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Abstract: This paper deals with the design of a calibration device for measuring the residual torque of
the vehicle brake. It informs about the problems and purpose of the brakes, requirements placed on
the brake system, and the design of vehicle brake systems. The practical part of the research contains
the design of four versions of the calibration device and the 3D model of the proposed calibration
device. There is also a new calibration methodology and calculation of the theoretical fault of the
calibration device. An analysis and comparison of the original and new torque sensor calibration
methods are presented at the end of this paper. By comparing the original and new calibration
methods, it was revealed that the deviations from the required torque value compared to the original
calibration version decreased from an average value of 0.154 Nm to 0.0047 Nm, and the variance of
the measured values decreased on average from 0.00276 Nm to 2.07 x 10~¢ Nm. The proposed new
torque sensor calibration method has shown a positive contribution to the accuracy of torque sensor
calibration, which as a result will significantly increase the reliability and accuracy of measuring the
residual torque of automobile brakes and shorten the measurement time.

Keywords: brake system; calibration device; vehicle

1. Introduction

More than 130 years have passed since the world’s first car with a gasoline engine was
produced. Whether it was a car of the distant past or the cars of today, they all need to
stop at the right time and in the right place, which requires brakes. Constantly increasing
demands for ecological and environmental sustainability have increased the demands for
the operation of cars and, ultimately, for the brakes themselves. The current trend is to
reduce fuel consumption as much as possible, influence the amount of emissions from the
combustion of hydrocarbon fuels, and reduce the particle of matter emissions from the
wear of brake friction materials and vehicle tires. As stated [1], particulate matter (PM) is
one of the world’s most problematic pollutants in terms of harm to the environment and
human health. Brake dust emissions represent on average 21% of PM emissions in the air,
while their share increases near the edges of roads and at intersections, or other places
where it is necessary to adjust the traffic speed [2—6]. The statistics show that motor vehicle
exhaust emissions have a decreasing trend, while the amount of non-exhaust emissions
gradually increases [7-10]. Several tests demonstrated that PM emissions significantly
increased at the brake temperature of 130 °C and higher during long-term or intensive
braking [11]. With the increasing dimensions of cars, the increasing weight of vehicles,
and the increasing payloads of vehicles, there is a higher production of PM emissions.
The amount of these emissions also affects the technical condition of vehicles, or their
braking systems [12]. A lot of research work has been conducted on the production and
distribution of brake particulate matter [13]. Based on PM size distribution from brake

Appl. Sci. 2024, 14, 7927. https:/ /doi.org/10.3390/app14177927

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14177927
https://doi.org/10.3390/app14177927
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-6451-130X
https://orcid.org/0000-0002-8784-7938
https://orcid.org/0000-0001-9433-392X
https://orcid.org/0000-0003-1915-8193
https://doi.org/10.3390/app14177927
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14177927?type=check_update&version=1

Appl. Sci. 2024, 14, 7927

2 0f 22

wear, 84% of total PM emissions are considered as PM1, i.e., smaller than 1 um [1,14].
Kukutschova et al. [15] report that minimal knowledge about the morphology, chemical
composition, and toxicity of nano- and micro-sized particles released from automotive
brakes is alarming due to the fact that brake manufacturers are currently not required
to develop eco-friendly formulations, particularly when over 70% of the U.S. and only
a slightly smaller amount of European brake linings are being imported, which makes
it more difficult to control all aspects of these imported brake linings. The authors of
refs. [16,17] pointed out that the different kinds of friction materials, LM, SM, and NAO,
behave differently considering the differences that can be observed in the friction layer’s
morphology, resulting from the different wear mechanisms.

Apart from PM, squeal is another harmful effect of the operation of a brake system.
Squeal is generated due to the contact of the friction couple during braking and with the
related high frequency of the vibration of the brake system components [18]. However,
there are many cases, in which the residual torque after braking leads to unpleasant noise,
which is given off during vehicle movement [19,20]. This residual torque not only causes
squeals but also negatively contributes to the drag [21-23].

