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Abstract
This paper presents a mass flow rate control method for solenoid-based injectors in open-loop, i.e. without physical
sensor feedback. Measuring the mass flow rate in injectors is important because the performance of the injector
determines fuel consumption and emissions. While it is possible to perform this control using different types of sensors,
this would increase the cost and reduce the reliability. With this study, it was aimed to control the mass flow rate
of solenoid-based injectors using continuous switching control to regulate the injector’s needle displacement without
using sensors. For this purpose, a solenoid-actuated injector prototype was created. Model-based estimators were
used to determine the states of the injector, while a super-twisting sliding mode controller was used to track the desired
mass flow rate references. The results of the experiments showed that tracking for sinusoidal, triangular, and square
trajectories yielded a mass flow rate percent error of less than 1.06. The proposed open-loop control algorithm can be
used to track different mass flow rate references in internal combustion engines.
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Introduction

The industry has been forced to investigate novel ideas
and create new technologies for cost-effective engines
with reduced fuel consumption and exhaust emissions,
particularly for internal combustion engines. Such new
technology is important to maintain a competitive advantage
in the industry. One of the parts that can reduce the cost of
engines is the injector. However, cost reduction in injectors
is challenging as it might lead to the engine not meeting
the performance requirements, which are determined by
the atomization quality and precise amount of the injected
liquid.1 The former depends on the droplet size and spray
cone angle, while the latter depends on controlling the
needle movement that regulates the spray quantity. When
the needle movement is controlled, only the injection timing
is followed, and the amount of sprayed fuel is not fully
controlled. It is possible to increase the engine efficiency by
controlling the mass flow2,3 rather than the needle movement
because doing it allows the injection of an exact amount of
fuel. Currently, mass flow controllers are used for purposes
such as urea dosing to eliminate hazardous gases from diesel
engines,4 gas dosing into bioreactors for bacterial growth,5

and creating different gas or liquid mixtures for different
chemical reactions.6

A solenoid-based injection system can be considered
a cost-effective solution, which can be used to flexibly
control and regulate the injection quantity based on desired
operating conditions. The solenoid actuator of the injector
and its controller regulates the operation and are one of
the main factors determining the desired performance of
an internal combustion engine. The performance can be
improved by using the information from any sensors to be
added to the injectors. However, it is hard to check the

position of the needle7, as sensors are not attached to these
injectors because of their cost and reliability issues. There
are some studies that investigated the position control of
solenoid actuators with and without sensors,8,9 however,
these controllers cannot suffice to achieve a robust mass flow
rate control because solenoid-based injectors are controlled
by continuous switching, and the flow behavior from the
needle position cannot be predicted due to nonlinearities and
other uncertainties in the system.

Another important factor to consider is the type of actuator
used. Piezoelectric actuators are widely used in injectors
as they provide a small mechanical displacement at high
speed and precision. Hence, more research on mass flow rate
control has been done by changing the operating voltage of
piezoelectrically operated injectors.10,11 Also, the injection
efficiency was improved by utilizing a model-based approach
to estimate the parameters of the piezoelectric actuators that
control the injection process.12 Due to the discrete nature of
electromagnetic solenoid actuators, which are widely used
as an alternative to piezoelectric actuators, displacement
can be controlled using continuous switching control. But
doing this robustly without using a sensor is challenging.
Therefore, this article proposes a method for mass flow rate
control of solenoid-based injectors by regulating the needle
displacement.
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In order to control the combustion process more
effectively, it is necessary to investigate the fuel injection
phenomenon.13 The fundamental challenge in combustion
control is to accurately determine the opening and closing
times of the injectors. The complex electrical, hydraulic,
and mechanical operations that take place inside a fuel
injector happen fast, making it challenging to calculate the
opening and closing times of the nozzle.14–16. Generally,
it is assumed that the electrical control pulse being sent
to the coil marks the start of the injector opening.17,18

However, the dead zone time of the solenoid inside the
injector prevents direct connections between the applied
pulse-width modulated voltage and the injector needle
position, making this determination error-prone. As a result,
it is hard to achieve the desired mass flow rate. Many
of the control systems found in the literature that are
used to control the needle’s position use sensory feedback.
Utilizing a current-detecting device that can track current
variations and, as a result, determine instances a solenoid
actuator closes and opens.19 Lillington et al.20 emphasizes
accurate modeling and simulation in complex electro-
mechanical system design. Accurate models improve system
performance and reliability while reducing development and
testing time and cost. The injector’s performance was studied
and optimized using the model. The position control of
a pneumatic cylinder using the PWM control method to
control the mass flow rates of the injector, but only for the
on-off case, has also been studied.21

