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Abstract: Thermal efficiency and power density improvement are the main research foci of the
literature on diesel engines. The Miller cycle is considered to be one of the most promising methods of
diesel engine operation. In this study, a fully variable valve timing and lift mechanism (CD-HFVVS)
was studied to determine the possibility of a Miller operation. Firstly, the valve seat impact buffer
in the mechanism was tested, which proved that the buffer can effectively eliminate the valve seat
impact. Then the influences of different speeds and oil temperatures were studied. The results
show that the valve opening duration is prolonged when engine speed increases, and the valve
lift and duration are reduced while the oil temperature increased. The valve timing and lift can be
fully adjusted by changing the oil discharge position and the initial plunger position, which further
proves that CD-HFVVS can achieve the performance optimization of the Miller cycle. By using the
mechanism, a single cylinder test was performed. By using variable inlet valve timing, the fuel
efficiency can be effectively improved and the peak pressure and in-cylinder average temperature
can both be suppressed.

Keywords: Miller cycle; diesel engine; CD-HFVVS; valve seating jerk buffer; performance optimizing

1. Introduction

Modern diesel engines mainly aim at higher power density and lower fuel consump-
tion. There are two ways to improve the power density of diesel engine; one way is to
increase fuel injection, the other is to increase the speed. For this reason, high pressure
common rail fuel systems and high speed are frequently used in heavy duty diesel engines.
However, the diesel engine designed by the traditional diesel cycle has been unable to meet
the demands of higher power density. In recent years, due to the successful application
of the Miller cycle engine in the gasoline engine, more and more researchers have paid
attention to the application potential of the Miller cycle in the diesel engine, especially in
the high-power diesel engine. Generally speaking, the diesel engine has no variable valve
timing mechanism, because of its large excess-air coefficient. However, for heavy-duty
diesel engines, high heat load and cylinder pressure can be improved by the Miller cycle to
further increase power density. On the other hand, more and more stringent regulations are
being enforced in order to make the automotive industry actively comply with emissions
regulations [1]. To fulfill the limits imposed in the emissions regulations [2], a number of
researchers have implemented the Miller cycle. Kovac modified waste gate control and
scaled the size of the turbocharger to increase the potential of the Miller cycle on heavy
duty diesel engines using a two-stage turbocharging system [3]. Guven Gonca investigated
the influences of design parameters on the performance of the irreversible Otto Miller cycle
engine (OMCE), Diesel Miller cycle engine (DiMCE), and the Dual Miller cycle engine
(DCME) [4]. Carlo Alberto Rinaldini proved that the application of the Miller cycle to the
HSDI diesel engine can reduce the combustion temperature and NOx emissions [5].

Variable valve train systems are the most popular method to realize the Miller cycle
and have been used in high volume production for more than twenty years [6-8]. Many
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auto companies have their own variable valve train systems, which have been widely
installed in all kinds of vehicles. Toyota [9,10], developed the VVT-i system, which is driven
by hydraulics. This system can change the opening and closing timing of the valve at the
same time while maintaining the valve opening duration. [11]. The VVT-E system is driven
by an electric motor and its function is similar to that of the VVT-i, but the engine has better
performance while the engine is at low load [12]. Variable valve timing and lift technology
(VTEC) was developed by Honda [13]. The VTEC system has two or more cam for each
valve, so the cam could be changed according to engine’s load and speed [14]. This system
can change the opening and closing angle of the valve and the valve opening duration.
However, it is a step changing system, so the engine is incapable of working at its best in
all conditions. Valvetronic was developed by BMW [15]. Valvetronic mainly consists of two
parts; one is a VVT gear, the other is a rocker arm. With the effect of this two-part system,
the valve lift and opening duration can be adjusted due to the engine’s condition [16].
Moreover, many researchers have worked on other kinds of variable valve train systems.
Guoming G. Zhu [17] designed a planetary gear system driven by electric motor and used
a closed-loop system to control it. Jinho Kim [18] designed an electromagnetic actuator to
control a valve which could adjust valve timing and duration cycle by cycle. PK. Wong [19]
used a proportional pressure relief valve to control a hydraulic valve driven by camshaft.
It can be seen that there have been many studies on the use of Miller cycle in heavy-duty
diesel engines and the use of variable valve train systems to achieve the Miller cycle. This
paper will combine the two.

