Number of injector nozzle holes 8
Injection System The 2nd generation of Common-rail (Bosch)

Turbocharged HOLSET400
EGR cooling Intercooling

Table 2. Main instruments and accuracy.

Equipment Manufacturer Type Accuracy

Eddy current
dynamometer CAMA CW440 Speed: ±1 rpm

Torque: ±0.2~0.3% FS

Electrically operated
EGR valve Mitsubishi SBZB1N-0013 ±1.0% FS

NOX sensor Continental 5WK9-6614H ±0.2% FS

In-cylinder pressure
sensor Kistler 6125C ±0.4% FS

Air flow meter AVL AVL1000 ±1.0% FS

Opacimeter AVL AVL439 ±0.1% FS

Fuel mass flow meter ToCeiL-Shanghai CMFD/G ±0.4% FS

Combustion analyzer DEWETRON DEWE-2010 Resolution: 0.2 ◦CA

dSPACE dSPACE MicroAutoBoxII 1401 ADC: 12-bit
DAC: 12-bit

2.2. Simulation Model

The typical 5 s transient operation is considered as the accumulation of about 70 working cycles
during a 5 s transition time. Thus, continuously transient experimental data can be transformed into
some independent, cyclic test points. To further investigate the combustion and air-fuel mixing process,
a simulation method can be employed to analyze the crucial working cycles during the transient
conditions [27].

In the present study, simulations were computed by the Star-CD code 3.26. The computational
grid of the tested engine is illustrated in Figure 2. Primary numerical models are provided in Table 3,
such as eddy break-up and laminar-and-turbulent characteristic-time combustion model (EBU LATCT),
Reitz and Diwakar Atomization model (Reitz/Diwakar), RNG k-ε turbulence model (k-Epsilon/RNG).
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Table 3. Primary numerical model.

Item Model

Turbulence model k-Epsilon/RNG
Cavitation model MPI-2

Atomization model Reitz/Diwakar
Droplet-wall interaction model Bai

Spray model Huh
Droplet breakup Reitz

Ignition Shell auto-ignition
Reaction model EBU LATCT

Algorithm PISO

The simulation model is set up based on the tested engine, and proved reasonable by comparing
the experimental and predicted results. Figure 3 illustrates the comparison of heat release rate (HRR)
and in-cylinder pressure between the measured and simulated results on a CA6DL2-E35 diesel engine
under the conditions of 1650 rpm, 50% load. The simulation values are in good agreement with the
experimental results. The relative errors between experiment and simulation data are less than 5%,
which is within the allowable range of engineering. It indicates that simulation model can be applied
to research of the combustion and mixing process in the cylinder during transient operation.
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The corresponding working cycle of the conditions at 1650 r/min and 50% load is achieved
from transient process under different loading hold times and calculated by numerical simulation.
This work defines the compression top dead center (TDC) as the zero crank angle, where the crank
angle transforms from negative values into positive values. Besides the calculation range is from
−30 ◦CA to 120 ◦CA after top dead center (ATDC).

2.3. Test Conditions

Before the transient conditions started, the diesel engine has run steadily for 5 s under 10%
loads. On the basis of accelerator voltage signal produced by the Simulink program, the ECU can
adjust the cycle injected fuel quantity. Then the test engine outputs the required torque. Additionally,
the dynamometer works in constant speed and changing torque mode.
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Table 4 demonstrates that the SSL strategy experiments are divided into two parts. Firstly, part one
keeps the constant second-stage loading rate at 233.3 N·m/s, and changes the first-stage loading rate
and loading hold time, as shown in Figure 4a. Part two keeps the constant first-stage loading rate at
700 N·m/s, and changes the second-stage loading rate and loading hold time, as provided in Figure 4b.
Besides, the stagnation load is set at 50% load, and the loading hold time is the holding time at 50%
load under transient conditions.

Table 4. Experimental scheme of different loading strategies.