To the best of our knowledge, there are no other studies in
the literature focusing on an indirect control of the mass flow
rate by controlling the exact position of the injector’s needle
in a sensorless environment. This study bridges this gap in
the literature by focusing on the design and construction of
a novel cost-effective solenoid-based injector prototype, as
an alternative to the ubiquitous piezo-electric injectors, to
control the mass flow rates in an open-loop environment.
Using the developed prototype, experiments were carried out
to determine respective mass flow rates based on the orifice
area control. Specifically, it was aimed to regulate the mass
flow rates using an open-loop controller, while monitoring
the effects of the structural elements. The experiments were
done using a benchtop solenoid-based injector. The results
of the experiments showed that the proposed control method
and the designed injector is operable, forming a basis
for similar other injectors to be developed for use in the
automotive industry.

In the following section, the proposed injector system
is explained followed by an explanation of the proposed
control algorithm. Then the different desired mass flow
rate reference signals are briefly discussed. Finally, the
experimental results and conclusions are presented.

Pintle-type Solenoid Based Injector
In this study, a cost-effective prototype of a solenoid-
based injector was designed and built to examine the mass
flow rate control problem. A benchtop setup, consisting
of a solenoid actuator, spring, pintle-type atomizer, and an
encoder assembly was used (see Figure 1). A pintle-type
injector was selected to be used considering their usage
in the high flow rate applications.22 Characteristics of the

Figure 1. The cut view (left) and built hardware (right) of the
injector prototype to evaluate the control algorithm are shown.
The needle is attached to one side of the solenoid’s plunger; the
linear encoder is attached to the other side of the solenoid’s
plunger.

injector are given in Table 1. Since a cost-effective and exact
measurement of the flow rate was unattainable, a load cell
was used to measure the flow over a specified time. A linear
encoder was built using a linear rail and a rotational encoder,
with a pulley-string system. The linear encoder assembly was
attached to the non-injecting side of the injector, adjacent to
the solenoid actuator, which was used to verify the adequacy
of the applied control algorithm.

Control algorithm design

This section provides a summary of the control methodology,
followed by the modeling approach and design of the control
algorithm to reach the desired mass flow values.

Methodology
A valid mathematical model for the injector can be created
to determine the mass flow rate without the need for
sensors. Instead of sensor measurements, an observer-based
estimation can be used to estimate the system states.
However, since there is no linear relationship between the
solenoid needle displacement (the electromechanical output
of the operation) and mass flow rate (physical output of the
injector), a calibration method must also be developed to
establish a relationship between the two (see Figure 2).

MODEL
Accurate mathematical

modeling of the
injector to estimate
states of the injector
to eliminate sensors

CALIBRATION
Determining a relation

between solenoid
actuator operation

and flow rate output
of the injector

CONTROL
Tracking the mass

flow rate using open
loop controller for

varying reference signals

Figure 2. The overview of the control methodology to develop
the sensorless mass flow rate control of solenoid-based
injectors
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Table 1. Properties of a Pintle-type Injector with Solenoid Actuator
Parameter Description Unit Value
Injection Pressure Pressure at which fluid is injected bars 6
Maximum Flow Rate Rate of fluid flow through the injector g/s 9.8
Materials Materials used to construct the injector – Stainless steel, ABS
Nozzle Size Size of the nozzle through which fluid is injected mm 2
Orifice Diameter Diameter of the orifice through which fluid flows mm 1.75
Sealing Type Type of sealing mechanism to prevent leaks – Static, dynamic
Plunger Mass Mass of the plunger that moves the fluid g 91.32
Spring Constant Stiffness of the spring used to inject the fluid N/m 420
Solenoid Voltage Voltage required to operate the solenoid V 24
Coil Resistance Electrical resistance of the solenoid coil ohms 46.1
Coil Turns Number of turns in the solenoid coil turns 2900
Solenoid Stroke Distance the solenoid moves when in operation mm 4

With the aim of developing a control approach to
achieve the desired mass flow rates and tracking any
desired reference profile, a simulated model and an observer
were used to track the desired trajectories and achieve
desired mass flow rates. While constructing this approach,
a closed-loop position control algorithm was used to get
the transformation function for the mass flow rate to the
needle position. The transformation function mentioned
will serve as the calibration of the injector, allowing
the relationship between the solenoid needle displacement
and the corresponding mass flow rate to be accurately
determined. An evaluation of this approach was made by
assessing the mass flow rate tracking performance of the
open loop controller for various reference signals.

