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ABSTRACT

During the highly transient process of the direct-start in a four-cylinder GDI engine, each cylinder exhibits spe-
cific characteristics in terms of in-cylinder conditions and energy demands, necessitating different control for each
cylinder. However, recent studies have paid insufficient attention to cylinders other than the first starting cylinder.
This paper proposes a comprehensive control strategy based on experimental data from the direct-start process of
the second, third, and fourth cylinders, aiming to enhance the characteristics of combustion and emission perfor-
mance through the optimization of injection timing, equivalence ratio, and ignition timing. The research findings
indicate that the second cylinder should inject fuel approximately 10 ms after the first cylinder ignites to mix thor-
oughly the fuel with air. The ignition timing of the second cylinder should be close to the highest point of the
piston movement to minimize hindrance to the piston compression process. The third and fourth cylinders
should adopt a delayed injection timing strategy to prevent the escape of injected fuel caused by low engine speed.
The optimal ignition timing for the third cylinder is 20°CA BTDC, while the fourth cylinder should be ignited
earlier due to its stronger airflow and faster formation of a mixture that can be ignited. As the fuel injection quan-
tity increases, the power output of the three cylinders enhances, but at the same time, emissions also increase.
Therefore, their optimal equivalence ratios are determined as 1.2, 1.4, and 1.2, respectively, striking a balance
between combustion and emission performances.
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1 Introduction

In cities with insufficient transportation infrastructure, vehicle idling is very common due to traffic
congestion [1]. During idling, the engine suffers from insufficient intake, increased throttle power loss,
and incomplete fuel combustion, leading to negative impacts on engine efficiency and emissions [2—8].
Research has shown that compared to continuous idling, restarting the engine after shutting off for more
than 7 s can reduce fuel consumption and avoid the generation of a significant amount of pollutants
during idle conditions [9]. Therefore, start-stop technology has gained popularity in recent years. By
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implementing stop-start technology, the vehicles can shut down the engine when the engine is idle and
subsequently reactivate it according to the driver’s request. Tests conducted on vehicles equipped with
start-stop systems have demonstrated fuel economy improvements of 5.3% in the city cycle and
approximately 4.0% in the highway drive cycle [10]. Moreover, start-stop technology also contributes to
emission reduction such as NOx [11,12]. The existing stop-start systems typically employ motor-driven
starting methods, using an auxiliary motor as the power output source for starting the engine after
shutdown [13,14].

Direct-start is another strategy for achieving start-stop technology. Typically applied in GDI engines, the
start-up methods can be categorized into forward direct start and reverse direct start. In the forward direct
start process, the expansion cylinder is ignited first, compressing the mixture in the compression cylinder,
followed by the ignition of the compression cylinder, which pushes the crankshaft to continue rotating
forward, thus completing the start process. The reverse direct start process usually selects the cylinder
that is on the compression stroke when the engine is stopped as the starting cylinder (also known as the
first cylinder), injecting fuel into the starting cylinder, igniting the mixture, and pushing the crankshaft to
rotate in reverse to start the engine [15-20]. Current research on forward direct start is limited. Compared
to reverse direct start, it requires overcoming additional mechanical resistance from engine accessories
like water pumps and oil pumps. Sun et al. [21] studied the compression cylinder in forward direct start
and found that when the ignition timing of the compression cylinder remains close to the top dead center
(TDC) of compression, the engine can achieve improved dynamic performance. This paper focuses on the
reverse direct start process and will hereafter simply refer to it as a direct start. Relevant research mainly
focuses on the control strategy of the first cylinder in the four-cylinder GDI engine. Kramer et al. [22]
measured the oxygen content in the first cylinder during the direct-start process using a gas sampling
valve (GSV) and improved the oxygen concentration in the cylinder by controlling the throttle valve, idle
speed, and valve timing. Kulzer et al. [23] conducted research on the success rate of the direct-start
process under different engine initial temperature conditions. Zhong et al. [24] studied the effects of the
initial piston position, coolant temperature, and fuel injection pressure on the combustion and power
performance of the first cylinder. Xie et al. [25] studied the start performance of the first and second
cylinders of a four-cylinder engine and found that the best time to ignite the mixture in the second
cylinder is close to the moment when the crankshaft changes the direction of rotation.

The working conditions of each cylinder in the direct-start process exhibit significant differences,
necessitating separate adjustment and control of fuel injection and ignition parameters for each cylinder;
and develop an overall control strategy ultimately. However, there are currently few research reports on
the overall control of this process, so there is not enough data and complete research results to provide to
engine manufacturers, which will directly lead to an increase in the uncontrollability of the direct-start
process, i.e., leading to possible insufficient and unstable in-cylinder combustion. When the direct start is
employed, the combustion in the first cylinder is imperative since it generates the vast majority of the
energy for the engine [23,26]. However, the lack of fuel-air movement leads to poor mixture preparation,
thus hampers the combustion. The fluid-dynamic aspects, such as inadequate airflow patterns and
insufficient mixing of fuel during the direct-start process, must be considered. In particular, the
incomplete development of swirl and tumble motions at low engine speeds complicates mixture
formation, necessitating the use of high-pressure injections to promote atomization and ensure a
homogeneous air-fuel mixture. Additionally, low in-cylinder temperatures can hinder fuel evaporation,
leading to stratified mixtures that challenge stable ignition and combustion. It has been demonstrated that
the enrichment of fuel and multiple injection strategies can effectively solve this issue [27-29].
Thereafter, the initiated combustion in the first cylinder rotates the crankshaft reversely while
compressing the mixture in the second cylinder, which helps to obtain the forward rotation ability
through the combustion. The power generated by combustion requires to be able to push the piston to the
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TDC. As the third cylinder enters the expansion stroke, due to the complete compression process and
sufficient air volume in the cylinder, the third cylinder can output more power, driving the engine to run
smoothly. The fourth cylinder undergoes a complete air change process, with a high engine speed during
the intake process, resulting in stronger airflow movement in the cylinder. The starting process of the
third and fourth cylinders approaches the normal working process of the engine compared with the
second cylinder. Because part of the gas from the first cylinder is discharged into the intake port and
the throttle opening is small, the pressure in the intake pipe is very high; thus the air volume in the
cylinder prior to the ignition of the third and fourth cylinders is greater than the air intake volume of the
single cylinder at idle speed.