Based on the facts described above, there are efforts to minimize the residual torque of
the brake system of vehicles. The issue is to determine the value of this residual torque. It
is possible to find it experimentally by means of a suitable calibration device [24,25].

In all cases, a strict relationship exists between the composition of the friction layer
forming on the mating surfaces and the composition of the emitted particles. The residual
torque of the brake plays a significant role in this issue. This is the torque that is created
by the contact of the brake element with the disc after the brake is released. For the
measurement results of this torque to be as accurate as possible, it is necessary to ensure
the high accuracy of the entire measuring device, especially the torque sensor. For the
values measured by the sensor to be as accurate as possible, it is necessary to calibrate it at
regular intervals and verify its correctness and function with a suitable calibration device.
Such a device is equipped with a torque sensor and other needed components [26-28].
The designed device is detailed as described below. This issue is currently highly relevant
due to the upcoming arrival of the latest emission standard, EURO 7, in 2026, which will
regulate emissions from brakes and tires for the first time.

2. Brake System

The brake system is one of the most important parts of the vehicle in terms of active
safety. The main brake systems of road vehicles [29-31] and rail vehicles [32-34] work on
the friction principle when friction couples are in contact and generate brake force. These
systems contain friction parts, whose main tasks are to slow down the vehicle, stop it, as
well as secure the stationary vehicle from starting on its own. A system consists of brake
and control mechanisms and is based on criteria such as the purpose of use, energy source,
braking force transmission, and the control mechanism. Brake systems are divided into
four main groups:

e  Service brakes, the main feature of which is foot control. During operation, they must
act on all vehicle wheels and vehicle sets and their effect must be variable. They must
ensure a reduction in speed or a complete stop of the vehicle while maintaining the
desired direction.

e  Emergency brakes, which, unlike service brakes, do not have to act on every single
wheel of the vehicle or set of vehicles. In case of failure, they replace the service brakes,
and it is important that they act on at least one wheel on each side. Emergency brakes
often work with less effect than service brakes.

e  Parking brakes, the main task of which is to prevent a stationary vehicle from moving
off a slope even if there is no driver in the vehicle.

e Auxiliary brakes, which are characterized by maintaining a constant speed of the
vehicle, but also by reducing it. In this way, they increase the effect of the service brake
while lightening it, thereby extending its service life [35].
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2.1. Types of Brake Systems

Two basic types of brake systems are used in today’s cars, which differ in their
construction and have their own advantages and disadvantages:

1.  Drum brakes—use drum-shaped housing where the brake shoes are pressed against
the inner surface to create friction. They are durable and cost-effective for rear wheels.
2. Disc brakes—use a disc-shaped rotor that rotates with the wheel and the brake pads
press against it to brake. Due to better heat dissipation and stopping power, they are

usually used in front-wheel and high-performance vehicles.

The advantages and disadvantages of this solution are introduced in Table 1.

Table 1. The advantages and disadvantages of drum brakes and disc brakes [36].

Aspect

Drum Brakes

Disc Brakes

Design

Heat dissipation

Enclosed design with brake shoes
inside a drum

Less efficient heat dissipation
Limited cooling due to enclosed

Open design with brake pads
gripping a rotor
More efficient heat dissipation

Cooling design Better cooling due to open design
Brake fade More susceptible to brake fade Less susceptible to brake fade
. . Generally longer stopping . .
Stopping distances distances Shorter stopping distances
. Require periodic adjustments for ~ Require less maintenance and
Maintenance p :
optimal performance adjustments
Noise Produce less noise during braking Can Produce more noise during
braking
. Generally less susceptible to More susceptible to corrosion in
Corrosion . .
corrosion rotor and caliper
Brake dust Generate less brake dust Generate more brake dust