Injector electromechanical model
The electrical model: When a solenoid is powered by an
input voltage v0r, the electromagnetic force (Fem) generated
in the injector attracts the plunger. Figure 3 shows the forces
acting on the injector when this happens.

Figure 3. The force analysis model of the injector. Fg , Fem, Fd,
Fs, Fp, are the gravitational, electromagnetic, damping, spring,
and water pressure forces, respectively.

In the electrical model, the input voltage is represented by
(1).

v0r = Rr ir +
dλr

dt
(1)

where, λr is the total flux, ir is the coil current, and Rr is the
coil resistance. Here λr is represented by (2).

λr = Lr i = L(x)ir (2)

where Lr is the solenoid’s inductance.
The voltage and coil current of the solenoid is derived

from the combination of (1) and (2), as in (3):

v0r = Rr · ir + L(x) · (dir)
dt

+ ir
dL(x)

dx
· dx
dt

(3)

dir
dt

=
1

L(x)

[
v0r −Rrir − ir

dL(x)

dx

dx

dt

]
(4)

The current calculated from (4) is used to calculate the
electromagnetic force, as in (5):23

W ′
m(ir, x) =

∫
λ(ir, x)dir =

∫
L(x)irdir =

i2rL (x)

2
(5)

Fem =
∂W ′

m (ir, x)

∂x
=

1

2
i2r.

dL ( x)

dx
(6)

where, W ′
m(ir, x) is a function of inductance and coil

current, which is called co-energy. The injector inductance
is represented by its relationship with the total reluctance
ΣnRri and number of coil turns (Nr) as (7):

L(x) =
N2

r

ΣnRri
(7)

The mechanical model: Based on the force analysis model
of the injector shown in Figure 3, a mechanical model was
built using Newton’s second law to describe the plunger
motion, which is described below:

ΣF = mp
d2x

dt2
(8)

Fem + Fp + Fg + Fd − Fs = mp
d2x

dt2
(9)

Fem + PinSo −mpag − br
dx

dt
− kr(x+∆) = mp

d2x

dt2
(10)

where, Fg , Fem, Fd, Fs, Fp, ∆, kr, br, Pin, mp, x,
and So, are the gravitational force, electromagnetic force,
damping force, spring force, the force caused by water
pressure, precompression of the spring, spring stiffness,
damping coefficient, inlet water pressure, plunger mass,
plunger displacement, and orifice cross-sectional area of the
injector system, respectively.

The purpose of this electromechanical model of the
injector was to find the relation between the applied voltage
and the resulting needle displacement.

High gain observer for velocity estimation
A High Gain Observer (HGO) is a type of observer used
in control systems to estimate the unmeasured states of a
system. The unique feature of the HGO is that it uses high-
gain feedback to magnify the effects of small estimation
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errors, thereby improving the accuracy of the estimation.
Specifically, the HGO works by combining the system model
with the available measurements to form an estimation of
the unmeasured states. The HGO is particularly useful in
applications where accurate state estimation is needed, and
also where the system model is reasonably accurate but
measurement noise is present.

The controller of the solenoid actuator requires both
position and velocity information of the injector’s needle.
For the closed-loop control, the needle position is measured
using the encoder; for the open-loop control, the simulated
model was used. Velocity could be obtained using numerical
differentiation of the position but that would amplify the
measurement noise of the system. Therefore, HGO was
implemented to estimate the velocity output.24,25

The HGO provides a suitable and simple solution for
nonlinear systems like this one, because it doesn’t involve
any differential equations. Another advantage it brings is
semi-global or global stability,26 which implies they can
ensure stability for any initial condition. The HGO was also
preferred due to its easy gain adjustment by pole placement
and minimal system-destabilizing peaking effects.27 In order
to get the best performance of the HGO in both the closed-
and the open-loop control systems, gain values were tuned
heuristically through experimental trial and error. The gains
were tuned so that the tracking error and the overshoot would
decrease. Equations explaining the observer dynamics are
given in (11), (12) and (13).

x̂ [k + 1] = v̂ [k] + β1 (z [k]− v [k]) (11)

v̂ [k + 1] = Φ0 [ŷ, u] + β2 (z [k]− v [k]) (12)

z = v̂ [k] (13)

where, x̂ is the estimated position of the needle, and v̂ is
the estimated velocity of the needle. The gains β1 and β2

were empirically tuned following the guidelines provided by
Khalil and Grizzle,28 until the error was minimized in the
output following the design criterion of β2 >> β1 >> 1.
Thus, β1 and β2 were assumed as 27 and 294, respectively.