It should be noted that the low speed and the lack of ventilation of the second cylinder can also result in
poor mixing. In the second cylinder, inadequate fuel atomization and poor mixing are compounded by
insufficient air movement, particularly during low-speed direct starts. This can lead to incomplete
combustion and increased hydrocarbons (HC) emissions. Addressing these challenges requires an
optimized injection strategy that enhances mixture formation and compensates for the limited air
movement within the cylinder. Therefore, the crucial factor ensuring a successful direct start lies in not
only the combustion improvement of the first cylinder but also the second cylinder to generate the
required energy to propel the piston through TDC [25]. Additionally, precise control of fuel injection and
ignition parameters is required for the third and fourth cylinders due to their unique operating conditions
in order to achieve optimal performance. This paper aims to develop an overall fuel injection strategy for
the direct-start process by analyzing the combustion, motion, and HC emissions characteristics of the
second, third, and fourth cylinders. The research findings will contribute to the optimization of control
parameters for all four cylinders in the direct start process.

2 Structure

2.1 Experimental Setup
Fig. 1 illustrates the schematic diagram of the engine test bed. The engine utilized in this experiment is a
four-cylinder, inline, direct-injection gasoline engine. Table 1 displays the parameters of the engine.

Pressure sensors are installed in the cylinders and intake manifold to measure pressure variations. The
crankshaft angle is detected by a single-turn absolute encoder. Considering that the crankshaft requires two
complete rotations per cycle, the encoder is connected to a transmission mechanism with a gear ratio of 1:2 to
ensure that the encoder signal corresponds to the 720-degree crankshaft angle signal. The HFR500 flame
ionization detector has two sampling channels, which are used for in-cylinder sampling and exhaust
sampling of hydrocarbons (HC) separately. Since the HFR500 uses propane as the reference for
calibration, the measured value is the concentration value of C3. Since HFR500 uses propane as a
calibration reference, for all hydrocarbons measured, the measured value is represented in terms of
C3 concentration. For in-cylinder sampling, a numeric conversion is required to analyze the fuel
concentration in the mixture. The air-fuel ratio of the in-cylinder mixture can be calculated using the
following formula:

My - (1 x 10° — PPM)

= 1
* Mc,p, - PPM (M

The PPM denotes the concentration of the C3 detected by the HFR500 detector. M. and M35
correspond to the molecular mass of the air and propane. The stoichiometric concentration of propane in
the air is approximately 42,000 ppm, which can be further calculated to obtain the equivalence ratio of
the mixture.
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Figure 1: The schematic diagram of the engine test bench

Table 1: Engine parameters

Parameters Value

Displacement 2L

Compression ratio 9.2

Bore 86 mm

Stroke 86 mm

Connecting rod 145.5 mm

Rated power 164 kW@5300 r/min
Maximum torque 350 N-m@2000 r/min

The electronic control system has been designed as follows. The traditional engine control unit (ECU)
controls engine starting based on parameters such as engine speed during reverse drag starting [30].
However, in the case of direct starting, fuel injection; and ignition control need to be based on the
crankshaft angle position and other engine states before starting. Furthermore, precise control within each
engine cycle is required. Therefore, a microcontroller unit (MCU) is utilized for controlling the direct
starting process instead of direct control by the ECU. The MCU adopts the STM32 core and the control
program is written in the C language. The SADI driver system is employed to boost the coil current of
the fuel injectors. The MP421 acquisition module is used for data acquisition from the measuring
instruments. Table 2 lists the parameters of the measuring instruments.
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Table 2: Parameters of the measuring instruments

Instruments Model Manufacturer ~ Accuracy
Cylinder pressure sensor  6125B Kistler 360 pc/MPa
Intake pressure sensor 4007C Kistler <£10 Pa/g
Charge amplifier 5064 Kistler

In-cylinder HC analyzer HFR500 Combustion 5 ppmC;y
Exhaust HC analyzer HFR500 Combustion 5 ppmCs
Absolute encoder E6C3-AG5C  Omron

2.2 Experimental Conditions

The firing sequence in the direct-start process differs slightly from the conventional engine firing
sequence, as it undergoes a reverse rotation process. Table 3 presents the working process of each
cylinder in the direct-start process. In a typical four-stroke engine, the firing sequence is 1-3-4-2.
However, in the case of the direct-start process, the earliest ignited cylinder is the one in the compression
stroke at the time of engine shutdown. Therefore, the actual firing sequence for the direct-start process is
1-2-3-4 when the starting cylinder is the first cylinder. To achieve optimal combustion and emission
performance in the first cylinder, the starting position for the first cylinder is set at 80°CA before the top
dead center (BTDC), and the ignition timing is set at 70 ms after fuel injection, according to the
recommendation of Reference [31]. Other experimental conditions include pressurizing the fuel in the
high-pressure oil circuit using 99.9% high-purity nitrogen to achieve an injection pressure of 3—4 MPa,
maintaining the fuel temperature inside the injectors at approximately 30—40 degrees Celsius, and keeping
the coolant temperature between 60—90 degrees Celsius.

