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Abstract

This study presented a comprehensive optimization of a piezoelectric injector specifically de-
signed for pure methanol compression-ignition engines. As a fuel for compression-ignition
engines, methanol exhibits broad application prospects. To overcome the challenges posed
by methanol’s low cetane number and energy density, a co-optimization strategy was
implemented, targeting the actuator, drive waveform, and internal flow geometry. The
redesigned injector exhibited superior dynamic performance, featuring significantly faster
response times and enhanced operational stability, which were critical for precise fuel
delivery control. Furthermore, the optimized internal flow path increased the effective flow
rate, ensuring sufficient fuel supply across all engine operating conditions. The upgraded
injector was rigorously tested on an engine bench, demonstrating substantial performance
gains. Brake thermal efficiency improved from 38.9% to 40.4% at low load and from 43.68%
to 46.07% at high load. Emissions of CO, formaldehyde, acetaldehyde, and unburned
methanol were consistently reduced, with the maximum reduction reaching 23.1%, con-
firming markedly enhanced combustion completeness. This improvement was directly
attributed to the injector’s refined spray characteristics and precise control, although it led
to a slight increase in NOx emissions due to higher peak combustion temperatures.

Keywords: injector; hydraulic amplifier; methanol engine; performance improvement;
emissions

1. Introduction
As the cornerstone of modern industry and transportation, the Internal Combustion

Engine (ICE) has long played a pivotal role on a global scale. The extensive application
of ICEs across diverse sectors—ranging from automobiles, heavy-duty trucks, and ma-
rine vessels to aircraft and construction machinery—has been instrumental in the efficient
functioning of human society [1,2]. Underpinned by high energy conversion efficiency,
robust power output, and a mature technological framework, ICEs not only sustain mod-
ern mobility but also provide the prime power for the heavy industry, agriculture, and
construction, thereby fostering global economic development and social progress [3–5].
Compared to alternative powertrain systems, ICEs offer superior energy density, delivering
stable and sustained power. This advantage is particularly pronounced in heavy-duty
transportation and machinery requiring prolonged operation under high-load conditions.
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Furthermore, characterized by a relatively simple architecture, low maintenance costs, and
a well-established global industrial chain with comprehensive supporting infrastructure,
ICEs maintain ubiquitous application worldwide.

However, the ubiquity of internal combustion engines has precipitated significant
environmental challenges, most notably the pollutant emissions intrinsically linked to
fossil fuel combustion. Conventional ICEs rely predominantly on petroleum-derived fu-
els such as gasoline and diesel, which release substantial quantities of pollutants during
combustion, primarily carbon dioxide (CO2), nitrogen oxides (NOx), carbon monoxide
(CO), and soot [6–8]. These emissions not only severely degrade air quality—contributing
to the formation of haze and acid rain—but also accelerate the trajectory of global climate
change. Specifically, the emission of NOx and soot poses direct risks to air quality and is
epidemiologically associated with a range of respiratory and cardiovascular diseases, rais-
ing critical public health concerns. Consequently, the environmental footprint of traditional
ICEs has garnered widespread societal attention, compelling governments worldwide to
implement increasingly stringent emission standards and environmental regulations [9,10].
Furthermore, CO2 emissions, as a primary constituent of greenhouse gases, are widely
recognized as a key driver of global climate change. Excessive CO2 discharge not only
exacerbates global warming but also exerts profound negative impacts on ecological sys-
tems, climate patterns, and biodiversity [11,12]. Thus, while ICEs provide high-efficiency
power, they simultaneously present a formidable challenge for environmental governance.
In this context, compression-ignition (CI) engines are widely employed as primary power
sources in automotive and construction machinery due to their superior fuel economy and
reliability. In response to escalating energy crises and environmental concerns, advanced
technologies such as high-pressure common rail (HPCR) fuel injection systems have been
developed to meet stringent emissions regulations and societal demands. CI engines ex-
hibit approximately 30% lower fuel consumption and about 45% lower CO2 emissions
compared to spark-ignition (SI) engines, underscoring their advantages in energy efficiency
and environmental impact reduction [13,14].

Despite the significant advantages of CI engines in terms of CO2 emissions and the
fuel economy, their inherent challenges—specifically high NOx and soot emissions—have
become a critical bottleneck under increasingly stringent global emission regulations [7,8].
To address these challenges and further unlock the potential for energy savings and emis-
sion reduction, innovation in advanced fuel injection technologies has emerged as a pivotal
solution. Among these, the piezoelectric injector stands out due to its ultra-fast response
speed, exceptional control precision, and flexible capability for multiple injections, offering
an unprecedented means to optimize the combustion process. Compared to conventional
solenoid-driven injectors, piezoelectric injectors enable microsecond-level actuation, al-
lowing precise control over injection timing and quantity. This significantly enhances fuel
atomization quality and air–fuel mixing, thereby achieving the dual objectives of reduced
pollutant emissions and improved combustion efficiency. Consequently, a thorough inves-
tigation into the operational characteristics of piezoelectric injectors and their influence on
the combustion process holds substantial theoretical and engineering significance for the
development of next-generation clean and efficient CI engines [15–18].