Super-twisting sliding mode control (STSMC)
Supertwisting Sliding Mode Control (SMC) is a non-linear
control algorithm used in control systems to track reference
signals and reject disturbances. The unique feature of
STSMC is that it uses a sliding surface to generate control
inputs that drive the system states to follow the reference
signal, while also compensating for external disturbances.
Specifically, the algorithm involves the use of a sliding
surface that represents the error between the system states
and the desired reference signal and a set of control laws
that are designed to force the system states to converge to
the sliding surface and then follow it towards the reference
signal.

The SMC algorithm is enhanced by the addition
of a supertwisting term, which improves the tracking
performance by reducing the chattering effect, a common
issue in traditional sliding mode control. The supertwisting
term provides a smooth control input and results in a faster
convergence to the sliding surface, while also reducing the
tracking error.

The STSMC algorithm is particularly useful in applica-
tions where high tracking accuracy is required, and where
the system model is subject to external disturbances and
uncertainties.29

Since there are a lot of nonlinear forces acting on the
system, the controller had to be robust and versatile in order
to follow the desired reference signal. Also, physical systems
like this can be subject to external disturbances that may
degrade control performance or even cause the system to
become unstable. Motion tracking with super-twisted sliding
mode control (STSMC) is found to be successful in non-
linear motion control systems with external interference and
system uncertainties.7,9,30,31 Therefore, this control approach
was also applied here.

In STSMC, system states are used to reduce tracking error.
In this study, the injector needle position and velocity were
used as feedback. The needed state information was acquired
from the simulated system model and the high-gain observer
as there was no sensor feedback. In order for the applied
controller to be successful, the data from these estimators
had to be of good quality.

First-order sliding surfaces, which are frequently used in
the literature, were chosen as the sliding surface for the
sliding mode controller.32 In addition, similar performances
were attained when the first-order and higher-order sliding
surfaces were compared. So, first-order sliding surfaces were
used in the controller to minimize the computational effort.
STSMC gains were empirically tuned for both closed-loop
and open-loop systems. The range of the gains was chosen
heuristically by experimental trial and error. The controller
aimed to reduce the error between the desired and actual
mass flow rate of the injector. Gains were increased while
tracking the desired input trajectory in order to reduce
overshoot, undershoot, and system lag while decreasing the
tracking error.

The sliding surface S of STSMC is defined as:

S =
de
dt

+ ce (14)

where e is the error between the desired and measured
output, c determines the position of the unique pole of
reduced dynamics of the system when the system is in the
sliding phase. As soon as the trajectories of the controlled
system reach the sliding surface, the system does not require
model parameters.

After the design of the sliding manifold, a control output is
required which keeps the system trajectories onto the sliding
surface and is defined as in (15)

U = −u · sat (S) (15)

where,

U =

{
−u S < 0

u S > 0
(16)

u can be arbitrarily chosen sufficiently large constant
until the desired output is achieved. For the simulation, the
controller gains S and u were empirically tuned as 52 and
17, respectively. Gains were tuned to 44 and 31 for the
hardware experiments. First-order sliding surfaces, which
are frequently found in the literature, were chosen as the
sliding surface.32 First-order sliding surfaces were utilized
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to minimize the computing effort after higher-order surfaces
were investigated and found to perform comparably.

Experimental setup
As this study focuses on the automobile industry and
developing an open-loop mass flow rate control for solenoid-
based injectors, a control system was developed (with a
sampling rate of 1 kHz) with the capabilities of an Electronic
Control Unit (ECU) used in automobiles to replace this unit.

