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Abstract

This study presents a predictive modeling framework for estimating transient flow rates
in PWM-driven solenoid valves. Building on a previously validated dynamic model, the
proposed framework enables flow prediction under varying process conditions and valve
configurations. Flow rates at fully open conditions are obtained using computational fluid
dynamics (CFD) and validated experimentally. CFD analyses are further performed at
partial valve openings, and the resulting data are incorporated into a numerical algorithm
based on piecewise linear interpolation for prediction throughout the opening—closing
cycle of the valve. The model is validated under PWM operation, and parametric analyses
are conducted to examine the effects of duty ratio, period, and coil voltage. The maximum
difference between the experimental and numerical results was 1.3% under fully open
conditions and 2.8% under PWM operation, demonstrating good agreement across the in-
vestigated conditions. By incorporating flow characteristics at intermediate spool positions
that cannot be directly measured experimentally, the proposed approach allows accurate
prediction of both transient and time-averaged flow rates. This provides a computationally
efficient alternative to fully coupled transient CFD simulations.

Keywords: solenoid valve; valve modeling; proportional control; PWM; flow rate
prediction; dynamic modeling; CFD

1. Introduction

Precise flow rate control is a critical issue in fuel injection systems. In addition to
maintaining accurate regulation, these systems must rapidly respond to dynamically vary-
ing flow demands during operation, making proportional control essential. Among these
approaches, pulse width modulation (PWM) enables precise flow regulation by adjusting
the pulse width and period. Owing to its effectiveness and flexibility, PWM is widely used
for fluid flow control not only in fuel injection systems but also in agriculture [1-3], the
automotive industry [4-7], and robotics [8-10].

Studies focusing on dynamic behavior modeling and PWM-driven solenoids have
been extensively investigated in the literature. Various experimental and numerical meth-
ods have been implemented to enhance performance and achieve more precise control
of the solenoids. Taghizadeh et al. [11] carried out the modeling of a PWM-controlled
solenoid valve and validated the model with experiments. Mathematical modeling was
conducted on an individual basis for the electromagnetic, mechanical, and working fluid
parts of the valve. As a result, the relationship between the average spool position and
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duty ratio for different working fluid pressures and PWM frequencies was obtained, rather
than predicting the transient flow rate. Messian et al. [12] modeled the dynamic nonlinear
behavior of a pneumatic actuator controlled by an on/off three-way PWM-driven solenoid
valve using the Runge—Kutta method and compared the results with experimental data. As
a result, the established mathematical model was verified under several working condi-
tions with experiments. Taghizadeh et al. [13] designed a circuit and examined the effect of
the circuit on PWM-controlled servo-pneumatic system linearity. Dynamic mathematical
modeling of the system was performed, and the results were validated with experiments.
Najjari et al. [14] conducted mathematical modeling of a PWM-based pneumatic system,
performing system modeling for all subdomains such as electrical, magnetic, mechani-
cal, and fluid. The performance of the fuzzy logic controller was tested by obtaining the
relationship between position and time. Pipan and Herakovic [15] studied high-speed
solenoid valves with a PWM algorithm and demonstrated their nonlinear characteristics
by mass flow measurements. The effect of PWM pulse width, pressure difference, and
operating frequency was investigated with a bilinear interpolation-based control approach.
Gao et al. [16] suggested a new PWM-based control process for fast-switching hydraulic
valves under varying pressure and frequency conditions in order to provide better dynamic
performance and efficiency. Accordingly, the relationship between ball valve displacement
and time was obtained for changing supply pressures. Ahn and Yokota [17] proposed a
new control algorithm for on/off type solenoid valves based on the PWM technique. The
variation in basic properties such as position, velocity, and acceleration versus time was
investigated under varying loads. Gade and Mangrulkar [18] performed a modeling and
simulation study of a pneumatic actuator including on/off solenoid valves and a PWM
controller for a missile application. The model was validated with experiments, and a
saving in gas consumption was achieved with the proposed PWM control method. Zhang
et al. [19] studied the dynamic performance of fast-switching solenoid valves under varying
working pressures. Accordingly, the mathematical model of the system was developed,
and the behavior of the switching valve was investigated for different pressure values.
Zhong et al. [20] investigated the most energy-efficient opening and closing voltages for
high-speed solenoid valves by considering the electromagnetic and mechanical subdo-
mains. They reported that a multi-stage driving strategy could shorten the switching time
while maintaining power losses at a low level. Li et al. [21] carried out a 3D numerical sim-
ulation of the mechanical and fluid regions of a PWM-driven solenoid valve. The dynamic
performance of the valve was investigated using the computational fluid dynamics (CFD)
method with a dynamic mesh approach in order to characterize the spool movement. Un-
der varying PWM duty ratios, the transient pressure and mass flow outputs were examined.
Finally, the relationship between control pressure and valve opening time was obtained.
Shiee et al. [22] conducted experiments to compare five common PWM schemes used to
control the fluid flow in on/off solenoid valves. The operating conditions of each case
were demonstrated, and a database was established for servo-pneumatic system designers.
Chen et al. [23] similarly considered the mechanical and electromagnetic subdomains of a
high-speed solenoid valve and performed CFD analyses using a moving-mesh approach.
Unlike Zhong et al., they developed a multi-physics co-simulation model and validated it
using current, pressure, and flow rate responses. Despite these advances, existing studies
in the literature have not been structured around integrating CFD-derived flow rate values
at discrete partial valve openings into a validated dynamic solenoid valve model to predict
flow throughout a PWM cycle without directly coupling the transient spool motion to a
moving-mesh CFD solution. With this approach, the need to apply moving/sliding mesh
techniques for transient flow rate prediction throughout the spool motion is eliminated.
As indicated above, the PWM-controlled solenoid valve was investigated through the
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combined use of dynamic modelling, experimental flow characterization, and CFD results
obtained at full and partial valve openings. Accordingly, the present study proposes a
hybrid computational approach that integrates CFD-derived flow characteristics at partial
valve openings with a validated dynamic valve model [24], thereby enabling the flow
rate to be predicted as a function of the instantaneous spool position. Thus, for operating
conditions within the model’s validity range, the flow rate can be predicted throughout the
input PWM cycle without requiring a separate experiment or transient CFD analysis for
each condition.