Exp No. The First-Stage Loading
Rate (N·m/s)

The Loading Stagnation
Time (s)

The Second-Stage
Loading Rate (N·m/s)

FSL 252 0 252
SSL 1 350 0.4 233.3
SSL 2 490 0.8 233.3
SSL 3 700 1.2 233.3
SSL 4 700 0.4 184.2
SSL 5 700 0.8 212.1
SSL 6 700 1.6 269.2
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3. Results and Discussion

3.1. Influence of Different First-Stage Loading Rates and Loading Hold Times on Transient Performance

The air supply delay weakened the fuel evaporation, atomization and mixture process, which
was the primary reason for combustion and emission deterioration under transient operations [23].
Thus, SSL strategies of holding for a certain time at 50% load can improve the poor thermal conditions
and turbocharger lag. It is beneficial to optimize both the torque response and emissions performance.

The percentage of advancing the time of torque response for SSL strategies relative to the FSL
strategy is defined by the torque response rate (δ). The larger the δ, the better the dynamical response
performance. δ is expressed as follows:

δ =
tf − ts

tf
(1)
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where tf is the torque response time for FSL strategy, where ts is the torque response time for the SSL
strategies. Due to the response delay of torque measurement and the short duration of the transient
process, IMEP response at 50% and 90% loads is selected to indicate the torque response performance.
As shown in Figure 5a, compared with the FSL strategy, all the SSL strategies can improve the torque
response performance. Besides, the larger the first-stage loading rate, the shorter the torque response
time of 50% load becomes. Figure 5b illustrates that the torque response rate (δ) of FSL 3 is 56.7% at
50% load, and 5.7% at 90% load, respectively. The results manifest that SSL strategies can increase
torque response rate (δ) and shorten the transient response time.
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in Figure 6b, the accumulated emission levels of smoke are the smallest under the SSL 3 strategy,
showing an 11% decrease compared with the FSL strategy.

Energies 2018, 11, 69 7 of 19 

 

where tf is the torque response time for FSL strategy, where ts is the torque response time for the 
SSL strategies. Due to the response delay of torque measurement and the short duration of the 
transient process, IMEP response at 50% and 90% loads is selected to indicate the torque response 
performance. As shown in Figure 5a, compared with the FSL strategy, all the SSL strategies can 
improve the torque response performance. Besides, the larger the first-stage loading rate, the 
shorter the torque response time of 50% load becomes. Figure 5b illustrates that the torque response 
rate (δ) of FSL 3 is 56.7% at 50% load, and 5.7% at 90% load, respectively. The results manifest that 
SSL strategies can increase torque response rate (δ) and shorten the transient response time. 

 
(a) (b)

Figure 5. Comparison of dynamical response performance under different loading strategies: (a) 
IMEP; (b) torque response rate (δ). 

The emissions performance of different loading strategies is plotted in Figure 6a. With the 
first-stage loading rate larger and the loading hold time longer, emissions of soot and NOX become 
lower. Compared with the FSL strategy, taking SSL 3 strategy reduces the smoke opacity and NOX 
peak by 41.3% (from 16.7% to 9.8%), and 7.3% (from 447 ppm to 414.4 ppm), respectively. 
Moreover, in Figure 6b, the accumulated emission levels of smoke are the smallest under the SSL 3 
strategy, showing an 11% decrease compared with the FSL strategy. 

 
(a) 

Figure 6. Cont.



Energies 2018, 11, 69 8 of 19

Energies 2018, 11, 69 8 of 19 

 

 
(b) 

Figure 6. Comparison of dynamical response performance under different loading strategies: (a) 
IMEP; (b) torque response rate (δ). 