This paper basically can be divided into four sections. In Section 1, the working
principle, the testing platform of new variable valve mechanism and the experimental data
processing method are introduced. In Section 2, the diesel engine Miller cycle test bed is
introduced. Section 3 tests a valve seating jerk buffer, which can effectively eliminate valve
seating impact. Section 4 introduces the performance changes of heavy duty diesel engines
after the Miller cycle and shows the performance of the new variable valve mechanism and
the influence of speed and oil temperature on its performance. The application and effect
of the mechanism in the Miller diesel engine are verified.

2. Methods
2.1. New Variable Valve Mechanism
2.1.1. Experimental Device

A new type of cam-driven hydraulic fully variable valve system (CD-HFVS) was
designed to realize the Miller cycle by changing the valve timing. The structure diagram of
the device and test bench is shown in Figure 1. The working principle of this mechanism
is similar to that of in-line pumps. The camshaft drives the plunger to pressurize the oil
in the chamber and then drives the valve. The opening angle, closing angle and lift of the
valve are controlled based on the camshaft profile, initial plunger position and oil draining
position in the plunger chamber. By controlling the initial position of the plunger and the
position of the inclined groove, the timing of the hydraulic oil in the piston chamber is
changed, and then the motion parameters of the valve are changed. The test platform in this
paper mainly includes the low-pressure oil circuit, a valve mechanism, and the acquisition
system. The initial position of the plunger and the position of the inclined groove are
adjusted by control motor. A pressure sensor and a temperature sensor are installed in the
piston chamber. The valve lift is measured by Micro optoNCDT-LD-1627-200 laser position
sensor with 120 um accuracy. The camshaft is equipped with a speed signal plate, and the
valve’s parameters are collected by combining the speed signal with the valve lift signal.



Energies 2022, 15, 8521

3o0f11

5 ‘ Control Motor H Oil Draining }—

0il Tank

6 1 2 ‘ Control Motor H Initial Plunger Position }—[
7 13 CD-HFVVS
Speed Sensor Cam Tappet .
Plunger Chamber
8 CD-HFVVS
Pressure Senor
Piston Chamber
10 ;
} | Laser Displacement Sensor
15 Data Acquisition

System

(b)

Figure 1. Schematic diagram of valve mechanism experiment, including (a) CD-HFVS mechanism
sketch: 1. Low Pressure Oil Ducts, 2. Low Pressure Oil Pump, 3. Relief Valve, 4. Hydraulic Tank,
5. High Pressure Oil Ducts, 6. Plunger Chamber, 7. Plunger, 8. Plunger Rotary Sleeve, 9. Plunger
Seat, 10. Tappet, 11. Camshaft, 12. Piston Chamber, 13. Piston, 14. Valve Spring, and 15. Valve; and
(b) experimental schematic diagram.

2.1.2. Data Processing

Due to the high-speed rotation of the motor driving part and the high-speed recipro-
cating motion of the plunger valve, vibration is inevitable in the system. The sensor used
for signal acquisition has a high response frequency, so there is a certain noise signal in the
collected data.

In this research, a Savitzky-Golay smoothing filter is used to filter data. The principle
of the Savitzky-Golay smoothing filter is that N data points in the data to be processed are
fitted by least squares polynomial of order d. In this paper, 50 data points are selected and
fitted by second-order polynomial [20]. The smoothed curve is shown in Figure 2.
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Figure 2. Test curves after smoothing filtering.

Figure 3 shows the comparison between the speed signal and the lift signal near the
valve opening time. The cam speed signal disk is edged with a spaced circumference of
sixty teeth, but missing two teeth, with one tooth corresponding to a 6° camshaft rotation
angle. If the signal of one tooth is divided into six equal parts, the accuracy of rotation
angle in this paper is 1° camshaft rotation angle, that is, 2° CA. The cam’s top dead center
position of the test system corresponds to the center position of the tooth’s missing signal.
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Sensor Signal(V)

Figure 3. Lift and camshaft angle signals near the valve opening time.