The ability to predict instantaneous flow rates during the opening and closing of
a PWM-driven valve is critically important for proportional control applications. The
solenoid valve investigated in this study is intended to regulate nitrogen rather than liquid
fuel in the actual application. Since the experiments were conducted using air, air was
also selected as the working fluid in the CFD simulations to ensure consistency between
the experimental and numerical analyses. In this study, CFD analyses were first validated
experimentally under fully open conditions and subsequently extended to partial opening
positions to obtain flow rate data during spool motion. These data were interpolated and
integrated into a MATLAB 2020a Simulink model to enable time-dependent flow rate pre-
diction under PWM control. Parametric analyses were conducted to investigate the effects
of PWM duty ratio, PWM period, coil driving voltage, inlet pressure, and orifice diameter
on the flow rate. The proposed framework provides a systematic basis for evaluating
the combined influence of structural and operational parameters on transient valve flow
behavior and supports proportional gas flow control applications within fuel control sys-
tems. Experimental results demonstrate the accuracy of the nonlinear model under varying
PWM duty ratios. The main contribution of this study is the development of a coupled
CFD-dynamic modeling framework that enables the prediction of transient and time-
averaged flow rates in PWM-driven solenoid valves by incorporating flow characteristics
at intermediate spool positions that cannot be directly measured experimentally.

2. Valve Characteristics for Partial Opening Conditions

In this study, CFD analyses were conducted to obtain the flow rate characteristics of
the valve under partial opening conditions. The mass flow rate data obtained numerically
at partial valve openings were used as input to the flow calculation algorithm. The valve
opening represents the displacement of the spool, with 0% corresponding to the fully closed
position and 100% to the fully open position. CFD calculations were performed at discrete
spool positions.

2.1. Geometric Specifications

The detailed valve geometry and experimental configuration were presented in the
preceding study [24]. To make the present study self-contained and facilitate reproducibility,
the principal geometric dimensions defining the solenoid valve and computational flow
domain are summarized in Table 1.

Table 1. Geometric specifications of the solenoid valve and the computational domain.