As is shown in Figure 7a, under the larger first-stage loading rate, the SSL 3 strategy raises the 
intake pressure and exhaust temperature, which contributes to enhancing the work capacity and 
transient response performance of turbocharger. Thus, it can increase air flow and improve the 
in-cylinder thermal conditions under medium and large loads. However, more seriously the 
overshoot of EGR rate leads to deterioration of soot emissions under SSL strategies during the early 
stage of transient operation as seen in Figure 7d. Besides, the larger the first-stage loading rate, the 
faster the air-fuel ratio (AFR) deceleration rate (Figure 7c). It is inferred that the gas supply lags 
behind fuel supply more seriously during the first-stage loading period. Furthermore, with the 
loading stagnation time being relatively longer, AFR of the SSL 3 strategy is higher than SSL 1 and 2 
during the loading hold period. It means that loading hold measures can effectively alleviate the lag 
between air and fuel supply, by maintaining a constant fuel supply quantity and increasing the air 
inflow at 50% loads. Afterwards, during the second-stage loading process, the overshoot of EGR rate 
and AFR deceleration rate of all the SSL strategies are less than that of the FSL strategy (Figure 7c,d). 
The reason is that the faster speed of the turbocharger brings about a shorter gas supply response 
time, and the smaller second-stage loading rate slows down the fuel supply rate. Consequently, the 
improving quality of air-fuel mixture formation significantly decreases smoke emissions during the 
later stages of the transient process. 

The larger the first-stage loading rate, the more the injected fuel quantity in a cycle, but the 
more intensive air-supply delay results in a worsening air-fuel mixture and prolonged premixed 
combustion duration. Eventually, it leads to farther deviation of the CA10 and CA50 from the TDC 
at small and medium loads (Figure 7b). However, during the second-stage loading process, the 
CA10 and CA50 of SSL 2 and 3 strategies are closer to the TDC than that of the FSL strategy. This is 
due to the following factors: firstly, under medium and large loads, the intake pressure increases as 
the turbocharger speed rises higher. This enhances the turbulent kinetic energy in the cylinder and 
promotes air-fuel mixing. Secondly, the longer loading hold time can produce a higher combustion 
temperature, maintain a better combustion thermo-atmosphere, and accelerate the diffusion 
combustion rate. In summary, the SSL 3 strategy can improve transient emissions performance, 
thanks to an increasing combustion rate and advanced combustion phasing (CA10 and CA50) 
during the later stages of transient processes. 

Figure 6. Comparison of dynamical response performance under different loading strategies: (a) IMEP;
(b) torque response rate (δ).

As is shown in Figure 7a, under the larger first-stage loading rate, the SSL 3 strategy raises
the intake pressure and exhaust temperature, which contributes to enhancing the work capacity
and transient response performance of turbocharger. Thus, it can increase air flow and improve the
in-cylinder thermal conditions under medium and large loads. However, more seriously the overshoot
of EGR rate leads to deterioration of soot emissions under SSL strategies during the early stage of
transient operation as seen in Figure 7d. Besides, the larger the first-stage loading rate, the faster the
air-fuel ratio (AFR) deceleration rate (Figure 7c). It is inferred that the gas supply lags behind fuel
supply more seriously during the first-stage loading period. Furthermore, with the loading stagnation
time being relatively longer, AFR of the SSL 3 strategy is higher than SSL 1 and 2 during the loading
hold period. It means that loading hold measures can effectively alleviate the lag between air and
fuel supply, by maintaining a constant fuel supply quantity and increasing the air inflow at 50% loads.
Afterwards, during the second-stage loading process, the overshoot of EGR rate and AFR deceleration
rate of all the SSL strategies are less than that of the FSL strategy (Figure 7c,d). The reason is that the
faster speed of the turbocharger brings about a shorter gas supply response time, and the smaller
second-stage loading rate slows down the fuel supply rate. Consequently, the improving quality
of air-fuel mixture formation significantly decreases smoke emissions during the later stages of the
transient process.