In the experiments, a solenoid actuator that ran on 24
VDC, coupled to a pintle-type needle on one end and a
linear encoder to the other end (see Fig 1), was used. The
experimental devices and their connections are shown in
Figure 4. A USB data acquisition system (DAQ) comprised
of a Quanser Q8 board supported by the MATLAB Simulink,
which produces 16-bit analog output control signals, was
used to create the control signal for the injector. Since the
DAQ board can only support currents up to 20 mA at 10
V, which is insufficient for the injector, the DAQ output
was amplified using a National Instruments CompactRIO
(NI cRIO) system. The DAQ signal was acquired by a
12-bit analog input module (NI9201) attached to the NI
cRIO, which was then transformed into an equivalent PWM
signal in embeded LabView software. A digital I/O module
(NI9472) attached to the NI cRIO transmitted the amplified
24 V PWM signal to the EM solenoid actuator.

The position data were collected by a Broadcom
HEDS5645-I13 rotary encoder through a pulley-string
mechanism. This encoder provided 2048 counts per
revolution with quadrature reading. The single increment
of the encoder corresponded to a linear displacement of
6.584 µm.

In order to track the injection’s intended mass flow,a
FUTEK load cell with a resolution of 0.001 g was used
to measure the injected mass of the fluid. All tests were
completed in a test bench environment using water at 6 bar
pressure.

Mass Flow Rate Control

Measurement Of Flow Rate Using Closed Loop
Control
The aim of the closed-loop control was to measure how much
needle opening corresponds to how much mass flow rate.
Such relation would depend on the flow, pressure, fluid type,
nozzle type and size, as well as the needle displacement.
Also, the relationship could be different for each injector.

In experiments, the opening of the injector needle was
regulated using STSMC in closed-loop with the needle
position as feedback, as shown in Figure 5. The figure shows
the control block diagram to determine the system’s average
mass flow (m). The mass flow rate (ṁ) and needle position
(x) were correlated using load cell data. The load cell’s
fluid force measurement determines the injector’s mass flow
rate. STSMC closed-loop regulated the injector needle using
needle position feedback. The control approach calculates
the system’s average mass flow rate by correlating load cell
measurement with the injector needle position. The injected
water was collected and its weight, m, was divided by the

Liquid

Pressure

Vessel

FUTEK

CSG110

Amplifier

FUTEK

LSB200

Load Cell

Quanser Q8-USB

Workstation

Control

Signal

Measured

Load

24 V

24 V

PWM

Supply

10 V

PWM

Amplified

Data

Liquid

NI CompactRIO

Pintle

Solenoid

Injector

Power

Supply

Figure 4. The experimental setup and the main components of
the benchtop injection system.

total spray time to get the averaged mass flow rate ṁ. A look-
up table was created with the experimental data by giving
discrete signals to the injector and measuring the injected
liquid’s mass using a load cell (data points are shown in
Figure 6). As the experiments were conducted at low water
pressures, no water flow was observed for small openings. A
linear fit to the data provided a transformation function for
the mass flow rate to needle position, as given in (17).

ṁ = 0.123x− 1.663 (17)

STSM

Controller

Linear Encoder

e
Σ

rpos u

Load Cell 

Sensor
Pintle 

Injector
x-

m m

Figure 5. The controller block diagram to determine averaged
mass flow, m. The load cell data was used to get the relation
between mass flow rate, ṁ, and needle position, x.

Closed-Loop Mass Flow Rate Control
Once the transformation function for the mass flow rate to
the needle position was established, a variety of mass flow
rate reference signals were tracked using the closed-loop
controller to test the method. The reference mass flow rate
signals, rmfr, consisted of various waveform signals with
different amplitudes and frequencies to study the adequacy of
the method. As the relation between the needle’s position and
the injector’s mass flow rate has already been established,
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Figure 6. The transformation function for the mass flow control
was achieved using the curve fitting approach. The fit does not
cross the origin as no flow of liquid was observed for relatively
small needle openings.

corresponding needle position, rpos, was tracked for the
desired mass flow rate. The implemented control algorithm
can be seen in Figure 7. In the closed-loop mass flow rate
control system, the encoder was used to measure the actual
position of the injector’s needle transforming it to the mass
flow rate, and the controller compares it to the desired
setpoint value. If the measured value is below the setpoint,
the controller sends a signal to increase the flow rate, and if it
is above the setpoint, the controller sends a signal to decrease
the flow rate. The solenoid actuator then adjusts the needle
opening controlling the flow rate accordingly. Since sensor
information was used in this control method, the results
obtained here were accepted as the baseline performance for
the sensorless method.