Geometric Specification Dimension [mm]
Orifice Diameter 14
Spool Diameter 12.85
Plunger Diameter 1
Maximum Spool Displacement/Stroke 1.5
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Table 1. Cont.

Geometric Specification Dimension [mm]
Inlet Diameter 11.5
Outlet Diameter 11.5
Inlet Computational Domain Extension Length 23
Outlet Computational Domain Extension Length 69

2.2. Mesh Generation

In order to carry out a 3D numerical study, an unstructured mesh composed of tetra-
hedrons is generated within the computational domain. However, ten layers of inflation
are adopted due to the near-wall treatment requirement for capturing high gradients in
the boundary layer region. Furthermore, the computational domain is extended from the
inlet and outlet regions to ensure flow stability and convergence. Figure 1 demonstrates
the mesh structure and required details within the computational domain.

Figure 1. Mesh details of the solenoid valve.

The numerical results can be highly dependent on the mesh density of the computa-
tional domain. Accordingly, three different types of mesh schemes are generated: coarse,
medium, and fine. The details of the mesh schemes and variations of the results are

presented in Table 2.

Table 2. Mesh independence study.

Mesh Scheme Number of Elements Mass Flow Rate [kg/s] Variation

Coarse 8,348,674 296 x 1074 -
Medium 14,977,637 2.84 x 1074 4.05%
Fine 23,465,951 2.83 x 1074 0.35%

The mesh independence study was conducted for the valve with a 1 mm orifice
diameter in the fully open position, using inlet and outlet boundary conditions of 1 bar
total gauge and 0 bar gauge, respectively. Since mass flow rate is the quantity used in the

https://doi.org/10.3390 /machines14091059


https://doi.org/10.3390/machines14091059

Machines 2026, 14, 1059

50f18

Pressure Outlet

flow calculation algorithm, its variation with mesh refinement was taken as the primary
criterion for assessing mesh independence.

Inlet pressure and outlet pressure boundary conditions are implemented at the inlet
and outlet boundaries of the computational domain within the study. Accordingly, the
mass flow rate of the system is computed as a capacity indicator. When the mesh scheme
is switched from coarse to medium, a 4.07% variation is observed in the mass flow rate.
Due to this significant variation, it is assumed that the mesh-independent solution is not
achieved with the coarse scheme, and further investigation is conducted with a fine mesh
scheme. The results showed that only a 0.35% variation was observed in the mass flow rate,
even though the total number of elements nearly doubled. As a result, the medium mesh
scheme with 14,977,637 elements was selected for numerical simulations. The element
sizes for the valve and the extended domain were 0.08 mm and 0.8 mm, respectively.
Additionally, ten inflation layers with a 1073 mm first layer thickness were applied for
turbulence modeling. The same mesh generation strategy and near-wall treatment were
applied to all investigated spool positions and operating conditions.

2.3. Turbulence Modeling

The Shear Stress Transport (SST) k-w turbulence model was implemented within the
computational domain due to its success in predicting swirling flows and its suitability for
simulating fluid flow in solenoid valves [25-27]. The transport equations for turbulence
kinetic energy (k) and specific dissipation rate (w) are as follows:

(k)  ApUk) _» .. d ak
TR T Py—p*pkw + o, (1 +0'kﬂt)axi ¢y
dow)  d(pUiw) 5 0 ow 1 Jk ow

Further details of the variables and constants are presented in the literature [28,29].

2.4. Boundary Conditions and Solution Methodology

Pressure inlet and pressure outlet boundary conditions are specified at the inlet and
outlet boundaries of the computational domain. The inlet total gauge pressure is set to
1,2, 3, and 4 bar, while the outlet pressure is set to a static 0-bar gauge because the valve
discharges to the atmosphere. Air is modeled using the ideal gas approximation to account
for pressure-dependent density variations, and the energy equation is solved to account
for the associated thermal effects. A pressure-based solver is employed for the numerical
solution. As shown in Figure 2, pressure inlet and pressure outlet boundary conditions are
specified at the inlet and outlet boundaries of the computational domain.