The larger the first-stage loading rate, the more the injected fuel quantity in a cycle, but the more
intensive air-supply delay results in a worsening air-fuel mixture and prolonged premixed combustion
duration. Eventually, it leads to farther deviation of the CA10 and CA50 from the TDC at small and
medium loads (Figure 7b). However, during the second-stage loading process, the CA10 and CA50 of
SSL 2 and 3 strategies are closer to the TDC than that of the FSL strategy. This is due to the following
factors: firstly, under medium and large loads, the intake pressure increases as the turbocharger speed
rises higher. This enhances the turbulent kinetic energy in the cylinder and promotes air-fuel mixing.
Secondly, the longer loading hold time can produce a higher combustion temperature, maintain a
better combustion thermo-atmosphere, and accelerate the diffusion combustion rate. In summary,
the SSL 3 strategy can improve transient emissions performance, thanks to an increasing combustion
rate and advanced combustion phasing (CA10 and CA50) during the later stages of transient processes.
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3.2. Simulation Analysis of Loading Hold Time on Transient Performance

As is concluded according to the experiment, the loading hold time could alleviate the degree
of mis-match between the air and fuel supply, and improve in-cylinder thermal conditions. Thus,
the essential reason for effects of loading hold time on the transient performance should be further
studied by numerical simulation. The simulated operating point is shown in Table 5.

Figure 8a shows the effects of loading hold time on the combustion process in the cylinder.
With the longer loading hold time, the in-cylinder pressure, charge density, and average temperature
before ignition increase gradually. Because prolonging the loading hold time can increase working
medium density and improve thermal conditions, it significantly promotes atomization, evaporation
and mixing rate of the fuel and gas (Figure 8b). Besides, amount of premixed mixture and ignition
delay period decrease during the combustion process. Hence, these results contribute to the decline of
the first peak values of heat release rate (HRR) and the start of combustion closer to TDC.
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Table 5. Simulation scheme of the different loading stagnation time.

Exp No. Operating Point 1 Operating Point 2 Operating Point 3 Operating Point 4

Loading hold time/s 0 0.4 0.8 1.6
Stagnation load 50% 50% 50% 50%
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Aiming at clearly analyzing the mixture in the cylinder, the equivalence ratio is divided into three
different categories: rich mixture (ϕ > 2), quasi-rich mixture (1 <ϕ < 2) and lean mixture (0 <ϕ < 1) [23].
Figure 9 illustrates that, compared with FSL strategy, the cell proportion of quasi-rich mixture (1 < ϕ < 2)
and rich mixture (ϕ > 2) reduces by 13.3% and 20%, respectively, at 1.6 s loading hold time. However,
the proportion of lean mixture (0 < ϕ < 1) increases by 6.1%, which gradually has a major role in the
combustion process. Hence, a longer loading hold time is beneficial to the complete combustion of the
mixture and oxidation of soot, by effectively increasing the proportion of lean mixture and improving
the quality of air-fuel mixture formation.
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Table 6 shows the comparison of ϕ-T MAP for different loading hold times. The combustion
reaction groups at 4 ◦CA ATDC earlier enter into the soot and NOX generation zone at 1.6 s loading
hold time, thanks to the higher in-cylinder temperature and better thermo-atmosphere. Besides,
at 8 ◦CA ATDC, the operating point 4 (1.6 s) approaches to NOX generation zone more deeply, which
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is responsible for the increase of NOX emissions. In addition, only the operating point 1 (0 s) is not
completely out of the soot generation zone at 16 ◦CA ATDC. Therefore, with a longer loading hold time,
combustion reactive groups enter into the soot generation zone with shorter dwelling time and smaller
volume ratio in ϕ-T MAP. This contributes to decreasing the proportion of rich mixture and quasi-rich
mixture, besides improving soot emissions. In conclusion, the loading hold can increase the air-fuel
mixing energy, improve the quality of the air-fuel mixture formation, and reduce the proportion of rich
mixture in the cylinder. Thus, SSL strategies can be the crucial applied means to improve the transient
performance under transient conditions.

Table 6. Comparison of ϕ-T MAP under different loading hold times.

4 ◦CA ATDC 8 ◦CA ATDC 16 ◦CA ATDC
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From the results presented in Sections 3.1 and 3.2, it can be concluded that the larger first-stage
loading rate can shorten the torque transient response time, and the loading hold for a certain time can
reduce the peak of smoke and NOX emissions. However, whether the longer the loading hold time
is, the more the smoke and NOX peak will decrease should be further investigated. For this reason,
loading strategies involving different loading hold times have been studied. Detailed test conditions
are given in Table 4 and Figure 4b.