In addition to optimizing the combustion process through advanced fuel injection
systems, the development of clean and carbon-neutral alternative fuels represents another
critical pathway to overcoming the environmental and resource constraints associated with
conventional CI engines [19–24]. In this context, methanol has garnered significant atten-
tion in recent years due to its oxygenated molecular structure, ultra-low sulfur content, and
potential for renewable production. Methanol can be synthesized from diverse feedstocks—
including coal, natural gas, and biomass—and, more importantly, can be produced as
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“green methanol” using renewable energy sources, thereby enabling substantial reductions
in life-cycle greenhouse gas emissions and even achieving net-zero carbon operation [25,26].
Although methanol presents challenges in CI engines—notably its low cetane number
and poor auto-ignition propensity—these limitations can be effectively mitigated through
appropriate combustion strategies [22,27,28]. When properly implemented, methanol uti-
lization significantly suppresses soot formation and markedly reduces emissions of sulfur
oxides (SOx) and soot to almost zero [27]. Shamun et al. [28] showed that pure methanol
eliminated NOx-soot trade-off in PM emissions with diameters < 30 nm, minimally affected
by injection pressure. Furthermore, through appropriate optimization, the brake thermal
efficiency (BTE) of the methanol CI engine at a ultra-low load condition (below 10%) was
significantly improved from 27.88% (original diesel baseline) to 30.21%, representing an in-
crease of 8.4%. Additionally, the engine operated stably with a COVIMEP of less than 2 [29].
Consequently, investigating the mechanisms of efficient and clean methanol combustion in
CI engines—and synergistically integrating it with advanced injection technologies—offers
a highly promising avenue toward sustainable internal combustion power systems.

Methanol offers significant advantages in soot reduction and carbon neutrality, but
its extremely low cetane number (typically below 5) and low volumetric energy density
pose fundamental challenges to stable combustion in pure methanol CI engines. This
observation was further corroborated by preliminary experiments conducted by our re-
search team [29–31]. In the absence of a pilot fuel, methanol cannot reliably auto-ignite
through compression heating alone and instead relies on a highly optimized in-cylinder
thermodynamic environment coupled with precise fuel spray organization to initiate and
sustain combustion [27–31]. This demands a fuel injection system capable of delivering
a sufficient quantity of methanol into specific regions of the combustion chamber within
an extremely short time window, thereby creating localized fuel-rich, high-temperature
mixtures conducive to auto-ignition. Moreover, to compensate for the reduced energy
input per cycle due to methanol’s low calorific value, substantially higher fuel quantities
must be injected per cycle, placing stringent requirements on injection metering accuracy
and repeatability [31–39]. Conventional solenoid-driven injectors, limited by millisecond-
scale response delays and restricted flexibility in multiple injection events, often fail to
achieve the fine control over injection timing, pulse width, and spray development needed
under transient operating conditions. This can lead to excessive ignition delay, misaligned
combustion phasing, or even misfire [29–31]. Consequently, achieving efficient and sta-
ble combustion of pure methanol in CI mode necessitates an advanced injection system
featuring microsecond-level dynamic response, high injection repeatability, and flexible
multi-pulse capability—providing a clear technical rationale and compelling justification
for the adoption of piezoelectric injectors in this context.

The foregoing analysis indicates that pure methanol CI engines impose exception-
ally stringent demands on fuel injection systems in terms of dynamic response, metering
accuracy, and long-term durability—challenges far exceeding those encountered with
conventional fuels. These difficulties stem primarily from methanol’s intrinsic physico-
chemical properties, including its low lower heating value (LHV), low cetane number, and
low viscosity. Piezoelectric injectors, characterized by microsecond-level response times
and high control flexibility, are widely recognized as a key enabling technology [40–42],
having demonstrated significant contributions to improvements in both BTE and reg-
ulated/unregulated emissions [43–47]. Accordingly, this study employed piezoelectric
injectors on an engine test bench to investigate in-cylinder high-pressure direct injection
(HPDI) of methanol. Nevertheless, existing commercial injector designs exhibit notable
deficiencies when applied to methanol, including insufficient actuator performance margin,
poor adaptability of drive strategies, and internal flow-path geometries not optimized
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for the elevated volumetric flow rates required for methanol combustion [29–31]. These
limitations severely constrain the precise spray organization necessary across a wide op-
erating range of methanol-fueled CI engines. To overcome these bottlenecks, systematic
and coordinated optimization is urgently required across three critical domains: actuator
hardware, drive control logic, and internal geometric configuration of the injector.

Accordingly, this study focused on targeted optimizations of key components of
the piezoelectric injector—namely, the piezoelectric actuator, drive waveform, nozzle
seat geometry, and the geometric profile of the displacement-amplifying piston within
the internal hydraulic amplifier of the piezoelectric injector. The upgraded injector was
integrated into a pure methanol CI engine and evaluated on an engine test bench. By
comparing brake-specific fuel consumption (BSFC) and emission characteristics before and
after the modifications, the effectiveness of the proposed improvements in enhancing both
combustion performance and emissions was systematically assessed. This work provided
a practical and viable technical pathway toward the engineering implementation of pure
methanol CI, offering significant implications for the large-scale adoption of methanol fuel
in CI engines.