Walls

Pressure Inlet

Figure 2. Boundary conditions.
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3. Details of the Flow Rate Calculation Algorithm

This section describes the computational framework used to determine the time-
dependent flow rate of the solenoid valve under varying operational and structural param-
eters. Under PWM operation, knowledge of the fully open flow rate alone is insufficient to
determine the transient flow through the valve because the spool continuously traverses
intermediate positions during opening and closing. Moreover, the effective flow area, and
consequently the flow rate, does not necessarily vary proportionally with normalized spool
displacement. Therefore, CFD analyses were performed at discrete partial spool positions
to establish position-dependent flow characteristics for each valve configuration. Flow rates
between the CFD-calculated positions were estimated using piecewise linear interpolation
and incorporated into the time-dependent flow calculation algorithm. For an instantaneous
spool position x between two adjacent CFD-calculated positions x; and xi1, the mass flow
rate is calculated as

;(x - x;) 3)

where m; and m;,1 denote the CFD-derived mass flow rates at the adjacent spool positions
xj and xj,1, respectively. The CFD-derived mass flow rate values used as interpolation
nodes are summarized in Table 3 for all investigated orifice diameters, inlet pressures, and
spool positions.

Table 3. CFD-derived mass flow rates at discrete spool positions.

Opening Mass Flow Rate [kg/s] x 10~*
Orifice Diameter
Pressure 25% 50% 75% 100%

1 bar 2.67 2.86 291 2.92

2 bar 412 442 4.43 4.47
1 mm

3 bar 5.48 5.85 5.87 5.91

4 bar 6.84 7.50 7.44 7.47

1 bar 7.80 10.93 11.55 11.94

2 bar 11.60 16.57 17.62 17.74
2 mm

3 bar 15.81 21.87 23.55 23.57

4 bar 19.59 27.58 27.94 29.72

1 bar 11.77 20.23 23.35 25.12

2 bar 18.69 31.29 35.22 37.86
3 mm

3 bar 23.86 40.78 47.26 50.36

4 bar 29.98 51.50 58.29 64.10

1 bar 15.70 29.50 37.61 40.43

2 bar 23.83 45.55 61.64 63.56
4 mm

3 bar 31.70 59.87 76.57 86.12

4 bar 39.59 75.76 88.03 105.98

The spool position monitoring algorithm distinguishes between the opening and
closing phases based on the PWM signal. The position—time relationships of the spool
during valve opening and closing were obtained using the previously validated dynamic
valve model presented in Part I [24]. During the opening phase, the elapsed time is
compared with the applied PWM pulse width to determine the instantaneous valve position.
The logical structure of this decision-making mechanism is illustrated in Figure 3.
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Figure 3. Valve opening subsystem block diagram.

Conversely, when the PWM signal switches to the closing phase, the algorithm tracks
the spool return motion using predefined position-time relationships. The corresponding
decision structure for the closing phase is presented in Figure 4.

if(u1 <TOND)
@—b ut
else

Clocks
1f0
Ul (U1 ==1g0)  frmmmm e ey
it {}
Clock10
\fAction 6 Start to Close
I 1 N !
v
17 it{}
Clocks - %25 Close
IfAction 7
ulif(ul >=Lg050)  f-mmrmmimemmimmmin e .
v
v I8 it{} -
else {} n1 Out1 simout?
in1 Out1 |4 Clock? -
X fAction 8 650 Close
Else Action Utif(ul >=LQ025)  fommmmmn sy
’ %
Clocké %75 I
IfAction 9 o75 Close
ul T R ——— v
If10 {3
o e
Clock %100 Close

If Action10

Figure 4. Valve closing subsystem block diagram.

In the algorithm, the PWM signal generator supplies the voltage at the specified PWM
period and duty ratio. The algorithm then determines the instantaneous spool position
according to the position-time relationship. If the spool position is zero, the solenoid valve
is closed, and the flow rate is zero; if the spool displacement reaches the maximum stroke,
the valve is fully open. During the spool motion from the closed position to the fully open
position, or from the open position to the fully closed position, CFD calculations were
performed for the mass flow rates at partial openings. These CFD analyses were carried out
at 25%, 50%, 75%, and 100% openings, and the mass flow rates at intermediate openings
were calculated using piecewise linear interpolation. This process was repeated throughout
the PWM cycle in the algorithm, and the total mass was calculated by integration. The
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total mass was then divided by the PWM period to obtain the average mass flow rate. The
calculated mass flow rates were converted to volume flow rates for comparison with the
experimental measurements and presentation of the results.