Complex components

Simpler design with fewer
components

Typically more affordable
Integrated parking brake

More complex with calipers,
pistons, and rotors

Generally more expensive
Parking brake functionality may

Parking brake .
mechanism vary

Weight Heavier compared to disc brakes  Lighter compared to drum brakes

Another criterion for the division of brake systems involves the method of their control.
According to this criterion, brake systems are divided into conventional brake systems
and electronic brake systems. Conventional braking systems are controlled by the driver’s
power, while the driver not only determines the magnitude of the braking pressure with
his foot but also the magnitude of the braking moments on the wheels of the car. The force
of the driver creates hydraulic pressure in the master brake cylinder, which is transmitted
to the wheel brakes with the help of brake fluid. In most light commercial vehicles and
passenger cars, this hydraulic pressure is increased by means of a brake booster. The basic
essence of generating braking force in electronic braking systems is based on the same
principle as in conventional braking systems. The difference lies in the so-called “intelligent
braking”, where the braking effect is achieved through hydraulic and electronic parts of
the system [35]. The use of intelligent braking and electronic safety elements using the
brake system leads to much more frequent braking and, thus, longer periods of contact
between the lining and the friction surface of the brake disc compared to conventional
braking. The result is greater wear of the friction material. Therefore, the development is
directed toward the optimization of brake systems and their parts, as well as the increase in
energy recuperation [37-39]. The most common types of brake systems used in passenger
cars are direct-acting fluid brakes. These brakes are based on Pascal’s law, which refers
to the uniform spread of pressure in liquids in all possible directions. The rule applies
that pressure in a liquid propagates at the speed of sound. With this rule, the braking
start-up time and the braking distance itself will be shortened. An important property of
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the working fluid is its incompressibility at normal pressures in the system. Equalizing
and distribution devices, which are necessary for mechanical brakes, can be replaced with
working fluid. Fluid brakes consist of the brake pedal, brake master cylinder, brake booster,
pipe system, brake caliper with brake rollers, and brake effect limiter.

The main principle of braking is the creation of a braking force by means of friction,
which causes the kinetic energy of the vehicle to be hindered. With disc brakes (which are
the most widely used today and which this article deals with), friction is caused by pressing
the brake pads against the braking surface of the brake disc using pistons controlled by the
pressure of the liquid in the brake system.

Nowadays, several designs of disc brakes are used. These types are distinguished
from each other mainly due to the different construction of the brake caliper. The most
widespread are disc brakes with fixed calipers (Figure 1) and disc brakes with floating
calipers. The advantages and disadvantages of such disc brakes are shown in Table 2.

Figure 1. Disc brake with a fixed caliper [40].

Table 2. The advantages and disadvantages of disc brakes.

Type of Brake Advantages Disadvantages
Better heat dissipation, Uneven-wear brake pads;
Disc brake with a floating caliper =~ smaller built-in dimensions, option to use (at most) two
lower weight, brake pistons
lower residual torque
Possibility of using several Higher weight,

Disc brake with a fixed caliper brake pistons; larger dimensions

stronger construction

2.2. Residual Torque

Today, vehicles are subject to strict emission standards that began to be applied as
early as 1992 (EURO 1). For this reason, vehicle manufacturers place great emphasis on
the gradual reduction of emissions. All periods of validity for individual standards and
permissible values for CO and particulate matter (PM) emissions referenced in this article
are listed in Table 3, where one can see how significantly they are restricted. Currently, the
EURO 7 standard is applied to eliminate the majority of undesirable substances that affect
the overall air quality, and for the first time, sets limits for the production of emissions from
parts of the vehicle other than the engine, specifically particulate matter emissions from
brakes and tires. Brake emissions are in the range of PM10 with a diameter of 10 microns
or less, or PM 2.5, which is fine dust with a diameter of 2.5 microns or less [41]. Brake dust
production occurs at the greatest extent during braking, but thanks to the residual moment
of the brake, it also forms after braking. The residual torque of the brake is created when
the pressure in the brake system is released (when the brake pad is still in contact with
the brake disc). With a fixed caliper design, this contact is less than that with a floating
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caliper. This is because the plate with the pistons on both sides is pulled back due to the
deformation of the sealing ring and the release of pressure in the system. Backlash due to
disc vibrations is minimal in this case. In the construction solution with a floating caliper, it
is obvious that the pistons are only on one side. After the pressure is released and due to
the deformation of the sealing ring, the brake pad retracts on only one side. The pad, on
the other side, is imprinted only by the influence of vibrations and some throwing on the
disc. Here, there is significantly greater contact between the brake pad and the disc, which
adversely affects the vehicle’s operating parameters. Contact creates increased friction,
which, in addition to the formation of brake dust, also leads to increased fuel consumption,
which is reflected in increased production of gas emissions.