Table 3: Work sequence of each cylinder during the direct-start process

Crankshaft ~ —80~ —160 (Reverse) -160~0 0~180 180~360 360~540
angle (°CA (Start forward
ATDC)? rotation)
Ist cylinder Compression (Inject fuel, Compression Power Exhaust Intake
ignite, and then push
reverse)
2nd cylinder Power (Inject fuel, the Power (Ignite) Exhaust Intake Compression

mixture is compressed
during reversal)

3rd cylinder Intake Intake Compression Power Exhaust
(Inject fuel)  (Ignite)
4th cylinder Exhaust Exhaust Intake Compression Power (Ignite)
(Inject fuel)

Note: * The crankshaft angle refers to the position of the first cylinder. ATDC is the abbreviation for after top dead center.

Table 4 presents the experimental cases. In Cases 1 to 3, the Fuel Equivalence Ratio and Ignition Timing
are kept constant while varying the Injection Timing. Case 1 investigates the Injection Timing of the second
cylinder, with an experimental range of 10—60 ms after the start of ignition of the first cylinder (ASOIG) and a
step size of 10 ms. Case 2 focuses on the Injection Timing of the third cylinder, with a range of 100-250°CA
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BTDC and a step size of 50°. Case 3 examines the Injection Timing of the fourth cylinder, ranging from 100—
300°CA BTDC with a 50° step size.

Table 4: The experiment cases

Case Injection timing Fuel equivalence ratio Ignition timing

um The second  The third The forth The The The The second  The third The forth
cylinder cylinder cylinder second  third forth cylinder cylinder cylinder
(ms ASOIG) (°CA BTDC) (°CA BTDC) cylinder cylinder cylinder (°CA ATDC) (°CA ATDC) (°CA ATDC)

1 10-60 - - 1.2 - - 20 - -

2 - 100-250 - - 1.2 - - 20 -

3 - - 100-300 - - 1.2 - - 20

4 10 - - 1.0-1.5 - - 20 - -

5 - 200 - - 1.0-1.6 — - 20 -

6 - - 200 - - 08-12 - - 20

7 10 - - 1.2 - - 20-40 - -

8 - 200 - - 1.2 - - 040 -

9 - - 200 - - 1.2 - - 040

In Cases 4 to 6, the Injection Timing and Ignition Timing remain constant while the Fuel Equivalence
Ratio is varied. Case 4 explores the Fuel Equivalence Ratio for the second cylinder, with experimental points
at 1.0, 1.2, and 1.5. Case 5 investigates the third cylinder’s Fuel Equivalence Ratio, with a range of 1.0—
1.6 and a step size of 0.2. Case 6 studies the Fuel Equivalence Ratio of the fourth cylinder, with a range
of 0.8-1.2 and a step size of 0.1.

In Cases 7 to 9, the Injection Timing and Fuel Equivalence Ratio are held constant while varying the
Ignition Timing. Case 7 examines the Ignition Timing for the second cylinder, with a range of 20—40°CA
ATDC and a step size of 10°. Case 8 focuses on the Ignition Timing of the third cylinder, ranging from
0-40°CA ATDC with a 10° step size. Case 9 investigates the Ignition Timing of the fourth cylinder,
within a range of 0—40°CA ATDC and a step size of 10°. The experimental results and analyses will be
discussed in detail in subsequent sections.

3 Results and Discussion
3.1 Effects of the Injection Timing on Cylinders’ Start Performance

3.1.1 Effects of the Injection Timing on the Mixture Concentration in the Second Cylinder

Due to the low reverse rotation speed and the lack of a ventilation process in the second cylinder, the gas
movement is weak, and it requires a considerable duration for the injected fuel to achieve a state of relative
homogeneity within the mixture. The concentration of the mixture is greatly affected by the injection timing,
so the effect of injection timing on the concentration of the mixture in the second cylinder is studied first. In
addition, as shown in Table 3, since the second cylinder undergoes a reverse-to-forward rotational process,
the change in crankshaft angle is not a monotonically increasing process. Therefore, the time after ASOIG is
designated for analyzing the cylinder pressure and heat release rate. In contrast, for the third and fourth
cylinders, which have undergone a complete compression process, the engine working process is
represented using the crankshaft angle, as commonly employed in the analysis.