2.2. Miller Cycle Experimental Device

In previous studies [21], the reduction of thermal and friction loads of a single cylinder
high power density diesel engine by the Miller cycle was studied. The test platform is shown
in the following, as Figure 4. The engine tested is supercharged. Because the realization of
the Miller cycle has an effect on the engine intake, the mechanical pressurization method
can ensure that the Lambda (excess air coefficient) of the engine is the same under different
intake valve phases. In order to avoid the influence of the Miller cycle on the fuel supply
system, the common rail fuel injection system is adopted. The engine performance under
different inlet valve phases was compared by the engine operating parameters collected by
cylinder pressure sensor and combustion analyzer.

FuelFlow  Rail Intake Intake

Rate  Pressure Pressure Temperature  Temperature  Pressure

Exhaust

Exhaust  In-cylinder

Pressure > DAQ Card

Common Rail

Supercharger

.= ;
Flow .
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Analyzer
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| Combustion

Figure 4. High-speed HD diesel engine and the schematic of test setup.

The test object is a single cylinder engine. The basic structural parameters of the engine

are shown in the Table 1.

Table 1. Basic engine parameters.

Swept Volume

1.05L

Compression Ratio

14.3:1(Geometric)

Combustion Chamber

Flat roof/4 valves

Valve Train

Double Overhead Camshafts

Fuel Injection

Common Rail

Fuel Standard Diesel
Injection Pressure 1800 bar
Coolant Temperature 80 °C
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By variable valve timing-seeking, the Miller cycle benefits for the engine can be clearly
illustrated. For the original valve lift profile of the test engine, the IVC is —110 deg ATDC.
Miller camshafts are designed with the same rising profile of the original intake valve and
longer holding profile, so that sets the range which can be found in Table 2.

Table 2. Range of variable valve timing.

Open Angle Closure Angle Lift

deg ATDC mm

Intake valve 330 —110~-70 5~7
Exhaust valve 97 389 5~7

3. Results and Discussion
3.1. Performance of Valve Seating Mechanism

The leakage and compressibility of hydraulic oil in the real system are slightly larger
than those in the ideal situation, which makes the acceleration of the valve slower in the
process of opening and closing. Nevertheless, since the system is a hydraulic system, there
is no cam profile constraint in the process of valve opening and closing, and the impact of
the valve is relatively large. In subsequent statements in this section, “oil draining position”
refers to the distance from the rising of the plunger to the connecting low-pressure oil port
of the chute to the rising of the plunger at the maximum lift of the cam, and “initial plunger
position” refers to the distance from the initial position of the plunger top surface to the
closed low-pressure oil port. Their selection range is within the limits of the mechanism
itself. Figure 5 shows the valve velocity curves with different times of early-releasing
oil when at initial plunger position 1 mm and oil draining position of 0, 2, 3 and 4 mm,
respectively. It can be seen that the instantaneous speed of valve seating is between 0.3 m/s
and 0.4 m/s in each case. According to the relevant standards of AVL and FEV [22,23],
the valve seating speed should be less than 0.5 m/s, so the valve seating speed of this
mechanism is still within a reasonable range, but it is worse than the original valve seating
speed, and valves may be impacted and worn during long-term use.

04 Oil draining position Oomm
— — - Oil draining position 2mm

- Oil draining position 3mm
|— « — Oil draining position 4mm

Valve Speed(m/s)

—04 |

1
150 200 250 300 350
Crank Angle (°CA)

Figure 5. Valve velocity curves with different time of early-releasing oil.