STSM

Controller

Pintle 

Injector

Linear

Encoder

Mass Flow 

Rate To

Needle 

Position
e x

Transformation

Function

Σ
Desired Mass

Flow Rate (g/s) rposrmfr u

d

Σ

-

Figure 7. The block diagram of the closed-loop mass flow rate
controller is shown. The injector was made to track the
reference mass flow rate reference signal using STSMC
algorithm, using feedback from the encoder. The control
algorithm also incorporates the disturbance d in the system.

Open-Loop Mass Flow Rate Control
As the purpose of this study was to develop a controller that
can control the mass flow rate without a sensor feedback,
an open-loop position control using the relation between the
needle opening and mass flow rate was used, as given in (17).

Looking from the outside, the designed controller acts as
an open loop but involves a component within which the
controller requires the position and the velocity of the system
to close the loop. This open-loop control approach used is
shown in Figure 8. Based on this approach, the following
three blocks inside the controller were designed. To estimate
the position of the needle, x̂, a dynamic system model of
the injector was created using analytical and experimental
methods, which took PWM voltage as the system input, and

x

u

Desired Mass

Flow Rate (g/s) 

Mass Flow 

Rate To

Needle 

Position
rpos

Transformation

Function

STSM

Controllerrmfr

d

x
Σ

Pintle

Injector

Simuated

Model
High Gain

Observerv

Figure 8. The block diagram shows the open-loop mass flow
rate controller. The injector was made to track the reference
mass flow rate signal using the STSMC algorithm. x̂ and v̂ are
estimated position and estimated velocity by the simulated
model and the HGO, respectively.

the needle position as the system output. An observer was
implemented to obtain the noise-free velocity output of the
solenoid actuator, v̂, hence the needle velocity. An STSMC
was designed for effective position tracking of the actuator.
The open-loop mass flow rate control algorithm estimates the
needle position using a simulated model, where the position
of the needle is determined by the control signal sent to the
injector. The transformation equation is then used to convert
the estimated needle position into the corresponding mass
flow rate. This mass flow rate is then compared to the desired
setpoint value using a controller. The controller generates an
output signal that is proportional to the difference between
the desired mass flow rate and the estimated mass flow rate,
and sends it to the injector to adjust the needle position
to achieve the desired mass flow rate. Since there is no
feedback loop to correct any errors or disturbances, the open-
loop control system relies entirely on the accuracy of the
simulated model, the transformation equation, the selection
of controllers, and the state observer.

Experimental results

Position tracking results
Position tracking experiments were conducted to compare
the errors of the implemented closed- and open-loop control
algorithms. The tracked trajectory profiles consisted of
sinusoidal, triangular, and square signals. The selection of
the profiles was made by taking into account the distinctive
features of each signal. The reasons for choosing these
signal types are as follows. The sinusoidal waveform was
chosen because it represents the state change of many
things in nature. Square waveform pattern was chosen
because the injectors in industrial applications and internal
combustion engines are mostly used with this pattern. The
triangular waveform was chosen because it is used to test
the algorithm’s response under rapidly changing piecewise
linear input. Using these signal profiles, the position
amplitudes of 255, 265, 275, and 285 µm and, frequencies
of 0.6, 0.8, and 1.0 Hz were tested. All experiments were
repeated 10 times for each controller, and the RMS tracking
results were tabulated as in Table 2. The standard deviation
data were not included in the table as the variance of the
results was less than 2% of the mean, indicating that the
variation among trials was negligible, and the results were
highly reproducible. The highest of the position tracking
RMS error was 14.06 µm for the square reference signal.
The maximum tracking error of 19.36 µm was seen for 285
µm amplitude and 1 Hz frequency square reference signal.
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Table 2. RMS position tracking errors for closed- and open-loop
control are tabulated. Experiments were conducted 10 times for
each reference type.

RMS Position Tracking Error (µm)
Signal Type Closed-loop Open-loop
Sinusoidal 9.93 11.36
Triangular 10.09 11.94

Square 13.37 14.06

When the RMS position tracking error was larger than 36.81
µm, the mass flow rate control was not achievable.

The results of tracking a sinusoidal, triangular, and square
reference position signal for both closed- and open-loop
control approaches are provided in Figure 9.