4. Validation of the CFD Study and Flow Rate Algorithm

The validation of the proposed methodology was carried out in two stages. First,
the CFD results under fully open valve conditions were verified against experimental
data. Subsequently, the CFD-derived flow data were embedded in the flow rate prediction
algorithm and validated against experiments under PWM operation. A mathematical
model of the solenoid valve was developed, and the valve characteristics were obtained
and validated through experiments. To determine the flow rate through the valve during
operation, the flow rates corresponding to both fully and partially open positions must
be known.

In addition to CFD analyses under fully open conditions, further simulations were
conducted with the spool at partial openings. To ensure accurate flow rate control, the CFD
results must be validated. This was done in two stages, beginning with a comparison of
experimental and numerical flow rate values for the fully open condition. The volume
flow rate was measured using a SUTO 5418 thermal mass flow meter and reported in
normal liters per minute (NL/min), referenced to 25 °C and an absolute pressure of 1 atm,
with a manufacturer-specified accuracy of 4(1.5% of reading + 0.3% of full scale) and
a repeatability of £0.5% of reading. The inlet pressure was monitored using a Pakkens
MGO063 pressure gauge with a measurement range of 0-6 bar and an accuracy class of CL 2.5,
corresponding to a maximum measurement uncertainty of £0.15 bar. These measurement
uncertainties were considered when evaluating the agreement between the experimental
and numerical results. The results are shown in Figure 5.

40 160
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30 4 120 4
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Figure 5. Comparison of experimental and numerically obtained valve characteristics under fully
open conditions for varying orifice diameters: (a) 1 mm, (b) 2 mm, (c) 3 mm, and (d) 4 mm.
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Figure 5 illustrates that the results of the experimental and numerical studies for
the fully open condition of the valve are highly consistent. For example, the maximum
difference between the experimental and numerical results was calculated to be 4.57% for a
1 mm orifice diameter and an inlet pressure of 4 bar.

The second validation stage evaluates the accuracy of the flow rate prediction under
PWM operation. Therefore, CFD studies were used to understand the valve’s behavior
under partially open conditions. Figure 6 presents the numerically obtained flow rates for
valves with orifice diameters ranging from 1 mm to 4 mm at various inlet pressures, under
fully open and 75%, 50%, and 25% partial openings.
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Figure 6. Numerically obtained valve characteristics under fully and partially open conditions for
various orifice diameters: (a) 1 mm, (b) 2 mm, (c) 3 mm, and (d) 4 mm.

In the valve with a 1 mm orifice diameter, a noticeable decrease in flow rate was
observed only at the 25% opening, especially under high inlet pressure conditions. When
the orifice diameter was 2 mm, a significant decrease in flow rate was again observed at
the 25% opening. As the orifice diameter increased to 3 mm, a meaningful decrease in
flow rate could still be observed even at the 50% opening. In the valve construction with
a 4 mm orifice diameter, a significant flow rate reduction was observed at 75% openings,
especially at inlet pressures above 3 bar. The corresponding CFD-derived mass flow rate
values are used as the dataset for determining the flow rate through the valve at any
spool position during operation. Since the flow rates at fixed intermediate spool positions
cannot be directly measured during the rapid valve motion, the second validation stage
was performed for the complete flow rate prediction framework under PWM operation.
For this purpose, experimental flow rate values were obtained for solenoid valves with
orifice diameters ranging from 1 mm to 4 mm, operated at inlet pressures between 1
and 4 bar, driven with a 50% PWM duty ratio, 0.1 s period, and 24 VDC. For the same
operating conditions, the numerical flow rates presented in Figure 7 were obtained using
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the time-dependent flow calculation algorithm described in Section 3. A comparison of the

numerical and experimental results is shown in Figure 7.
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Figure 7. Comparison of experimental and numerical valve characteristics under a 50% PWM duty
ratio and a 0.1 s period for different orifice diameters: (a) 1 mm, (b) 2 mm, (c) 3 mm, and (d) 4 mm.