In this paper, the cushioning effect of valve seat is realized by installing a tapered
cushion block on the top of the hydraulic piston. The three-dimensional schematic and
physical drawings of the seat buffer block are shown in Figure 6. A buffer block reduces
the flow area of piston hydraulic oil at the beginning of the valve’s opening and at the end
of the valve’s closing. In these two moments, the flow velocity of hydraulic oil decreases,
which prolongs the closing time of piston and reduces the moving speed of piston, thereby
reducing the impact on the valve seat.
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Figure 6. Seat buffer block.

Figure 7 shows the valve lift curve and valve velocity curve under different times of
early releasing oil after the valve seat buffer block had been installed. After installing the
seat buffer block, the valve slows down significantly during the period of opening and
closing. The instantaneous speed of the valve is less than 0.1m/s, and the valve seating
impact is diminished.
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Figure 7. (a) Valve lift curves under different times of early-releasing oil; (b) Valve velocity curve
under different times of early-releasing oil.

3.2. Variable Valve Timing and Lift Performance

By using the CD-HFVVS system, the valve timing and lift can be tuned by advancing
the time of releasing oil, which will reduce the lift and closing angle of the valve at the same
time, while the opening angle of the valve will not change. Figure 8 shows the relationship
between valve lift and oil pressure. It can be seen that the lift and closing angle of the valve
decreases with the advancing of releasing oil. The feasibility of adjusting the early releasing
oil of CD-HFVVS has been verified.

Increasing the initial plunger position will reduce the valve lift, opening angle and
closing angle at the same time, and its effect is equivalent to intercepting different cam
segments. Figure 9 shows the valve lift curve with initial plunger position of 1 mm and oil
draining position of 0, 2, 3 and 4 mm, respectively, and the valve lift curves without early
releasing oil and with initial plunger position of 1, 2, 3 and 4 mm, respectively. It can be
seen that the valve lift, opening angle and closing angle decrease with the delaying the
time of pressuring oil. Therefore, the feasibility of delayed pressure in the oil regulation of
CD-HFVVS has also been verified.
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Figure 8. The relationship between valve lift and oil pressure.
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Figure 9. (a) Valve lift curve with different times of early releasing oil; (b) Valve lift curve with
different times of delayed pressuring oil.

3.3. Performance under Different Engine Speed

In order to explore the valve motion law of CD-HFVVS under different rotational
speeds in actual operation, the comparative tests of different rotational speeds were carried
out under the condition of 1 mm initial plunger position and 2 mm oil draining position.
Figure 10 shows the valve lift curves at 500, 800 and 1000 rpm, respectively, i.e., engine
speeds at 1000, 1600 and 2000 rpm, respectively. As can be seen from the figure, with the
increase of rotational speed, the maximum lift and closing angle of the valve will increase
to a certain extent, while the opening angle of the valve will be slightly advanced.

The increase of rotational speed will increase the amount of oil pushed by the plunger
per unit time. It is necessary for the plunger to rise to a position where the cross-section
area of the low-pressure oil port is larger to make the oil release greater than the oil pushed
by the plunger, i.e., the “balance oil draining position” will be delayed. In addition, the
friction force between fluid and wall increases with the increase of hydraulic oil velocity,
the velocity gradient near the wall increases, and the fluid viscous force increases, which
also delays the “balance oil draining position”. The delay of the “balance oil draining
position” makes the valve continue to descend for a certain distance, thus increasing the
lift and the closing angle of the valve. Therefore, in practical application, it is necessary to
calibrate the adjusting parameters of the CD-HFVVS according to the rotational speed.
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Figure 10. Valve lift curve at different rotational speeds.

3.4. Performance under Different Oil Temperature

In order to study the influence rule of hydraulic oil temperature, comparative tests of
different hydraulic oil temperatures were carried out at 800 rpm idle speed, 1 mm initial
plunger position, and 3 mm oil discharge position. The valve lift curves obtained are shown
in Figure 11, when the temperature of hydraulic oil is 20, 40, and 80 °C. As can be seen
from the figure, with the increase of the temperature of hydraulic oil, the lift and duration
of the valve will be significantly reduced, because the increase of temperature will reduce
the viscosity of hydraulic oil and increase the leakage of the system. At the same time, the
decrease of hydraulic oil viscosity will also advance the “balance oil draining position”,
while the “initial plunger position” will be delayed, so the valve lift and duration will
decrease with the increase of oil temperature.