Table 3. Development of emission standards [41-43].

Standard EURO 1 EURO 2 EURO 3 EURO 4 EURO 5 EURO 6 EURO 7
. September September November
Valid from July 1992 January 1996  January 2000  January 2005 2009 2014 2026
CO [g/km] 2.72 1.0 0.64 0.5 0.5 0.5 0.5
Petrol diesel 2.72 2.2 2.3 1.0 1.0 1.0 1.0
PM [g/km] 0.14 0.08-0.1 0.05 0.025 0.005 0.0045 0.0045
Diesel eng.
PM [g/km] - - - - 0.005 * 0.0045 * 0.0045
Petrol eng.
0.003 EL
]I;Ifk[g/ frr“] - - - - - - 0.007 CE,
es, tres 0.007 HY

* only for direct injection engines. EL—electric cars, CE—cars with combustion engines, HY—hybrid cars.

3. Description of the Measuring Device

The measuring device intended for measuring the residual torque on the disc brake
enables the performance of functional static tests of hydraulic brake calipers. It is a fully
automated device that is constructed from several electrical, hydraulic, and pneumatic
circuits. The device is used for performing tests on hydraulic brakes with fixed or floating
calipers. The device consists of the following parts, which are shown in Figure 2:

e Bases1and 2 serve to fix the universal plate and the brake disc. Base 2 is equipped at
one end with a simple mechanism for clamping the torque sensor.

A universal plate serves to fasten the measured brake caliper.

A brake disc is used for measurements. It is fixed through the flange on base 2.
Gearbox system with an el. motor, which serves to rotate the brake disc.

Torque sensor, which is used to measure the residual torque on the brake disc.

The torque sensor is the most important part of the entire measuring chain, and its
accuracy has the greatest influence on the accuracy of the entire measuring device. For this
reason, it was necessary to design an accurate, simple, and reliable calibration device that
would introduce errors into the measured values as little as possible.

Figure 3 shows a used torque sensor from HBM. To measure the residual torque of the
brake, a sensor with a nominal range of 10 Nm to 20 Nm is used.

Sensor parameters [44,45] are as follows:

Type: T4A.

Accuracy class: 0.1.

Nominal (measuring) range: 10 Nm; 20 Nm.

Nominal (measurement) sensitivity: 2 mV/V < £0.2%.

Amount of rotation at the nominal (measuring) torque: 0.9° for a 10 Nm sensor and
1.1° for a 20 Nm sensor.
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brake disc

torque sensor electric motor
base

Figure 2. Measuring chain for the measurement of residual torque.

Figure 3. Torque sensor T4A from HBM.

4. Calibration Equipment Models

Four types of construction design of calibration devices are proposed; in three cases, a
torque sensor was used as a standard, and in one case a calibrated weight was used as a
standard. The CAD program Autodesk Inventor Professional 2023 was used to create the
models.

4.1. Design of a Calibration Device with a Threaded Rod

Figure 4 shows the model of the calibration device, where the torque is induced using
a threaded rod, and a torque sensor is used as a standard. In this version, the torque is
generated in both directions of rotation. The disadvantages of this design involve the more
time-consuming setting of the torque value using a threaded rod and the problematic axial
setting of the torque sensor to the standard. In this design, the device contains bearings that
would cause resistance during calibration and thereby introduce unwanted measurement
errors into the calibration.
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threaded rod
Figure 4. Design of a calibration device with a threaded rod.
The wanted torque on the shaft with the torque sensor Mg is given as follows:
Ms = Fgo-L 1)

where

Fg denotes the force in the treaded rod [N].
L denotes the distance between the shaft axis and the treaded rod axis (Figure 4).

Further, the force Fg is calculated by means of the known relations for a screw joint
(Figure 5).