2. Experimental Device, Method and Fuel
2.1. Experimental Device

To systematically evaluate the effects of piezoelectric injector performance improve-
ments and the installation of methanol piezoelectric injectors on the overall performance of
a CI engine, this study established a comprehensive experimental platform encompassing
both component-level characterization and system-level validation. A straight-six, water-
cooled, four-stroke, turbocharged and intercooled CI engine was employed as the test bench
foundation. Furthermore, four specialized testing instruments were developed specifically
for the core actuator of the piezoelectric injector: an electrical parameter tester, a hysteresis
characteristic tester, a dynamic characteristic tester, and a stiffness tester. Specifically, the
electrical parameter tester was utilized to accurately obtain the capacitance and dielectric
loss tangent of the actuator, providing fundamental inputs for drive circuit design and
control algorithm calibration. The hysteresis characteristic tester was employed to quantify
the displacement nonlinearity of the actuator during voltage loading and unloading cycles,
serving as a critical basis for optimizing multiple injection strategies and ensuring precise
fuel delivery. The dynamic characteristic tester, utilizing non-contact laser displacement
measurement, directly characterized the response time and effective displacement output
capability of the actuator, thereby verifying core improvements such as reduced charging
time and increased flow rate. The stiffness tester simulated high-pressure fuel reaction
forces to determine the force–displacement characteristics of the actuator under varying
mechanical loads, ensuring that effective displacement does not degrade under high-rail-
pressure conditions and providing prerequisite validation for the reliability of thermal
efficiency improvement data under high-load operations. Collectively, these instruments
and the engine test bench constitute a closed-loop verification system spanning the fun-
damental physical characteristics of the injector to the overall combustion and emission
performance of the engine, providing robust hardware support for the reliability of sub-
sequent performance and emission data. The specific technical parameters of the injector
testing equipment and the engine test bench are presented in Tables 1 and 2, respectively.
The experimental setup diagram is shown as Figure 1.

It should be noted that the engine is equipped with a built-in 5 kW rated intake air
heater, which activates during startup and operates at loads below 30%, and automatically
deactivates when the engine load exceeds 30%.
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Table 1. Main Technical Parameters of Core Testing Equipment for Piezoelectric Injectors.

Testing Equipment Key Parameter Technical Specification

Electrical Parameter Tester

Capacitance Measurement 1 pF–1 F

Dielectric Loss Tangent
Measurement 0.0001–9.9999

Maximum Test Frequency 100 kHz

Measurement Accuracy ≈0.1%

Hysteresis Characteristic
Tester

Maximum Test Voltage 200 V

Maximum Displacement 500 µm

Dynamic Characteristic
Tester

Maximum Test Frequency 250 kHz

Maximum Velocity 1.7 m/s

Maximum Acceleration 14,500 m/s2

Stiffness Tester
Load Application Range 10–5000 N

Loading Rate Range 0.001–500 mm/min

Table 2. Main Engine Parameters.

Parameter Value

Engine type 6 cylinders, water-cooled, Turbocharger with air intercooler
Displacement (L) 5.7

Bore × stroke (mm) 98 × 126
Compression ratio 23:1

Maximum power (kW) 194 @ 2500 rpm
Fuel injection system Common rail

Number of nozzle holes 8
Diameter of nozzle hole (mm) 0.209

Figure 1. Experimental setup diagram.

The gaseous emissions of the engine were quantified using a Horiba MEXA 7100DEGR
gas analyzer and a Fourier transform infrared spectrometer (FTIR), measuring both regular
and unregular emissions, respectively. Methanol fuel consumption was measured using a
modified AVL 733S fuel flow meter.

The lubricating oil was maintained at a constant temperature of 110 ± 2 ◦C, while
the cooling water was kept at a steady temperature of 85 ± 2 ◦C to ensure optimal engine
performance. Data were collected after the engine had been stabilized for 3 min under
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each test condition, and each measurement was repeated three times with the average
value reported.

2.2. Fuel Characteristics

In this study, the test fuel employed was chemically pure methanol with a purity
of 99.5%, blended with 1000 ppm of a lubricity improver AFTON HiTEC® 4140F (Afton
Chemical Corporation, Richmond, VA, USA) to enhance the lubricity of the methanol
fuel [29–31]. The characteristics of the methanol fuel used in the study are shown in Table 3.

Table 3. Main properties of methanol and diesel.

Properties Methanol Diesel

Cetane number 3–5 51
Lower heating value (MJ/kg) 19.7 42.9

Latent heat of evaporation (kJ/kg) 1110 ~232
Boiling point (◦C) 64.6 180–370

Viscosity (mm2/s) at 20 ◦C 0.58 3.8

Density (kg/m3) at 20 ◦C 790 834

2.3. Test Conditions

In light of the preceding analysis highlighting the stringent demands imposed by
pure methanol CI engines on fuel injection systems—particularly in terms of dynamic
response, drive control strategies, and long-term durability—and addressing the critical
bottlenecks of existing commercial piezoelectric injectors when fueled with methanol,
namely inadequate transient response and internal flow passage geometries not optimized
for the high volumetric flow rates required by methanol combustion, this study undertakes
targeted systematic optimizations. Notably, to enhance reliability, the injector material was
upgraded to martensitic stainless steel. Following the performance optimizations in this
study, the flow rate deviation of the injector remained within 4% after 60 million methanol
injection cycles. Comprehensive investigations into long-term durability and reliability
will be conducted in future work.