Mass flow rate tracking results
To test the effectiveness of the proposed algorithm, different
mass flow rate trajectories were created with varying
amplitudes and frequencies. The trajectory profiles consisted
of sinusoidal, triangular, and square signals, similar to
the position tracking profiles. Using these signal profiles,
the mass flow rate amplitudes varied from high 6 g/s,
to intermediate 3 g/s, and to low 0.5 g/s whereas, the
frequencies varied from high 5 Hz, to intermediate 2 Hz, and
to low 0.2 Hz and 0.8 Hz. The highest mass flow rate the
used injector could reach was 9.8 g/s at 6 bar water pressure.
Also, for frequencies higher than 7 Hz, performance dropped
significantly.

The open-loop control algorithm was tested with the
reference signals mentioned above using the transformation
function between the mass flow rate and needle position.
Since the mass flow rates cannot be accurately measured in
real-time due to atomization, the time integral of the desired
reference flow rate was calculated to determine the mass of
the discharged fluid for the duration of the experiment. This
total mass reference was then compared to the amount of
collected fluid measured with the load cell.

Experiments were also conducted in closed-loop to
compare the results of the open-loop control experiments.
Again, for each reference signal, experiments were repeated
10 times, and the RMS tracking results were tabulated as
in Table 3. The mass flow rate tracking control results for a
single case of sinusoidal, triangular, and square are presented
in Figure 10. Here, the load cell measurements are also
given for both the closed-loop and the open-loop control
algorithms.

Discussion of the results
The error rate of the mass flow rate control was less than
1.06% for low amplitudes and frequencies which verified the
effectiveness of the algorithm used. This is similar to the
error rate reported for piezoelectric actuated injectors, e.g.
by33.

The percent error boxplots for total mass injected under
different reference input profiles using the closed- and open-
loop control methods are presented in Figure 11. These
show the percent deviation of the actual mass flow rate
from the desired mass flow rate for 10 repeated tests.
Independent-samples t-tests were calculated to compare
the average percent closed-loop tracking error to the

Table 3. RMS mass flow rate tracking errors for closed- and
open-loop control are tabulated. Experiments were conducted
10 times for each reference type.

RMS Mass Flow Rate Tracking Error (mg/s)
Signal Type Closed-loop Open-loop
Sinusoidal 7.12 9.02
Triangular 7.25 7.31

Square 28.2 37.1

average percent open-loop tracking error for three reference
signals, namely, the sinusoidal, triangular, and square. For
the sinusoidal reference signal, no significant difference
was found (t(89) = 1.6559, p > .05) between the closed-
loop mean (m = 0.99633, sd = 0.59613) and the open-
loop mean (m = 1.1491, sd = 0.64106). For the triangular
reference signal, no significant difference was found
(t(89) = 1.1453, p > .05) between the closed-loop mean
(m = 1.1559, sd = 0.72364) and the open-loop mean (m =
1.282, sd = 0.75385). For the square reference signal, no
significant difference was found (t(89) = −11.521, p > .05)
between the closed-loop mean (m = 1.2225, sd = 0.76369)
and the open-loop mean (m = 1.0863, sd = 0.74043). The
close performance of both control methods confirms the
reliability, while the low standard deviation values confirm
the repeatability of the simulated system model, HGO’s
estimation performance, and the implemented open-loop
algorithm. The sinusoidal reference produced the least error
whereas the square reference signal resulted in the highest.

Some deductions from the results of these experiments are
summarized below:

• The control algorithm gains were tuned using the
sinusoidal reference. Because when following the
sinusoidal signal, the solenoid actuator was not
affected by the admittance time delay, also the dead
zone effect was limited. This made parameter tuning
easy. As a result, for the sinusoidal reference, the
closed-loop errors were very similar to the open-
loop ones. For the other reference signals, the same
controller gains were used, resulting in comparable
results.

• At low amplitudes and low frequencies the error
between the desired mass and the actual mass for both
the closed-loop and the open-loop control are low. The
reason is that at low amplitudes and low frequencies
the needle of the injector can fully open and close
up following the desired mass flow rate amplitude
profiles. The small difference between the desired and
the actual values is because of the dead zone and the
admittance time of the solenoid actuator used. The
dead zone time is the time between the applied voltage
and the initial movement of the solenoid’s plunger,
whereas, the admittance time is the time when the
input voltage is cut-off until the residual magnetism
stays in the solenoid’s coil of the injector before the
plunger starts to move in the opposite direction. The
dead zone region can be seen between the application
of input voltage and the needle’s first motion, causing a
delay in the system’s response. Moreover, the limits of
the solenoid-based injector depend on these timings;
the shorter the time quicker the response of the
injector. For the low frequencies and low amplitudes,
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Figure 9. The figures show the results of closed- and open-loop position tracking of signals with a frequency of 1 Hz. A - shows the
tracking result for the sinusoidal reference, B - for the triangular, and C - for the square reference signals. Tracking starts once the
admittance time is finished.