For the 1 mm orifice diameter, the maximum difference between the experimental and
numerical results was calculated as 1.7% at an inlet pressure of 4 bar, while this difference
reached its highest value of 2.8% for the 4 mm orifice diameter at the same inlet pressure.
These results further demonstrate the suitability of the conducted CFD studies and the
accuracy of the applied numerical method.

The full-scale flow rate of the SUTO S418 flow meter used in this study is 1000 NL/min.
Since the maximum flow rate measured with this flow meter was 272 NL/min, the mea-
surement uncertainty was calculated as £7.08 NL/min [£(1.5% of reading + 0.3% of full
scale)]. This corresponds to £2.60% of the measured flow rate. This indicates that the 1.3%
difference calculated under the fully open valve condition falls within the measurement
uncertainty range, whereas the 2.8% difference calculated under PWM operating conditions
is very close to this uncertainty value.

5. Results and Discussion

During the operation of the solenoid valve, operating conditions such as inlet pressure
and coil voltage, as well as structural features like orifice diameter, directly affect the flow
rate passing through the valve. In addition, the PWM duty ratio and the length of the PWM
period, which are used for precise flow control, also emerge as parameters that influence
the flow rate. For this purpose, the effects of these variables on the valve characteristics
will be investigated.

From a physical perspective, the flow rate is determined by the spool position, which
results from the interaction of electromagnetic, hydraulic, and spring forces. Changes in
PWM parameters affect not only the valve’s opening and closing times but also the transient
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force balance. Consequently, the spool position and, therefore, the instantaneous flow area
are directly influenced. The effects of the PWM duty ratio, PWM period, and coil voltage
on the valve characteristics will be investigated both individually and simultaneously.

5.1. Effect of PWM Duty Ratio

It is clear that the PWM duty ratio is a parameter that directly affects the flow rate
through the valve. This is because the longer the valve remains open, the greater the flow
rate through it will be. However, in order to examine how the flow rate changes with
different PWM duty ratios, the flow rates were calculated for valves with orifice diameters
ranging from 1 mm to 4 mm, driven with PWM duty ratios of 30%, 50%, and 70% for a
period of 0.1 s. The results are shown in Figure 8.
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Figure 8. Effect of PWM duty ratio on volume flow rate under varying inlet pressure conditions for
different orifice diameters: (a) 1 mm, (b) 2 mm, (c) 3 mm, and (d) 4 mm.

As seen in the figure, for a constant PWM duty ratio, the flow rate increases approx-
imately linearly with increasing inlet pressure. This trend is also observed at the other
PWM duty ratios investigated. The approximately linear pressure—flow relationship should
not be interpreted as evidence of incompressible behavior, since compressible and choked
flow conditions may occur under the investigated pressure ratios. As the PWM duty ratio
increases, the valve remains open for a greater fraction of each PWM cycle. This increases
the average spool opening and reduces the effective flow resistance. Consequently, for a
given pressure differential, higher PWM duty ratios result in higher flow rates. This be-
havior is consistent with the findings reported in similar studies in the literature [11,15,21].
A significant change in flow rate with PWM duty ratio has been observed even in the
configuration with the smallest inlet pressure and the smallest orifice diameter. The results
indicate an approximately linear trend between PWM duty ratio and flow rate across the
three investigated duty ratio levels.
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5.2. Effect of Period

In the parametric study of the PWM period, the effect of the period was investigated
for varying PWM duty ratios. For this purpose, in addition to the 0.1 s period used in
the study where only the PWM duty ratio was examined, flow rates through the valve
were obtained for period durations of 0.05 s and 0.2 s as well, under operating conditions
with PWM duty ratios of 30%, 50%, and 70%, using different inlet pressures. The graphs
obtained for valves with orifice diameters ranging from 1 mm to 4 mm are shown in
Figure 9.
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Figure 9. Effect of period on volume flow rate under varying inlet pressure conditions for different
orifice diameters: (a) 1 mm, (b) 2 mm, (c) 3 mm, and (d) 4 mm.