First, this study focused on the coordinated optimization of key components within
the piezoelectric injector, specifically targeting the piezoelectric actuator, drive waveform,
nozzle seat geometry, and the geometric profile of the displacement-amplifying piston in
the internal hydraulic amplifier.

Subsequently, to validate the effectiveness of these modifications, the optimized in-
jector was integrated into a pure methanol CI engine for bench testing. Engine tests were
conducted at two selected operating points—1500 r/min with brake mean effective pres-
sures (BMEP) of 0.5 MPa and 1.5 MPa—under identical injection strategies for both the
baseline and optimized injectors. By comparing the BSFC and emission characteristics
before and after the optimization, the efficacy of the proposed improvements in enhancing
engine performance and reducing emissions was systematically evaluated.

Ultimately, this work aimed to overcome existing technical limitations, providing a
practical and viable pathway for the engineering implementation of pure methanol CI
technology and facilitating the large-scale adoption of methanol fuel in CI engines.

3. Results and Discussions
3.1. Co-Optimization of the Key Structural Design and Control Strategy for the Injector

Targeted optimizations of key components of the piezoelectric injector—namely, the
piezoelectric actuator, drive waveform, nozzle seat geometry, and the geometric profile of
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the displacement-amplifying piston within the internal hydraulic amplifier of the piezo-
electric injector—are presented in this section.

3.1.1. Optimization and Improvement of the Piezoelectric Actuator

This section focused on the optimization of the piezoelectric actuator, with particular
emphasis on enhancing the accuracy of its maximum displacement output, response
repeatability, and dynamic operational stability—critical performance attributes for high-
precision fuel injection control. To ensure that the actuator delivered a highly accurate and
consistent maximum displacement upon each electrical activation, this study conducted a
refined optimization of the actuator’s cross-sectional geometry, the piezoelectric ceramic
layer thickness and surface quality.

Figure 2 showed the output displacement of piezoelectric actuators with differ-
ent sizes of square cross-section under various loading conditions. From the perspec-
tives of load-carrying capacity, operational stability, and manufacturing cost, the 7 × 7
square cross-section demonstrates superior engineering applicability compared to the
5 × 5 configuration.

Figure 2. Output displacement versus applied load for different sizes of square cross-section actuators.

Under identical axial loads ranging from 300 N to 930 N, the 7 × 7 design consistently
delivered significantly higher output displacement—for instance, approximately 46 µm
versus 24 µm at 640 N—and exhibited a slower rate of displacement degradation with
increasing load. This indicated a more balanced structural stiffness that enabled greater
effective stroke under high backpressure conditions typical in HPCR systems. Consequently,
the actuator maintained robust performance against fuel-induced counterforces, preventing
insufficient injection quantity or response lag during transient load spikes, thereby fulfilling
the stringent “high drive force-large stroke” synergy required by modern high-power-
density engines.

The enhanced stability of the 7 × 7 cross-section stems from its larger area, which
promotes more uniform stress distribution and effectively mitigates stress concentration—
particularly at critical regions such as corners and the transition zone near fixed supports.
Additionally, the increased structural mass provided higher inherent damping, which
helped suppress high-frequency vibration transmission and minimized displacement oscil-
lations. In contrast, the 5 × 5 design tended to exhibit nonlinear stiffening under elevated
loads, leading to degraded displacement repeatability and reduced durability over ex-
tended operation, making it less suitable for high-reliability fuel injection applications.
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Regarding manufacturability and cost, although the 7 × 7 geometry incurs a material
volume increase of approximately 96% compared with the 5 × 5 variant, its straightfor-
ward square cross-sectional geometry eliminates the need for complex curved surfaces
or tight-tolerance annular fits. It can be efficiently fabricated via standard processes such
as wire electrical discharge machining or stamping, significantly simplifying tooling and
assembly. Conversely, while the 5 × 5 design uses less raw material, achieving comparable
performance necessitates precision preloading mechanisms and high-accuracy guiding
structures to compensate for its excessive stiffness—thereby increasing assembly complex-
ity, calibration effort, and scrap rates. In mass production, the 7 × 7 solution proves more
cost-effective overall due to its process robustness, higher yield, and lower post-assembly
tuning requirements.

In summary, the 7 × 7 square cross-section achieved an optimal trade-off: it moderately
increased raw material usage to substantially enhance load resilience and system stability
while simultaneously reducing total manufacturing cost through process simplification.
This made it particularly well-suited for scalable, high-reliability piezoelectric injector
development in advanced internal combustion engine applications.