The injection of fuel with a theoretical stoichiometric ratio of 1.0 at different injection timing into the
second cylinder resulted in the variation of the mixture concentration around the spark plug shown in
Fig. 2. The results confirm that the formation of the mixture after fuel injection takes a considerable
amount of time due to weak gas movement. For instance, considering that the equivalence ratio when
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gasoline reaches the lean burn limit is 0.6 [32], when fuel injection adopts 10 ms ASOIG, the fuel-air mixture
requires approximately 40 ms to prepare for combustion, corresponding to the piston being positioned at
40°CA after the top dead center (ATDC). Comparing the effects of different injection timings, it can be
observed that later injection timing mitigates the delay in detecting the mixture concentration in the
vicinity of the spark plug. This finding can be attributed to the following explanation. With an earlier
injection timing, the limited gas flow within the cylinder enables fuel penetration, and it takes a longer
time for the injected fuel to form a concentrated mixture near the spark plug. In addition, due to
insufficient development of swirl and tumble patterns within the cylinder, achieving uniform distribution
of the mixture becomes more challenging. The quality of fuel atomization directly impacts the
evaporation rate and mixing efficiency with air, which is particularly problematic under low-speed start
conditions. With the delay of fuel injection timing, the engine has started to reverse and the gas flow in
the cylinder is enhanced. In addition, the gradually decreasing cylinder volume during reverse rotation
enhances the guiding effect of the cylinder wall on the injected fuel beams, leading to the formation of
stronger tumble and eddy currents in the cylinder, which is also the reason for the shortened delay time.
However, when the injection delay expands beyond 50 ms ASOIG, the mixture reaches the ignitable
concentration until the engine reversal speed drops to zero, which will unfavorably hinder the efficient
use of combustion energy after the engine rotates forward. From the results of earlier injections, it can be
seen that the ASOIG of 10 ms favors higher mixture concentrations, and a shorter time interval between
first-cylinder ignition and second-cylinder injection allows them to adjust ignition timing more flexibly.
Therefore, the injection timing of the second cylinder should be set to 10 ms ASOIG. It should also be
noticed that when the theoretical equivalence ratio is 1.0, as illustrated in Fig. 3, the maximum
equivalence ratio of the reacting mixture near the spark plug can only reach about 0.7 under an earlier
fuel injection timing. This insufficient atomization will lead to impeded fuel evaporation during cold start
conditions, resulting in stratified mixtures. In cases of ignition delay and flame propagation, it may lead
to incomplete combustion or combustion failure. As a result, the fuel injection should be enriched to
ensure the reliability of the ignition and movement of the second cylinder.
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Figure 2: The concentration of the mixture of the second cylinder with varying injection timings

Fig. 3 depicts the relationship between crankshaft rotation and engine speed during the direct start
process of the second cylinder under various fuel injection timings (The third cylinder adopts a fuel
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injection timing of 200°CA BTDC, an ignition timing of 20°CA BTDC, and an equivalence ratio of 1.0).
Within the 1040 ms range, as the fuel injection is delayed, there is a slight decline in engine speed.
However, when injection surpasses 50 ms, due to the delayed heat release and work generation in the
second cylinder, the engine’s dynamic performance is severely impacted. Concurrently, the engine speed
during the third cylinder’s compression stroke, corresponding to 180-360°CA BTDC, is lower than that
during the fourth cylinder’s compression stroke, corresponding to 360-540°CA BTDC, indicating a
marked difference in the operational conditions of the third and fourth cylinders.

1400
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Figure 3: Engine speed of direct-start process with different injection timings for the second cylinder

3.1.2 Effects of the Injection Timing on the Third and Fourth Cylinders’ Start Performance

In the experiment of studying the effect of injection timing on the third and fourth cylinders, the
equivalent ratio of fuel injection for the third and fourth cylinders is set to 1.2, and the ignition timing is
set to 20°CA BTDC. Fig. 4 shows that the combustion deteriorates under the earlier injection timing, and
the peak values of cylinder pressure and heat release rate drop sharply. In contrast, using a later injection
timing can achieve better combustion performance. For the third and fourth cylinders, due to different
intake conditions, optimization of the injection timing needs to consider the strength of the intake flow
and the degree of fuel atomization to ensure better mixing with the air and the formation of a
homogeneous combustible mixture. The case with 100°CA BTDC holds the shortest ignition delay for
both cylinders, which can be explained as follows. The intake valve happens to be closed at this time;
thus, the fuel that has been injected can effectively blend with the air due to the presence of turbulence,
resulting in an increase in the concentration of the ignited mixture, leading to relatively optimal
combustion. When the injection timing is too early (250°CA BTDC and 300°CA BTDC), due to the
slower piston movement and the smaller cylinder volume, a portion of the injected fuel is expelled into
the intake manifold. Additionally, the relatively homogeneous mixture formed is pushed into the intake
manifold during the early compression stroke, owing to the delayed closing of the intake valve, which
affects the total in-cylinder mixture and makes it difficult to ignite. When the injection timing is near
the bottom (at 150°CA BTDC and 200°CA BTDC), the intake valve remains open. Although the
instantaneous speed of the piston is small, the pressure in the intake manifold surpasses that within the
cylinder. Due to intake inertia, the airflow continues to move towards the lower part of the cylinder.
Under these conditions, the gas concentration in the lower part of the cylinder is significant and finds it
challenging to disperse to the upper part, which affects combustion performance.
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Figure 4: Heat release rate and cylinder pressure of the third and fourth cylinders with different injection
timings

Fig. 5 plots the third and fourth cylinders’ top speed at which the engine can accelerate and the
maximum rotational speed of the engine with different injection timings. The late fuel injection stage can
obtain the highest maximum acceleration and engine speed, and the work capacity is the strongest at this
time. While for the early fuel injection affected by the misfire, the movement mainly depends on the
inertia generated by the combustion work of the previous ignition cylinder. For late fuel injection near the
bottom dead center, due to the comparable word capacity combustion in the late fuel injection strategy,
there is no significant difference in maximum acceleration speed and engine speed.