Figure 5. A scheme of a screw joint.

The torque My, which is caused by an operator, is calculated as follows:
1
My = FQ' E-dz-flln((P-Fqu)-Ffp'Dp p (2)

where

d, denotes the mean screw diameter [m].

@ denotes the pitch angle of the thread [rad].

@ denotes the friction angle [rad].

fp denotes the friction coefficient in a thread.

D, denotes the mean diameter of the contact surface [m].

As the next step, the torque My; is also given by the following formula (Figure 5):
MU =F r'R/ (3)

where

F. denotes the force on a handle of a threaded screw deduced by an operator [N].
R denotes the diameter of a threaded screw handle [m].
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4.2. Design with the Angular Gearbox

With this design, the problematic and time-consuming settings of the torque were
eliminated. This was achieved by replacing the threaded rod with an angle gear with a
given gear ratio. The advantage is an easier and faster setting of the torque value, which
could be set in both directions of rotation. The disadvantages include the problematic
axial adjustment of the torque sensor to the standard and the introduction of errors due to
the effect of rolling bearings. By using the gearbox, the built-in dimensions of the entire
calibration device were increased, which significantly increased the entire weight of the
device. A rather complicated gearbox with a high gear ratio and a self-locking mechanism
meant that this device was not developed further. Figure 6 shows the model of this device.

Figure 6. Design of a calibration device with an angular gearbox.

The determination of torque M, requires knowledge of torque M;. The wheel has a
radius (rm) and includes a crank. An operator causes the force, Fm. Then, the torque in the
gearbox input M; is given by the following formulation:

My = Fy-tm 4)

where

M; denotes the torque on the gearbox input [Nm].
F,; denotes the force induced by an operator [N].
rm denotes the wheel radius [m].

The gear ratio of gearbox i can be calculated based on the input and output angular

velocities, wi and w», as follows:
)
j= (5)
w2

Then, torque M, is given by the following equation:
Mz = M1l?7 (6)

where
1 denotes the mechanical efficiency of the gearbox.
Substituting Formulae (4) and (5) to Equation (6), torque M, is calculated as follows:

w
M2:Fm‘rm'w_l‘7] ()

4.3. Design with Weight Carriers

In this case, a torque sensor is used as the standard. Weight carriers placed on an arm
of a known length serve to store a set of weights that cause a moment of force on this arm.
The advantages of this version include a simpler design and a lighter version compared
to the version with an angular gearbox. The disadvantages include the errors introduced
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into the overall calibration due to the occurrence of rolling bearings and the problematic
provision of the sensor’s axial position relative to the standard. With this design, there is
an imperfect alignment of the system, which is caused by friction between the arm and the
weight carriers. Figure 7 shows such a model with weight carriers.

Fy

Figure 7. Design of the calibration device with weight carriers.

The mathematical description of this device comes from the principle of the lever
mechanism’s moment equilibrium, as follows:

Mg = My Fr-lr = F-lp (8)

where
Fr, Fr, denote the gravitational forces due to the weights [N].
Ir, I, denote the lengths of the arms that the weights act on [m].

4.4. Design with a Calibration Wheel

In previous designs, errors introduced by friction from rolling bearings, problematic
settings of the measuring assembly, and relatively complex construction affected the cal-
ibration process; thus, it was necessary to eliminate these influencing factors. For this
reason, a design solution was proposed, where a set of calibrated weights was used as a
standard and the occurrence of rolling bearings was removed. This design, which is shown
in Figure 8, minimized the influence of external factors affecting the calibration results and
simplified the construction of the entire device, which resulted in a reduction of the total
weight. Significant advantages include easy handling, good securing of the position of
the calibration device on the measuring device, and reliable clamping of the sensor in this
calibration device. The advantage of this device is that it can be used for all torque sensors
used in the measuring laboratory. By using a calibration wheel with a given radius, it was
ensured that after the steel strip with the weight carriers was established, the system was
able to stabilize itself in an equilibrium position.