Figure 9 shows that the volume flow rate increases as the PWM period decreases at
each investigated PWM duty ratio. The increase in flow rate observed when the period
is reduced from 0.2 s to 0.1 s is smaller than the increase observed when it is further re-
duced from 0.1 s to 0.05 s. These changes become more noticeable, especially at higher
inlet pressures. This behavior arises from the dynamic delay in spool motion caused by
electromagnetic inductance, which prolongs the effective valve opening time at shorter
PWM periods. The electromagnetic mechanism governing this behavior is described by
the coupled electromechanical model developed and experimentally validated in Part
I [24]. Within this framework, the transient coil current, position-dependent inductance,
electromagnetic force, and spool motion are determined simultaneously through the cou-
pled governing equations. Accordingly, the current decay behavior discussed herein arises
directly from the established electromagnetic formulation and its coupled dynamic solution,
rather than being inferred solely from the spool position response.

Although the commanded PWM on-time is defined by the duty ratio, the solenoid’s
inductive nature causes a delayed closing, increasing the effective flow time. However,
due to the inductive nature of the solenoid coil, the spool does not close immediately after
the PWM signal is removed. As illustrated in Figure 10, the delayed decay of coil current
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causes the valve to remain partially open for an additional time interval, thereby increasing
the effective flow duration within each PWM cycle.
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Figure 10. Spool position of a solenoid valve with a 4 mm orifice diameter at 50% PWM duty ratio
for varying PWM periods: (a) 0.1 s; (b) 0.2 s. Points 1-5 indicate the open command, onset of spool
opening, close command, onset of spool closing, and fully closed position, respectively; d denotes the
closing delay.

Figure 10 shows the time-dependent movement of the spool in a solenoid valve with
a 4 mm orifice diameter over a total duration of 0.2 s at a 50% PWM duty ratio, under
identical process conditions. The spool position histories shown in Figure 10 were obtained
from the previously validated dynamic valve model presented in Part I [24]. At point 1, the
PWM generator sends an open signal to the solenoid valve. Between points 1 and 2, the
open signal induces a current in the coil. By point 2, the resulting magnetic field overcomes
the spring and pressure forces, causing the spool to open. At point 3, the PWM generator
sends a close signal. However, as can be seen in the graphs in Figure 10, the solenoid valve
does not close immediately after the close signal is sent. This delay is due to the fact that
the induced current does not cease instantly but instead decays gradually over time.

Between points 3 and 4, the induced current gradually weakens, and by point 4, the
magnetic force drops below the spring force, initiating the closing motion of the spool.
At point 5, the solenoid valve reaches the fully closed position. As shown in Figure 10,
the solenoid valve reaches the fully closed state after a delay time d following the close
signal from the PWM generator. Although the PWM duty ratio is 50% in both images in
Figure 10a,b, the closing delay causes the spool to remain open for a longer time as the
PWM period decreases. This increases the effective flow duration and, consequently, the
flow rate. Accordingly, the influence of the PWM period is nonlinear and becomes more
pronounced at shorter periods due to inductive delays in the valve dynamics, which affect
the effective opening and closing behavior.
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5.3. Effect of Driving Voltage

Solenoid valves can be powered by a generator driven by gas turbines or internal
combustion engines, or directly by a battery. When the engine is running and power
is supplied by the generator, the nominal supply voltage is 28 VDC. However, during
startup—when the engine is not yet in operation—power is typically supplied by a battery.
In this case, the nominal supply voltage is 24 VDC, but it can drop to as low as 18 VDC
depending on the battery’s charge level. Since this directly affects the strength of the
magnetic field, it also influences the valve’s opening time and, consequently, the amount
of flow passing through the valve. Therefore, the effect of this variation in supply voltage
on the flow rate is an issue that needs to be investigated. To this end, the impact of supply
voltage on the flow rate has been examined parametrically for varying PWM duty ratios,
and the results are presented in Figure 11.
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Figure 11. Effect of driving voltage on volume flow rate under varying inlet pressure conditions for
different orifice diameters: (a) 1 mm, (b) 2 mm, (c¢) 3 mm, and (d) 4 mm.