In order to enhance the combustion efficiency and increase the power output of the engine, the intake
valves of the third and fourth cylinders should be closed before fuel injection when the injected fuel can
be better mixed with the air to increase the work capacity of combustion and produce a better sports effect.
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Figure 5: Maximum acceleration engine speed and the maximum engine speed of the third and fourth
cylinders with different injection timings

3.2 Effects of the Fuel Equivalence Ratio on Cylinders’ Start Performance

3.2.1 Effects of the Equivalence Ratio on the Second Cylinder s Start Performance

Due to weak gas movement in the second cylinder, a large amount of fuel adheres to the cylinder wall.
Therefore, it is crucial to enrich the fuel injection so that the desired mixture concentration is achieved for
ignition. The equivalence ratio mentioned here is obtained based on the actual fuel injection quantity and
the amount of air within the cylinder, which surpasses the equivalence ratio of the mixture actually
present within the cylinder to achieve better combustion performance. Due to the low temperature during
cold starts, fuel evaporation efficiency is poor, so it is necessary to appropriately increase the air-fuel ratio
to ensure that the fuel can evaporate fully and form a uniform mixture. This not only helps with ignition
but also reduces localized incomplete combustion caused by fuel adhering to the cylinder wall.

Fig. 6 depicts the rate of thermal energy release and the variation in pressure within the cylinder for
different equivalence ratios when the injection timing is 10 ms ASOIG. As expected, a higher
equivalence ratio induces a faster growth of the two parameters due to the more intense combustion.
However, while the equivalence ratio has reached 1.2 or higher, similar combustion performances are
achieved even for the sensitive peak value of the heat release rate. At a concentration ratio of 1.2, the rate
is approximately 205 J/ms, while at a concentration ratio of 1.5, it is approximately 220 J/ms. This
indicates that while higher equivalence ratios lead to faster and more intense combustion, the benefits
diminish after reaching a certain point.

Similarly, the cylinder pressure increases with a higher equivalence ratio. As the fuel-air mixture
becomes richer, the combustion process generates more energy, leading to higher peak pressures in the
cylinder. However, like the heat release rate, the increase in cylinder pressure becomes less significant
beyond an equivalence ratio of 1.2.
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Figure 6: Heat release rate and cylinder pressure of the second cylinder with different equivalence ratios

For the motion characteristics, as the equivalence ratio increases, the piston’s highest point lowers, thus
indicating the earlier start point of the engine’s forward rotation. The reason lies that under the larger
equivalence ratio, the ignition delay is shorter, which contributes to advancing the heat release starting
point and increasing the pressure in the cylinder. The caused intense combustion will further impede the
piston’s upward movement.

Fig. 7a illustrates the variation in hydrocarbon (HC) emission concentrations with crank angle at
equivalence ratios of 1.0, 1.2, and 1.5 after starting forward rotation. During the 0-120°CA ATDC phase,
the exhaust valve of the second cylinder has not yet opened. Prior to idling stop, due to incomplete
combustion of the mixture under idle conditions, the HC content not discharged in the exhaust manifold
during this phase is relatively high. Subsequently, as the second cylinder begins to exhaust, improvements
in its combustion lead to a sharp decline in HC concentration towards the later stages of the exhaust
stroke. It is noted that under idle conditions, the equivalence ratio is 1.15, thus when employing a
stoichiometric ratio of 1.0 during the direct start process, there is a significant decrease in HC
concentration after the second cylinder begins to exhaust. Around 320°CA ATDC, the hydrocarbon
emissions are notably reduced compared to the original HC value in the exhaust manifold, suggesting
that the HC emissions from the second cylinder are better than under idle conditions. After 300°CA
ATDC, the first cylinder starts to release, and the concentration gradually increases. Fig. 7b presents the
cumulative HC emission mass in the direct start process. Comparing different equivalence ratios, HC
emission levels rise with increasing equivalence ratio. Therefore, to achieve improved emission
characteristics along with the aforementioned combustion and motion traits, an equivalence ratio of 1.2 is
the optimal choice for the second cylinder.