This calibration device works on the principle of creating a moment of force according
to the following relationship:

M=Fr=mgr )
where
M denotes the force moment [Nm].
F denotes the force induced by the calibration weight [N].
r denotes the length of the arm on which the force F acts [m].
m denotes the weight of the weight [kg].
g denotes the local gravity acceleration [m/s?].
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Figure 8. Design of a calibration device with a calibration wheel.

The calibration device with a calibration wheel works on the principle of creating
a torque M [Nm]. A force F [N] acts on the calibration wheel with the radius r [m]
representing the arm. This force F is induced using a set of calibration weights m, whose
value is recalculated and determined in newtons based on the local gravity acceleration g
[m/s?]. The force, F, induced by means of weights, acts on the arm (radius of the calibration
wheel) and creates the required torque, which is necessary for the calibration of the torque
sensors. The device is designed in such a way that it is possible to induce a moment of
force in both the right and left directions of rotation. When designing the selected device,
its load during operation was also taken into account. For this reason, the steel strip was
determined as the weakest member of the system. This strip serves as a connecting member
between the calibration wheel and the weight carriers and also as a holder for the weight
carriers themselves. From this point of view, it was necessary to verify this steel strip for its
maximum load. Verification was performed on a Zwick/Roell Z030 test rig. The condition
for compliance was that the used steel strip with a thickness of 1 = 0.07 mm could withstand
a load of at least F = 80 N. After the test was completed, it was found that the beginning
of the deformation occurred at a force of F = 362.3 N, which in the case of the calibration
device is satisfactory. Even a certain degree of oversizing was achieved.

Based on a comparison of the advantages and disadvantages with the previous three
proposals of calibration devices, which are listed in Table 4, variant 4 (with a calibration
wheel) was shown to be the most suitable solution; therefore, the next part of this paper is
devoted to its use for the calibration of the torque sensor.

Table 4. Comparison of designed calibration devices.

Variant of Calibration Device

Advantages Disadvantages

1. Threaded rod

More time-consuming setting of the torque
value using a threaded rod and it was
problematic to set the torque sensor with the
standard on one axis. Bearings that would
cause resistance during calibration.

The possibility of simple clamping on the
measuring table.




Appl. Sci. 2024, 14, 7927

11 of 22

Table 4. Cont.

Variant of Calibration Device

Advantages Disadvantages

2. Angular gearbox

Problematic axial adjustment of the torque
sensor to the standard and the introduction of
errors due to the effect of rolling bearings.
Higher mass and size due to the gearbox.

Easier and faster setting of the torque value,
which could be set in both directions
of rotation.

3. Weight carriers

There is an imperfect alignment of the system
caused by friction between the arm and the
weight carriers. There remains a problem with
the axial adjustment of the torque sensor to the
standard and with errors caused by the rolling
of bearings.

Simpler and lighter construction.

4. Calibration wheel

Eliminated errors due to friction from rolling
bearings, problematic adjustment of the
measuring assembly, and relatively massive
construction. Easy handling and good
positioning of the calibration device on the
measuring device. The universality of using
the calibration device for various measuring
devices of the laboratory. The system can
stabilize itself into an equilibrium position.

A need to adapt the thickness of the steel strip
to the load.

5. Calculation of the Calibration Device Error

In order to verify the possible error that arose due to the inaccurate production of the
calibration wheel and inaccurate production of calibration weights, the theoretical error
of the calibration device was calculated. For this reason, it was necessary to find out the
manufacturing tolerance of the calibration weights given by the manufacturer and to find
out the actual diameter of the calibration wheel. The calculation was based on known
tolerance values for calibration weights given by the manufacturer, which are shown in
Table 3, and the known value of the local gravitational acceleration, g = 9.80853 m/ s2,
calculated by the weight manufacturer based on geographical coordinates. An important
piece of information was the actual diameter of the calibration wheel, which was found
using a 3D scanner, the value of which was d; = 400.1334 mm. Since the value of the weight
was given in newtons, it was necessary to calculate the value of the mass of the weight
using relation (10), as follows:

m':E i ={2.5; 5, 10; 50 10
1 g 7y ( )

where

m; is the mass of the given weight [kg].