Taking into account the operational requirements of piezoelectric actuators in HPCR
fuel injection systems, this study conducted a comparative experimental investigation on
specimens with single-layer piezoelectric ceramic thicknesses of 125 µm, 82 µm, and 64 µm,
respectively, as shown in Figures 3 and 4. The results indicated that although the 125 µm
configuration exhibited a relatively high maximum operating voltage (approximately
200 V), its maximum displacement output was only about 35 µm, which was insufficient to
meet the stroke demand for high-dynamic fuel flow modulation. Conversely, the 64 µm
configuration achieved a larger displacement (~52 µm) but suffered from a reduced break-
down voltage of approximately 155 V, posing a risk of electrical failure under typical
automotive power supply transients and thereby compromising long-term reliability. In
contrast, the 82 µm piezoelectric layer achieved an optimal trade-off between maximum
operating voltage (160 V) and displacement output (48 µm)—providing adequate electrical
safety margin for compatibility with standard automotive drive platforms while deliv-
ering sufficient and stable mechanical stroke for direct valve actuation. Consequently, a
single-layer thickness of 82 µm was identified in this study as the preferred design choice,
balancing safety, actuation performance, and engineering practicality for high-precision,
high-reliability piezoelectric injectors.

Figure 3. Diaphragm Samples with Varying Thicknesses.

Piezoelectric actuators employed in HPCR fuel injection systems frequently fail due
to localized electro–thermo–mechanical coupling instability, with surface quality defects
serving as a primary trigger. The surface morphology and conductive architecture of the
piezoelectric layers were systematically optimized as shown in Figure 5.
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Figure 4. Influence of Single-Layer Piezoelectric Thickness on Key Actuator Performance Metrics.

  

 

(a) Ceramic thickness (unoptimized) (b) Electrode width (unoptimized) (c) Edge defects (unoptimized) 

Figure 5. Comparison of piezoelectric layer surface morphology before (top) and after (bottom) optimization.

Firstly, non-uniform ceramic thickness (with a deviation of up to 16.7%) induced
spatially heterogeneous electric field distribution. The electric field intensity became sig-
nificantly amplified in locally thinner regions under identical driving voltage (E = V/d),
creating so-called “electric field hotspots” that readily initiated dielectric breakdown. Con-
currently, abrupt thickness transitions generated stress concentrations—arising from elastic
modulus mismatches—which accelerated microcrack nucleation under cyclic electrome-
chanical loading. By implementing refined fabrication processes to achieve thickness
uniformity (coefficient of variation < 3%), this work effectively synchronized the spatial
coherence of both electric and mechanical stress fields, promoting globally balanced energy
dissipation and thereby enhancing overall dielectric strength margin.

Secondly, irregular electrode width and edge defects provoked the edge field enhance-
ment effect. Based on electrostatic boundary conditions, the electric field at sharp electrode
corners or notches can be amplified by a factor of 3–5, which readily triggers localized air
ionization and micro-discharges. Over time, this cumulative damage leads to insulation
degradation and eventual short circuits. Through high-precision patterning processes,
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geometric regularization of the electrodes not only suppressed field distortion at edges but
also fundamentally mitigated the nonlinear growth of leakage current, thereby substantially
improving electrical stability under dynamic drive conditions.

3.1.2. Precise and Stable Control of Driving Waveform

During previous experimental testing, a high-voltage “droop” phenomenon was
observed in the piezoelectric actuator. Specifically, the actual voltage applied across the
actuator terminals consistently fell slightly below the theoretically commanded drive
voltage. This discrepancy became increasingly pronounced after prolonged operation
under high-load conditions. This phenomenon primarily stemmed from the increased
dielectric loss and capacitance drift of the piezoelectric ceramic material under elevated
temperatures and high-frequency electric fields. Experimental measurements showed
that the actuator capacitance increased from 1 µF to 4.5 µF. This drastic capacitance drift,
accompanied by increased dielectric loss at elevated temperatures, led to a significant
rise in equivalent series resistance, thereby resulting in greater energy dissipation and
voltage drop during drive pulses. Consequently, the displacement output accuracy of
the actuator—and ultimately the injection quantity stability—was adversely affected. To
address the aforementioned issues, a multi-dimensional coordinated control strategy for
precise and stable drive waveform regulation was developed in this study, which was
rigorously validated through a series of experiments and simulations.

The first component is the hardware-based energy compensation mechanism. To
address the voltage droop issue, a dual-mode high-voltage turn-off feedback circuit was
developed (hardware block diagram shown in Figure 6). HV Turn-Off Feedback A oper-
ates under normal conditions: it immediately disconnects the high-voltage supply upon
detecting completion of charge injection into the piezoelectric actuator, thereby eliminating
unnecessary MOSFET conduction losses and improving overall energy efficiency. HV
Turn-Off Feedback B serves as a protection and compensation mechanism for abnormal
operating conditions, featuring a higher activation threshold. It is triggered when—despite
an extended drive pulse width and the actuator voltage having reached its calibrated
level—the engine speed remains persistently below the target value. In such cases, the
system identifies insufficient actuator output force and signals the MCU to suspend the
pulse-width-based over-compensation strategy, thereby preventing excessive stress that
could otherwise degrade actuator longevity. As clearly illustrated by Cadence simulations
in Figure 7a,b, without compensation the drive voltage exhibited severe droop, collapsing
from 200 V to approximately 100 V. In contrast, with the compensation scheme enabled,
the drive voltage was successfully maintained at 200 V, effectively ensuring the required
actuator displacement—albeit with a slight increase in opening delay. The experimentally
measured drive waveforms indicated that the voltage drop induced by dielectric loss was
approximately 25 V, which was reduced to less than 5 V after optimization compensation.