3.2.2 Effects of the Equivalence Ratio on the Third and Fourth Cylinders’ Start Performance

Due to the different intake conditions, the basis for calculating equivalence ratios of the third and fourth
cylinder is also different: the former is based on the air content at the shutdown moment, while the latter is on
the cylinder displacement. For the third cylinder, since the equivalence ratio is 1.15 at idle speed and under
normal engine operation conditions (IMEP = 0.2 MPa @ 2000 r/min) and the air volume is slightly larger
than when the engine shuts down, the equivalence ratio range of 1.0-1.6 is researched. For the fourth
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cylinder, the pressure inside the cylinder during the intake process is inferior to the atmospheric pressure, and
thus the intake air is less than that corresponding to the engine displacement. Therefore, the equivalence ratio
of 0.8—1.2 is selected to study the start performance of the fourth cylinder. In addition, the experimental
configuration involves the adjustment of the injection timing to 200°CA BTDC and ignition timing to
20°CA BTDC. It should be noted that since the direct start process requires control of only the first cycle,
the control of fuel injection and ignition is promptly returned to the original engine ECU after the control
of the first cycle is completed. When resuming control, the ECU did not receive the accelerator pedal
command when it recognized the current engine speed. Therefore, the engine will enter the idle state and
adopt the fuel injection timing set for idling. The default fuel injection timing of the engine at idle is
278°CA BTDC, which is significantly different from 100°CA BTDC. To avoid significant performance
fluctuations due to an abrupt switch, in the experimental setup of studying the effect of equivalence ratio
and ignition timing on the direct start process of the third and fourth cylinders, a compromise fuel
injection timing of 200°CA was used for the third and fourth cylinders. Similarly, in Section 3.1.2, when
studying the injection timing of the third or fourth cylinder, the other cylinder uses 200°CA BTDC.
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Figure 7: Exhaust HC emission concentration and total mass of the second cylinder with different
equivalence ratios

Fig. 8 displays the rate of thermal energy release and the variation in pressure within the cylinder of the
third and fourth cylinders with different equivalence ratios. Overall, a misfire occurs in both cylinders under
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the small equivalence ratio (1.0 for the third cylinder; 0.8—1.0 for the fourth cylinder), showing that reducing
fuel injection quantity can significantly influence the ignition reliability. The phenomenon is because
although air movement is a little stronger in the third and fourth cylinders than in the first two cylinders,
better to promote mixture formation, some fuel is still attached to the cylinder wall due to the larger
injection pulse width. Consequently, the fuel participating in forming the mixture is still less than the
actual injection quantity, decreasing the ignition reliability. As the equivalence ratio increases, there is an
enhancement in the combustion process, as evidenced by the more rapid rise and higher peak values of
both the heat release rate and cylinder pressure. However, when the equivalence ratio reaches a critical
point (1.4 for the third cylinder and 1.2 for the fourth cylinder), the above improvements yielded by
increasing fuel injection become weak.
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Figure 8: Heat release rate and cylinder pressure of third and fourth cylinders with different equivalence
ratios

Furthermore, the combustion characteristics can explain the engine motion characteristics shown in
Fig. 9: with an increase in fuel injection mass, both the peak acceleration engine speed and maximum
engine speed exhibit an upward trend. Meanwhile, there is a corresponding critical point in their rising
trends. Therefore, from the perspective of combustion performance and motion law, increasing fuel
injection volume only limitedly improves direct-start performance. On the other hand, excessive fuel
injection can cause numerous HC emissions. Therefore, it can be concluded that the optimal equivalence
ratio for starting the third cylinder is 1.4, and for the fourth cylinder is 1.2.

3.3 Effects of the Ignition Timing on Cylinders’ Start Performance

3.3.1 Effects of the Ignition Timing on the Second Cylinder s Start Performance

Ignition timing exerts an impact on multiple aspects of the engine performance, including the initiation
of combustion, the work output, and ultimately, the thermal efficiency of the engine. Too early or too late
ignition timing can cause significant variations in combustion characteristics. Therefore, ignition timing is
crucial for the direct starting of the second cylinder. Otherwise, too early heat release advances the work
time, weakens the compression degree, and thus hinders the reverse movement to a certain extent, while
too late ignition in the expansion stroke decreases the actual compression ratio and reduces the thermal
efficiency. Ignition delay is directly influenced by the efficiency of fuel-air mixture formation, especially
in the second cylinder, where the delay in mixture formation leads to increased ignition delay time,
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affecting the flame propagation speed. In-cylinder turbulence can either aid or hinder flame propagation,
depending on its intensity and the distribution of the mixture. Therefore, the guiding principle for
adjusting the ignition timing is to place the commencement of the pressure rise close to the piston’s
highest moving point and thus yield better combustion and movement effects. In this section, the fuel
injection timing is fixed at 10 ms ASOIG to expand the experimental range of the ignition timing. Since
the mixture close to the spark plug reaches the concentration suitable for ignition at about 40°CA ATDC
and the reverse rotation ends at 20°CA ATDC, the interval of 20—40°CA ATDC is studied. It should be
noted that the ignition of the second cylinder occurs during the reverse rotation process. Meanwhile, the
equivalence ratio of 1.2 is adopted to ensure ignition reliability.
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Figure 9: Maximum acceleration speed and maximum engine speed of third and fourth cylinders with
different equivalence ratios