The figure shows that as the voltage increases, the magnetic field force generated
against the pressure also increases. Since the magnetic field force and the pressure force act
in opposite directions, the difference between them becomes more pronounced at higher
inlet pressures. As a result, at high inlet pressures, the change in flow rate due to varying
voltage becomes more significant. Chakrabarti et al. [30] reported a faster valve response
with increasing voltage in their study of a plunger-type solenoid valve.

5.4. Simultaneous Effect of PWM Duty Ratio and Period

It has been demonstrated that the flow rate through the solenoid valve increases with
a higher PWM duty ratio and a shorter period. However, to examine the combined effects
of these two parameters on the flow rate within the investigated ranges, simultaneous
variations in PWM duty ratio and period were evaluated. Figure 12 illustrates the effect of
changes in the PWM duty ratio and period on the flow rate.
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Figure 12. Simultaneous effect of PWM duty ratio and period on volume flow rate under varying
inlet pressure conditions for different orifice diameters: (a) 1 mm, (b) 2 mm, (c) 3 mm, and (d) 4 mm.

Figure 12 shows that the flow rate increases with increasing PWM duty ratio and
decreasing PWM period across the investigated parameter levels. The duty ratio—flow rate
response exhibits an approximately linear trend over the three investigated duty ratio levels.
In contrast, the change in flow rate with PWM period is nonuniform over the investigated

period levels. Specifically, the flow rate increase becomes more significant when the period
is reduced from 0.2 s to 0.1 s and then to 0.05 s. This effect becomes even more pronounced
as the orifice diameter decreases.

6. Conclusions

This study develops a predictive modeling framework for analyzing the flow rate
of PWM-driven solenoid valves under varying operating conditions and structural pa-
rameters. The novelty of this study lies in its integrated approach, which combines CFD-
and interpolation-derived flow data for partial openings with dynamic electromagnetic—
mechanical modeling and experimental validation within a single integrated framework.

The main contribution of this study is the integration of the flow rate obtained through

CFD at partial openings into a previously validated dynamic valve model. This enables the

flow during the dynamic motion of the valve to be predicted without conducting a CFD

simulation using a moving mesh throughout the spool motion. Key findings of the study
are summarized below.

e A close match was observed between the experimental and numerical results. The

maximum difference was 1.3% under fully open conditions and 2.8% under PWM
operation, both for the 4 mm orifice diameter at an inlet pressure of 4 bar.
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e  Within the investigated pressure range, the inlet pressure and the flow rate show an
approximately linear relationship for a constant PWM duty ratio. However, the rate
of increase in the flow rate increases with the increase in the PWM duty ratio.

e  The volume flow rate increases as the PWM period decreases, with a more pronounced
effect at shorter periods. Additionally, as the orifice diameter increases, the slope of
the flow rate—pressure curve increases.

e  An approximately linear relationship is observed between voltage and flow rate
within the investigated voltage range. While the change in flow rate with increasing
voltage is quite limited at small diameters, at larger diameters, the slope of the flow
rate—pressure curve increases as the voltage increases.

e  Within the investigated parameter ranges and discrete levels, the variation in flow
rate observed across the PWM duty-ratio levels was greater than that observed across
the PWM-period levels.

Despite its contributions, this study has certain limitations. Since the experimental
studies were conducted using air in the factory environment where serial production
takes place, air was also specified as the working fluid in the CFD analyses to ensure
consistency between the numerical and experimental studies. In the target application,
however, nitrogen will be used as the working fluid. The investigated PWM periods
in the range of 0.05-0.2 s (5-20 Hz) correspond to the operating range considered for
the present valve configuration. In the CFD analyses, air compressibility was taken into
account using the ideal gas approach and by solving the energy equation. The analyses
revealed local supersonic flow regions, particularly near the orifice throat. The maximum
local Mach number was 2.09 for the 1 mm orifice at an inlet total gauge pressure of 4 bar,
with sonic conditions occurring at the orifice throat. Therefore, the proposed framework
provides a practical tool for predicting the flow rate of gas-phase working fluids through
the valve within the investigated operating range. Further studies could extend the present
framework by accounting for viscosity effects in liquid fuel systems and by investigating
broader ranges of orifice diameter and inlet pressure.
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