Subsequently, a software-based adaptive regulation strategy was implemented. At
the software level, a proportional-integral-derivative (PID) feedback control algorithm
based on engine speed deviation was employed to dynamically adjust the injection pulse
width, with a simplified schematic of the PID structure shown in Figure 8. The MCU
continuously sampled the target and actual engine speed signals, and the resulting speed
error was converted via an analog-to-digital (A/D) converter and fed back to the con-
trol source, enabling servo-level regulation of the injection pulse width. This approach
provided precise compensation for minor fueling deviations caused by dielectric losses
in the piezoelectric actuator while strictly respecting the actuator’s maximum allowable
drive voltage, thereby significantly enhancing system robustness and control accuracy.
Furthermore, the drive logic was optimized as illustrated in Figure 9, where V1 denotes the
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drive voltage waveform, t1 represents the initial charging time, t2 the injection pulse width,
t3 the discharge duration, and t4 the cylinder selection interval. With drive compensation
enabled, the extended charging time—combined with variations in piezoelectric mate-
rial characteristics—necessitated sustained high-voltage maintenance. Thus, the original
charging phase and injection pulse were merged into a unified high-voltage hold period,
while t2 was redefined as a transitional interval between charge and discharge phases
to ensure operation remains within safe voltage thresholds, thereby stabilizing the drive
voltage waveform.

Figure 6. Hardware Block Diagram of the Drive Compensation Circuit.

Figure 7. Simulated and measured Drive Waveform.
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Figure 8. PID Control Structure for Fuel Quantity Compensation.

Figure 9. Comparison of Drive Logic Signals with and without Fuel Quantity Compensation.

Furthermore, experimental investigations on current closed-loop control revealed that
both the magnitude and stability of the drive current directly influenced the displacement
response speed and precision of the piezoelectric actuator. Increasing the drive current
significantly enhanced displacement and reduced pressurization time. However, excessive
current surges can induce severe displacement oscillations during initial charging and
final discharge phases. To address this, the conventional latch-based PWM modulation
scheme was replaced with a dual-threshold current control strategy. The first threshold
was set to 10 A to limit the inrush current impact during the pre-charge phase, while
the subsequent thresholds were set to 15 A to ensure sufficient driving capability. This
approach generated high-precision dynamic duty cycle signals via real-time current sensing
and feedback, thereby establishing a voltage–current dual closed-loop control system. The
proposed strategy effectively suppressed oscillations, achieved higher precision in dynamic
duty cycle regulation, improved effective switching efficiency, and reduced switching
losses. Consequently, the actuator charging time was reduced from 100 µs to 80 µs, and the
resulting drive waveform exhibited high conformity with industry standards.

In addition, comprehensive system-level EMC design measures were implemented
at the PCB layout stage to mitigate strong electromagnetic interference generated by the
high-voltage, high-current actuation process. These include partitioning the ground plane
into separate power and digital domains—interconnected via ferrite beads and zero-ohm
resistors at connector interfaces to block noise coupling paths—as well as deploying local-
ized bulk capacitors and current-limiting inductors near critical circuits to confine transient
currents and minimize ground bounce and radiated emissions. Additional ferrite beads
and decoupling capacitors were placed in sensitive regions. Although these precautions
reduced PCB area utilization to approximately 65%, they were essential trade-offs to ensure
the safety of high-voltage/high-current networks and guarantee overall system electro-
magnetic compatibility and operational reliability.
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3.1.3. Optimization of Injector Flow Characteristics

Due to the lower heating value (LHV) of methanol (approximately 48% that of diesel),
significantly higher fuel mass per cycle is required to achieve equivalent power output, par-
ticularly under medium- to high-load operating conditions. Under these circumstances, the
maximum flow capacity of the injector becomes a critical bottleneck limiting the reduction
in injection pulse width. Excessively long pulse widths not only promote inhomogeneous
mixture formation and localized rich zones but also exacerbate wall-wetting and formalde-
hyde emissions, ultimately degrading BTE. Consequently, enhancing the injector’s peak
flow rate is essential to enabling high-efficiency, clean combustion in methanol CI engines.
To address this requirement, the core flow passages within the hydraulic amplification
mechanism of the piezoelectric injector were optimized in this section, with the objective of
simultaneously enhancing flow capacity and cavitation resistance while preserving sealing
integrity and dynamic response.

The internal structure schematic of the piezoelectric injector is shown in Figure 10.
The area within the red circle is the displacement-amplifying piston. Specifically, two key
geometric modifications were implemented in the displacement-amplifying piston and
the valve seat region: (1) The original conical tip of the displacement-amplifying piston
was replaced with a stepped cylindrical profile (Figure 11). This change eliminated abrupt
flow area transitions during valve opening, thereby mitigating localized high-velocity jets
and low-pressure zones that trigger cavitation erosion—enhancing component durability
and manufacturing repeatability. (2) The valve seat geometry was recontoured to increase
the minimum flow diameter between the valve spool and seat from 1.3 mm (baseline)
to 1.5 mm. This enlargement significantly improved early-stage flow responsiveness:
during the initial phase of valve opening, fuel discharge through the outlet orifice rose
more rapidly and smoothly with spool travel, eliminating the flow-establishment lag
observed in the original design. Combined with streamlined flow path features, these
modifications collectively reduced flow losses and pressure oscillations, establishing a
robust structural foundation for stable, high-flow-rate methanol injection under medium- to
high-load conditions. Experimental flow characterization demonstrated that the optimized
injector delivered a flow rate of 2.4 L/min at 100 bar injection pressure, corresponding to a
20.8% improvement over the original configuration. At the maximum injection pressure
of 1000 bar for methanol high-pressure direct injection, the flow rates before and after
optimization were 6.0 L/min and 7.6 L/min, respectively.