5 —20°C
- - 40°C
—-—80°C

Valve Lift(mm)

150 200 250 300
Crank angle(°CA)

Figure 11. Valve lift curves at different oil temperatures.

The influence of oil temperature is one of the working characteristics of the system,
just as is the influence of rotational speed on valve motion. In practical application, the
system regulating parameters need to be calibrated according to the rotational speed and
oil temperature. The precise control of the valve distribution parameters can be achieved
only after the corrected values of the regulating parameters are obtained.

3.5. Miller Performance and Variable Valve Timing

For heavy-duty diesel engines, there are two main benefits of the Miller cycle. First, the
Miller cycle can improve efficiency, and secondly, it can effectively reduce the peak pressure.
The fuel efficiency or engine efficiency can be promoted under partial load. The
test can be found in Figure 12, which shows the relationship between ISFC and Lambda
(excess air coefficient) at different inlet late closing angles. It can be seen that under the
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same condition of Lambda, the fuel consumption can be significantly reduced by properly
increasing the late closure range of the intake valve. Similar to the change trend of pressure
and temperature, when the late closing angle of intake valve reaches — 70 DEG ATDC, the
performance of diesel engine has not changed significantly and ISFC can be reduced for
16 g/kW-h compared with — 110 DEG ATDC. The potential of Miller cycle has then been
fully tapped.

—a—IVC=-110 deg ATDC
201 R | o IVC=—86 deg ATDC
\ IVC=-70 deg ATDC
N 'y —+— IVC=-60 deag ATDC
220 \\ \‘ ICA50 = 18deg ATDC
x i \
3 210 \i\ “
o NN
= 200
\\
190 .

T T T
13 14 15 16 17 18 19 20 21
Lambda

Figure 12. Comparison of ISFC with different intake closure angle and Lambda.

At engine speed of 3600 rpm and load of IMEP 25 bar, the pressure and temperature of
the cylinder vary with the intake closure angle, as shown in Figure 13. As can be seen from
the figure, the pressure and temperature levels of the cylinder obviously decrease when the
late closure range of the intake valve increases. But when the late closing angle of the intake
valve reaches — 70 DEG ATDC compared with — 110 DEG ATDC, the decreasing potential
of cylinder peak pressure has been saturated. Under these conditions, the maximum
pressure and temperature can be reduced for 20 bar and 200 K individually. Continuous
increase of the closure angle of the intake valve cannot reduce the peak pressure.
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180
160 ]
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120
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(a) (b)

Figure 13. (a) Comparison of cylinder pressure with different intake closure angles; (b) Comparison
of cylinder temperature with different intake closure angles.

Moreover, the variable lift can enhance the air fuel mixing under partial load [24],
which could promote the engine efficiency. In one word, the variable valve timing and lift
mechanism are the best methods to implement the Miller cycle and enhance its performance.
The new variable valve control system discussed in this paper can effectively improve the
cycle performance of the Miller diesel engine.
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4. Conclusions

1.  The CD-HFVVS changes valve opening angle, closing angle, valve duration and valve
lift by changing oil draining position and initial plunger position.

2. A valve seating jerk buffer was tested, which can effectively eliminate valve seating
impact.

3. Due to the decrease of the viscosity of hydraulic oil, the o0il draining position is
advanced and the balance position of pressuring oil is delayed, and the valve lift and
duration are reduced.

4. The valve opening duration is prolonged when engine speed increases; this is due to
the delay of balance position.

5. By using the mechanism, a single cylinder engine test was performed. The results
show that —70 DEG ATDC is the best choice for Miller cycle based on the cylinder pres-
sure performance. Under these conditions, the ISFC can reduce for 16 g/kW-h. and the
maximum pressure and temperature can be reduced for 20 bar and 200 K individually.
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draft, FL.; Writing—review & editing, B.L. (Bolan Liu). All authors have read and agreed to the
published version of the manuscript.
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