Figure 10a illustrates that, the torque transient response time of 50% load is basically same under
SSL 3–6 strategies. Besides, the smaller the loading hold time, the shorter the torque transient response
time of 90% load. In Figure 10b, the torque response rate (δ) of SSL 4 strategy at 90% load is the highest
about 12.9%, whereas the δ value of the SSL 6 strategy at 90% load is the smallest (about 2.8%).
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Thus, this gives rise to slightly worsening EGR rate overshoot at medium and large loads
(Figure 12d). Besides, in Figure 12a, with the lower intake pressure and exhaust temperature of
the SSL 6 strategy, the air inflow is relatively smaller.
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However, the cycle injected fuel quantity increases with larger loading rate. Therefore, compared
with other SSL strategies, the air supply lags behind the fuel supply more intensively under the
second-stage loading process. Moreover, with increasing second-stage loading rate, decrease of air-fuel
mixing energy (ME) weakens the turbulent kinetic energy and mixing of oil and gas [23]. In addition,
the longer loading hold time causes a higher in-cylinder average temperature. Consequently, the factors
above lead to deterioration of smoke emissions under the SSL 6 strategy, but not higher than that
of the FSL strategy. In Figure 11b, the accumulated emission levels of smoke are the largest under
the SSL 4 strategy, which deteriorates by 14% compared with the FSL strategy. Due to the shorter
loading hold time, the AFR is lower than other loading strategies, during the medium and later stage
of transient process in Figure 12c. Therefore, it’s extremely critical to apply a suitable loading hold
time for optimizing transient performance.

With the longer loading hold time, the combustion phasing (CA10 and CA50) of the SSL strategies
is not closer to the TDC than that of the FSL strategy, under the second-stage loading process illustrated
in Figure 12b. Especially, the SSL 6 strategy has the longest loading hold time, but its combustion
phase is almost the same as the FSL strategy. The results indicate that, too large a second-stage loading
rate deteriorates the degree of the mis-match between air and fuel supply, and the quality of air-fuel
mixture formation. Therefore, the deterioration of combustion thermo-atmosphere and reduction of
the air-fuel mixing energy caused by the larger second-stage loading rate counteract the beneficial
impact of the extending the loading hold time. To sum up, considering the torque dynamic response
performance, combustion phase and emission performance, the SSL 3 strategy (the first-stage loading
rate is 700 N·m/s, loading hold time is 1.2 s, and the 233.3 N·m/s second-stage loading rate) has the
optimal transient performance and greatest applied potential.

4. Conclusions

In this study, SSL strategies are proposed to improve the transient performance of a two-stage
turbocharged diesel engine with HP-EGR system of constant opening valve conditions in a typical 5 s
transient process. The conclusions may be summarized as follows:
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1. The SSL strategies can enhance the intake air energy during the early stage of transient conditions.
Hence, it raises the combustion rate and advances the combustion phase significantly under
medium and large loads.

2. Compared with the FSL strategy, the SSL strategies maximally increase the torque response
performance by 56.7%. Meanwhile, the maximum decreases of smoke opacity and NOX peak are
41.3 % and 7.3 %, respectively.

3. Thanks to extending the loading hold time, an evident reduction of rich mixture is an essential
reason for the soot emission improvement.

4. The application of the SSL 3 strategy obviously restrains the deterioration of thermal conditions
caused by larger second-stage loading rate, then achieves an outstanding trade-off between
torque response and emissions performance.
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Nomenclature

FSL full-stage loading
SSL sectional-stage loading
ATDC after top dead center
◦CA degrees of crank angle
CA10 crank angle where 10% total heat released
CA50 crank angle where 50% total heat released
EGR exhaust gas recirculation
TDC top dead center
ECU electronic control unit
DAC digital to analog converter
ADC analog to digital converter
rpm revolutions per minute
AFR air-fuel ratio
BSFC brake specific fuel consumption
ppm parts per million
ϕ equivalence ratio
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