Figure 10. The internal structure schematic of the piezoelectric injector.

  
(a) Displacement-amplifying piston with conical tip (b) Displacement-amplifying piston with stepped cylindrical tip 

Figure 11. Geometric comparison of the displacement amplification piston pre- and post-optimization.
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Figure 12 presents the spray test results of the optimized piezoelectric injector under
identical operating conditions. Compared with the baseline injector, the optimized de-
sign demonstrated marked improvements in spray characteristics. Notably, the enhanced
dynamic response and stable needle lift significantly improved the consistency across
different nozzle orifices, resulting in highly symmetrical spray plumes with uniform and ex-
tended penetration, while the increased effective flow area yielded a higher mass flow rate.
Moreover, air entrainment between adjacent plumes was effectively promoted, resulting in
higher gas utilization efficiency within the inter-plume region and a considerable reduction
in locally fuel-rich zones. Consequently, overall mixture homogeneity was improved,
validating the effectiveness of the optimizations in addressing spray deficiencies.

Figure 12. Spray Characterization of the baseline and the optimized Injector.

3.2. Performance and Emission Characteristics of the Engine with the Optimized Injector

A comparative analysis of engine performance and emissions was presented in this
section, as shown in Figure 13, with identical injection strategies applied across differ-
ent injectors. Under the test condition of 1500 r/min, BMEP = 0.5 MPa, and an intake
temperature of 80 ◦C, the optimized injector—benefiting from significantly improved tran-
sient response characteristics and enhanced maximum flow capacity achieved in prior
development—enabled more precise and rapid fuel delivery control. This allowed for
a reduced injection pulse width under the same cyclic fuel demand, resulting in higher
initial spray momentum, faster spray penetration, and accelerated droplet breakup and
vaporization rates. Consequently, a more homogeneous and timely combustible mixture
was formed prior to the main combustion phase, effectively mitigating local rich zones
and wall-impingement-induced liquid film accumulation [46]. As a result, the combustion
process became more concentrated near top dead center, with an increased peak heat release
rate and advanced combustion phasing, directly contributing to an improvement in BTE
from 38.9% to 40.4%.

In terms of emission characteristics, with the exception of a marginal 2.37% increase in
NOx, hydrocarbon-related pollutants—including CO, formaldehyde (HCHO), unburned
methanol (CH3OH), and acetaldehyde (CH3CHO)—exhibited synergistic reductions or
remained stable. This behavior profoundly reveals the global regulatory mechanism of
spray optimization on the methanol oxidation reaction pathway. The trade-off between
NOx and CO emissions serves as the primary thread for understanding this process. Specif-
ically, NOx emissions increased from 5.91 to 6.05 g/kW·h, attributed to more concentrated
heat release and slightly elevated peak temperatures resulting from enhanced premixing,
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which promotes thermal NOx formation. However, constrained by the inherently low
adiabatic flame temperature of methanol, this increment is minimal and represents an
acceptable penalty for achieving high-efficiency combustion. Conversely, CO emissions
decreased substantially by 14.7% (from 0.34 to 0.29 g/kW·h). The underlying mecha-
nism lies not only in the mitigation of wall film quenching—a primary source of initial
CO generation—via refined atomization, but more critically in the elevation of expansion
stroke temperatures due to improved mixture homogeneity. This extends the post-oxidation
window for the CO-to-CO2 conversion and enhances the transport of OH radicals into
intermediate species zones, thereby completing the entire oxidation chain. Notably, the con-
current and significant reductions in HCHO and CH3OH (HCHO decreased by 23.1%, from
0.013 to 0.010 g/kW·h; CH3OH reduced by 13.3%, from 0.15 to 0.13 g/kW·h) provided
direct chemical kinetic evidence supporting the aforementioned CO reduction mechanism.
In conventional methanol compression ignition, HCHO acts as a critical intermediate. Its
subsequent oxidation to CO is frequently inhibited by local low-temperature and fuel-
rich zones, leading to HCHO accumulation and eventual exhaust escape. Meanwhile,
unburned methanol primarily originates from over-lean regions at the spray periphery
or delayed evaporation of wall liquid films. The optimized injection strategy suppressed
wall impingement, accelerated droplet evaporation, and intensified in-cylinder turbulence.
On one hand, this shortened the physical preparation time for the liquid-to-vapor phase
transition, reducing raw CH3OH emissions caused by incomplete evaporation. On the
other hand, elevated local temperatures facilitated the HCHO-to-CO conversion, allowing
carbon flux that would otherwise be “frozen” at intermediate stages to proceed towards
CO and ultimately CO2 [47]. Therefore, the substantial reductions in HCHO and CH3OH
were not isolated phenomena. Furthermore, acetaldehyde (CH3CHO) emissions remained
stable at a low level of 0.01 g/(kW·h), exhibiting negligible variation.