Figure 10. The figures show the results of the mass flow rate tracking for both the closed-loop and the open-loop cases: (A) shows
the tracking result for the sinusoidal reference, (B) for the triangular, and (C) for the square reference signals. The case of 3 g/s with
0.8 Hz frequency is shown for reference. The upper plots show the desired MFR reference signals, whereas the bottom graphs
show the load cell reading as a comparison of both techniques. The desired MFR (g/s) has been converted to desired flow (g), for a
better comparison.

the open-loop tracking error between the desired and
the actual mass flow rates were less than 1.06% for
sinusoidal, triangular signals, and the square signal, as
can be seen in Figure 11.

• At intermediate and high amplitudes and frequencies
the errors do not show significant variation for both

closed-loop and open-loop cases. Errors between the
desired and the actual mass flow were less than 1.52%
for all signal types, as can be seen in Figure 11. The
error level remained low, thanks to the fact that the
benchtop injector can inject liquid up to a rate of 9.8
g/s which was below the experimented flow rates.
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Figure 11. The figure shows the percentage error boxplots for total mass injected as a result of the close- and open-loop control
algorithms. (A) shows the tracking result for the sinusoidal reference, (B) for the triangular, and (C) for the square reference signals.
Each boxplot shows the respective frequency against the mass flow rate amplitudes of 0.5 g/s, 3 g/s, and 6 g/s. The error
percentage was calculated as how much percentage the actual mass flow rate deviates from the desired mass flow rates for 10
trials each. The mean of the trials is also shown with green dots.

• Experiments were also conducted with reference
signal frequencies higher than 6 Hz. However, the
results were not reported here as satisfactory mass flow
rate tracking could not be performed. This was because
the injector needle cannot be fully opened following
the desired mass flow trajectory at these frequencies.
Also, when the flow rate amplitude was large, i.e.
>9 g/s, the needle cannot move freely between the
seating position and the maximum stroke position.
Poor performances in these failed cases resulted in
mass flow tracking errors of more than 6.8%. These
values were accepted as the physical limits of the
prototype.

All in all, the designed system works efficiently for low-
dosage applications up to 6 Hz. The minimum dosage
capabilities can be determined by considering the deadzone
time of the solenoid actuator used. Thus, the bandwidth range
depends upon the used electromechanical and mechanical
components used in the injector system. If a solenoid
actuator having a small admittance time is used the efficiency
of the applied control algorithm can be further improved.
Mechanical design changes can be made by changing the
nozzle diameter and plunger mass, using a high-power
solenoid, and so on, to increase the bandwidth range.

Conclusion
In this study, a sensorless mass flow rate control for solenoid-
based injectors was proposed to be used in the automotive
industry. The methodology used yielded successful results,
and the desired mass flow injection rates were achieved. The
results of the experiments showed that the proposed control
method can be used to develop a cost-effective injector
for effective dosage applications. As the performance and
efficiency of solenoid-based injectors are influenced by the

mechanical and electro-mechanical components employed,
therefore defining the injector’s performance, the industry
can achieve optimal functioning injectors via monitoring
and adjusting these parameters.

The vital part of this method, as with all injectors that
require calibration, is the necessity of accurate calibration to
establish the relationship between the position of the needle
and the mass flow rate. The calibration process directly
affects the controller’s performance. In this study, a linear fit
was used for the calibration; however, for greater precision,
higher-order fits or non-linear models such as look-up tables
may be utilized. The main contributions of the study are:

• Position tracking experiments showed less than 2%
variation, validating the controller design.

• The mass flow rate tracking achieved an error of less
than 1.52%, demonstrating a satisfactory performance.

• The hardware performance was determined to be
limited to a flow rate amplitude of ≥9 g/s and
a reference signal frequency of ≥6 Hz, effectively
defining its bandwidth.

• Statistical analysis showed that Sensorless Mass Flow
Rate Control performed comparably to the controller
that used sensor feedback.

• The low standard deviation of the results suggests that
the controller used in this study was highly repeatable.

The proposed approach has potential applications in
the spray industry, where precise control of injection is
essential for complying with new standards and enhancing
the performance and efficiency of the system.
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