Figs. 10 and 11 display the second cylinder’s combustion and motion characteristics with the ignition
timing of 20°CA ATDC, 30°CA ATDC, and 40°CA ATDC, respectively. Different from the normal
positive correlation between ignition timing and combustion performance (Fig. 11), the combustion has
completed before the expansion stroke under too early ignition timing (40°CA ATDC) so that the rising
cylinder pressure inevitably impedes the piston’s movement as depicted in Fig. 12a, leading to the
forward rotation before the reverse motion ends. With the ignition timing delayed to 20°CA ATDC,
the combustion completes after the highest point of the piston movement, and the work will start after the
end of the reverse movement. As the ignition timing is retarded, the start of the piston movement occurs
near the end of the reverse movement, especially since the piston’s motion is already behind the endpoint
when the ignition timing is 20°CA ATDC, which does not hinder the compression process of other
cylinder caused by the combustion of the first cylinder.
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Figure 10: Heat release rate and cylinder pressure of the
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Furthermore, Fig. 11b,c quantitively compares the work capacity of the second cylinder with different
ignition timings. The maximum acceleration exhibits an upward trend as the ignition timing is advanced
while the maximum rotational speed value decreases. The reason is that under an earlier ignition timing,
the compression resistance is strengthened, necessitating a more substantial expansion force to counteract
the heightened compression resistance induced by combustion, resulting in a larger maximum forward
acceleration. In addition, based on the work calculation results, the total amount of work is 277 J when
the ignition timing is 40°CA ATDC, compared with 295 J and 301 J at 30°CA and 20°CA ATDC,
respectively. Hence the ignition timing should be close to the endpoint of the reversal motion and make
full use of the reverse motion. Additionally, the higher cylinder pressure after compression causes a
reduction in the ignition delay time of the second cylinder relative to the first cylinder. Therefore, the
ignition timing should be slightly ahead of the pure compression peak time to achieve the best starting effect.
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Fig. 12 plots the HC emissions under different ignition timings. HC emissions at 30°CA ATDC are
lower than at 20°CA ATDC and 40°CA ATDC. The explanation for this phenomenon lies in the
combustion degree of the fuel-air mixture, which is characterized by the total fuel efficiency (ratio of fuel
mass burned to total injected fuel, calculated from the heat release rate and the amount of fuel injected).
From the calculation results, the fuel efficiency is comparable in three cases, although the ignition timing
of 30°CA ATDC holds the highest fuel efficiency (74.8%), slightly higher than that of 20°CA ATDC
(74.5%) as well as 40°CA ATDC (73.4%). Therefore, it can be concluded that the ignition timing for
starting the second cylinder can slightly extend forward from the endpoint of the reversal motion.
Furthermore, given the analysis above of the combustion and motion characteristics, the ignition timing
should be close to the second cylinder’s highest point of compression movement.
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Figure 12: Exhaust HC emission concentration and total mass of the second cylinder with different ignition
timings

3.3.2 Effects of the Ignition Timing on the Third and Fourth Cylinders’ Start Performance
For the third and fourth cylinders that are close to normal engine operation, the ignition timing requires
to be further optimization based on the range of 0—40°CA BTDC, given that the engine’s ignition timing at



FDMP, 2025, vol.21, no.2 421

idling conditions and normal operating conditions is 7°CA and 35°CA ATDC, respectively. In addition, the
experimental setup is set with an injection timing of 200°CA BTDC and a fuel equivalence ratio of 1.2.

Fig. 13 compares the cylinder pressure as well as the heat release rate of the third and fourth cylinders
with different ignition timings. In general, the earlier ignition timing is advantageous for advancing the
combustion start point, guiding the combustion phase in proximity to the TDC, thus improving cylinder
heat release and pressure. However, it is worth noting that when applying the same ignition timing, the
two cylinders manifest different combustion performances. Specifically, the optimal ignition timing for
the third cylinder is 20°CA BTDC, where there is a noticeable advancement in the start point of heat
release and cylinder pressure, as well as the highest heat release rate (~180 J/ms, compared with
~110 J/ms of 0°CA BTDC), indicating the most efficient combustion effect. In comparison, the
combustion performance of the fourth cylinder is improved with more advanced ignition timing; for
instance, under the 40°CA BTDC, the heat release starts earlier, with the drastically enhanced heat release
rate (~300 J/ms) and cylinder pressure (~2.5 MPa). The above phenomenon stems from the fact that in
the direct start of the third cylinder, the rotation speed is low during the intake process (the speed is zero
at the beginning of the forward rotation), and the low intake flow rate has a minor contribution to the
formation of the mixture. Consequently, unfavorable mixture distribution characteristics arise, with an
excessively rich mixture in the lower part of the cylinder and an overly lean mixture in the upper.
Favorably, the later ignition timing can partially alleviate this problem by providing sufficient time for the
gas to mix up. In this way, the combustion is improved, which directly yields a stronger work capacity.
As shown in Fig. 14, the maximum rotational speed and acceleration are the largest. Based on the
combustion characteristics for the fourth cylinder, it can be found that the engine speed and acceleration
speed increase with the advanced ignition timing, which is identical to the conventional ignition timing
control approach. Therefore, the optimal ignition timing for the third cylinder should be 20°CA BTDC,
while a more advanced ignition should be adopted for the fourth cylinder.
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Comprehensively considering the above experimental results, the summary is as follows: the engine
speed enhancement ensures the ignition’s reliability and advantages in establishing the rotational inertia
force. Due to the relatively less fuel in the cylinder compared to air as well as the lower engine speed
through the intake process, the formation of the mixture is more challenging than the idling and normal
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operation. In such a case, it is necessary to enrich the injected fuel and delay the fuel injection timing to
ensure complete utilization of the injected fuel. Moreover, the third cylinder exhibits the best start
performance at an ignition timing of 20°CA ATDC, and the fourth cylinder instead should adopt a larger
ignition advanced timing to improve the combustion performance.
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3.4 Summary of Optimized Injection Parameters of Each Cylinder

Through the above analysis, it can be observed that the control strategy of different cylinders under the
direct-start strategy does have specific particularity due to their motion and gas flow characteristics. Through
the above analysis, it can be observed that different cylinders have specific characteristics in terms of control
strategy under the direct start strategy, which are impacted by their motion and airflow properties.