Figure 13. Performance and Emission Characteristics of the Engine.

Under the high-load operating condition of 1500 r/min, BMEP = 1.5 MPa, and an
intake temperature of 50 ◦C, the optimized injector enabled precise delivery of the required
fuel mass within a shorter injection duration, effectively addressing the common high-load
challenges of insufficient spray penetration and delayed air–fuel mixing. The higher in-
stantaneous injection rate promoted finer methanol atomization and faster vaporization,
while the improved dynamic response characteristics significantly suppressed wall im-
pingement and liquid film accumulation. This resulted in a more spatially uniform mixture
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distribution and a flatter equivalence ratio gradient within the combustion chamber. These
enhancements were directly reflected in the combustion process: heat release became more
concentrated and combustion duration was shortened, allowing the engine to maintain high
energy conversion efficiency even at elevated brake mean effective pressure. Consequently,
BTE increased from 43.68% to 46.07%, representing a 5.5% relative improvement. However,
the elevated in-cylinder temperatures led to a slight increase in NOx emissions. In contrast,
CO emissions decreased from 0.14 g/kW·h to 0.11 g/kW·h, indicating more complete oxi-
dation. Emissions of HCHO, CH3CHO, and CH3OH also exhibited a consistent downward
trend, with CH3OH reduced from 0.03 g/kW·h to 0.02 g/kW·h, further corroborating the
reduction in residual fuel and improved combustion completeness attributable to enhanced
injector responsiveness and stability. Under high-load conditions, the synergistic opti-
mization of injector responsiveness and flow capacity not only fulfilled the demand for
power output but also achieved concurrent improvements in efficiency and combustion
cleanliness through intensified air–fuel mixing and combustion coupling [46,47].

Notably, the coefficient of variation (CoV) of IMEP is 2.2% at a BMEP of 0.5 MPa and
decreases to 1.2% at a BMEP of 1.5 MPa. Thanks to the synergistic optimization of both the
injector design and injection strategy, the CoV values remained consistently low across all
tested operating conditions.

4. Conclusions
In this study, a methanol-specific piezoelectric injector was successfully developed

and validated through a systematic co-optimization of its actuator, drive strategy, and
internal flow geometry, effectively addressing the challenges posed by methanol’s low
cetane number and energy density. The main conclusions were summarized as follows:

(1) Comprehensive Enhancement of Piezoelectric Injector Core Performance: A multi-
faceted optimization strategy was implemented to significantly improve the injector’s
dynamic response, operational stability, and maximum flow capacity. The actuator
was optimized by selecting a 7 × 7 square cross-section and an 82 µm piezoelectric
ceramic layer thickness, achieving an optimal balance between high load-bearing
capacity (39 µm displacement at 930 N), excellent linearity, and cost-effective manu-
facturability. To ensure stable and precise control, a sophisticated drive strategy was
developed, combining a hardware-based high-voltage energy compensation circuit
with a software-based proportional-integral-derivative adaptive regulation algorithm
and dual-threshold current closed-loop control. This integrated approach successfully
mitigated the high-voltage “droop” phenomenon and reduced the actuator’s charging
time from 100 µs to 80 µs. Furthermore, the internal flow path was optimized by
redesigning the displacement-amplifying piston with a stepped cylindrical profile and
enlarging the valve seat’s minimum flow diameter. These modifications increased the
injector’s flow rate by 20.8% to 2.4 L/min at 100 bar, ensuring sufficient fuel supply
for all engine operating conditions.

(2) Significant Improvements in Engine Efficiency and Emission Characteristics: Rigorous
engine bench testing confirmed that the upgraded injector substantially enhanced both
performance and emissions. At low load (Brake mean effective pressure = 0.5 MPa),
the Brake thermal efficiency improved from 38.9% to 40.4%. At high load (Brake mean
effective pressure = 1.5 MPa), Brake thermal efficiency saw a remarkable increase
from 43.68% to 46.07%. These gains were attributed to the injector’s superior dynamic
performance, which enabled more precise fuel delivery, leading to better spray pene-
tration, faster vaporization, and a more homogeneous air–fuel mixture. Consequently,
combustion became more concentrated and complete, resulting in significant reduc-
tions in emissions of CO, HCHO, CH3CHO, and CH3OH. The only trade-off observed
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was a slight increase in NOx emissions, which was a direct consequence of the higher
peak combustion temperatures.

(3) Validation of the Co-optimization Strategy for Methanol compression-ignition En-
gines: The results conclusively demonstrate that the integrated co-optimization of
the actuator hardware, drive control logic, and internal flow geometry was a highly
effective and practical engineering solution for enabling pure methanol compression
ignition. This approach successfully overcame the inherent limitations of methanol
fuel by providing the necessary fast response, high flow capacity, and precise control
required for stable and efficient combustion. The study provided a robust technical
pathway for the large-scale application of pure methanol in compression-ignition
engines, highlighting its potential as a viable and clean alternative fuel for future
sustainable transportation.
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