Due to the fact that the second cylinder completes fuel injection as well as ignition during the reversal
process, the control strategy is almost grounded on the combustion and work conditions of the first cylinder.
According to our previous research [26,33], the lack of the intake process for the first cylinder and thus the
poor mixture mixing degree, the combustion deteriorates considerably and requires significant fuel
enrichment, up to 1.6—1.8. The use of a split flow injection strategy also contributes to combustion.

For the second cylinder, although the engine has started to reverse before ignition, and the mixture
formation within the cylinder is enhanced in comparison to that of the first cylinder, the injected fuel still
demands enrichment due to the weak airflow and the fuel retention, and the equivalence ratio is smaller
than the first cylinder. An earlier fuel injection timing can be exploited to ensure a more uniform mixture
distribution to get a higher mixture concentration during ignition. Moreover, the ignition timing
adjustment depends on the engine movement after the reversal. The optimized ignition timing is close to



FDMP, 2025, vol.21, no.2 423

the highest point of the second cylinder’s piston to reduce the hindrance to the compression process and
improve the second cylinder’s thermal efficiency.

The third and fourth cylinders hold a complete compression stroke and approach the engine’s normal
operation process so that the control refers to the engine’s actual operating parameters. Although the high
pressure in the intake manifold leads to an increase in the intake gas volume and, consequently the mass
of injected fuel, fuel enrichment is still indispensable due to the insufficient evaporation of fuel and
intensified wall attachment at low engine speeds. This study’s better fuel equivalence ratio is about 1.2,
slightly larger than the idling and normal operating conditions. Besides, the late injection strategy is more
applicable for directly starting the third and fourth cylinders; precisely, after the closed angle of the intake
valve, making full use of the gas flow capacity in the cylinder and increasing the mixture’s fuel quality
improve combustion and fuel efficiency. On the other hand, a more advanced ignition timing should be
adopted for the fourth cylinder that approaches normal operating conditions to improve thermal
efficiency. In contrast, an ignition timing of approximately 20°CA BTDC is preferred for the third
cylinder, or the advanced ignition timing would lower the mixture concentration during ignition, prolong
the ignition delay period, and damage the combustion effect. Table 5 summarizes the control parameters
of each cylinder in the direct-start process and compares the differences between direct-start, idling
operating, and normal operating conditions.

Table 5: Control parameters of each cylinder during the direct-start process

Ist cylinder” 2nd cylinder 3rd cylinder 4th cylinder Idling operation

Volume (L) 0.304 0.391 0.56 0.56° 0.56°
Cylinder pressure (MPa) 0.1 0.1 0.09° 0.08° 0.046°
Fuel injection mass (mg) 33.461 32.27 38.59 47.1 13.6
Equivalence ratio 1.6 1.2 1.18° 1.2 1.15
Injection timing (°CA BTDC) 1 ms (split) 10 ms ASOIG 100 100 278
Ignition timing (°CA BTDC) 70 ms ASOI¢ —30 20 40 =7

Note: * The injection strategy for the first cylinder adopts the research data from our previous study [26,33]; ® The displacement and pressure of the
third and fourth cylinders are calculated referred to the end of the intake process; © The equivalence ratio of the third cylinder is obtained from the
experiment ratio calibrated by the air volume at the end of the intake; ¢ ASOI is the abbreviation for after the start of injection.

4 Conclusion

The direct start is a highly transient process, and four cylinders in different strokes have certain
particularities in the combustion and movement in the direct-start process, which crucially demands
specific control for each cylinder. By conducting a comprehensive analysis of the engine characteristics
under varying control parameters, this study presents an integrated optimal control approach for the
cylinders. Based on the findings, key findings are as follows:

Injection Timing Optimization: The second cylinder achieves optimal combustion performance with
an earlier injection timing (10 ms ASOIG), allowing sufficient time for thorough fuel-air mixing. For the
third and fourth cylinders, a delayed injection timing, synchronized with the intake valve closure, was
found to be most effective, ensuring better mixture formation and combustion efficiency.

Ignition Timing Optimization: The second cylinder’s ignition timing is best-set close to the highest
point of piston movement, enhancing thermal efficiency and minimizing compression hindrance. The
third cylinder performs optimally with an ignition timing around 20°CA BTDC, balancing combustion
rate with energy utilization. The fourth cylinder benefits from a more advanced ignition timing (around
40°CA BTDC) due to stronger airflow and quicker mixture formation.
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Combustion and Emission Performance: Enriching the fuel injection for the second cylinder is
necessary to ensure reliable ignition and efficient combustion, given the weaker gas movement. The
optimal equivalence ratios were identified as 1.2 for the second and fourth cylinders, and 1.4 for the third
cylinder, balancing combustion efficiency and emissions. Additionally, interference between intake flows
in different cylinders also leads to combustion variations between cycles, especially when shared intake
and exhaust manifolds are used.

Fuel Atomization and In-Cylinder Airflow Dynamics: Fuel injection dynamics and in-cylinder flow
patterns have a significant impact on combustion and ignition during the direct-start process. Particularly
under low-speed and cold-start conditions, the quality of fuel atomization, the speed of mixture
formation, and the distribution of airflows within the cylinders are critical to ensuring stable combustion.

These findings provide a comprehensive strategy for optimizing the direct-start process in GDI engines,
contributing to improved engine performance and reduced emissions during start-up.
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