F; is the value of the given calibration weight [N].
g is the local gravitational acceleration [m/ s%].

F 25

o 22 025488k
g 9.80853 >488

ma5 =

Subsequently, the weight tolerance value is added or subtracted from the weight value
according to relation (11), as follows:

Mizy =m;+p; i={25; 5 10; 50} (11)

where

M, is the mass of the weight increased or reduced by the tolerance value [kg].
m; is the value of the mass of the given calibration weight [kg].
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u; is the tolerance value for the given weight [kg].

The calculation example for a weight of 2.5 is as follows:
M54y = M5+ pos = 0.25488019 + 0.00005 = 0.25488519 kg

my5—y = M5 — po.5 = 0.25488019 — 0.00005 = 0.25487519 kg

In the next step, the values of the maximum and minimum forces induced by the
weight with the given tolerance were calculated according to relation (12), as follows:

Fimax /min = Mizyp-& i={25; 5 10; 50} (12)

Fa5max = M54 y-g = 0.25488519-9.80853 = 2.50004903 N
Fa5max = Mo 5 y-g = 0.25487519-9.80853 = 2.49995095 N

The values for other calibration weights were calculated in the same way and the
results are shown in Table 5.

Table 5. Table of calculated values.

Weight Value [N]

Max.

25
5
10
50

Mass Value [kg] = Max. Weight Value [N] = Min. Mass Value [kg] = Min. Weight Value [N]
0.25488519 2.50004903 0.25487519 2.49995095
0.50976538 5.00004902 0.50975538 4.99995094
1.01953076 10.00009805 1.01951076 9.99990187
5.09765382 50.00049042 5.09755382 49.99950957

Since the actual diameter of the calibration wheel detected by the 3D scanner, which
measures with an uncertainty of U = £1.2 um, is ds = 400.1334 mm, it was necessary to add
or subtract this uncertainty from the actual value of the diameter of the calibration wheel
according to relation (13):

dsry =ds £ U (13)

where

ds1y is the actual diameter of the calibration wheel enlarged or reduced by the uncertainty
of the 3D scanner [m].

ds is the actual diameter of the calibration wheel [m].

U is the uncertainty of the 3D scanner [m].

dsyy = ds + U = 0.4001334 + 0.0000012 = 0.4001346 m
ds—y = ds — U = 0.4001334 — 0.0000012 = 0.4001322 m

Subsequently, the actual maximum and minimum values of the radius of the calibra-
tion wheel could be calculated, where half the thickness of the steel strip with a thickness
of hy = 0.07 mm was added. This radius was calculated using relation (14), as follows:

d
Ymax/min = % + hp/2 (14)

where

Ymax/min 15 the maximum or minimum radius of the calibration wheel [m].

ds+g is the actual diameter of the calibration wheel enlarged or reduced by the uncertainty
of the 3D scanner [m].

hp /2 is half the thickness of the steel strip [m].

d 400134
Finax = %” +hy = oogi +0.000035 = 0.2001023 m
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ds_ 0.4001322
Pimar = =5+ ltp/p = == +0.000035 = 02001011 m

After finding the actual maximum and minimum radii of the calibration wheel, the
maximum and minimum values of the torque induced by the force of the weight on the
given arm could be calculated according to relations (15) and (16):

M. =F, rtwx i={25;5;10; 50} (15)
Mimin = F,-mm,rml-n i= {25, 5,‘ 10, 50} (16)
where
M, .. /i 1S the maximum or minimum value of the torque induced by the given weight [Nm].
Fi. ... /min is the maximum or minimum value of the calibration weight [N].

Ymax/min 15 the maximum or minimum value of the radius of the calibration wheel [m].

Mys,,. = F25,,, Tmax = 2.50004903-0.2001023 = 0.50026556 m
Mys,. = Fas, Fuax = 2.49995095-0.2001011 = 0.50024294 m

min

The calculation procedure for other calibration weights is the same as in the previous
calculation and the results are shown in Table 6.

Table 6. Calculated values of maximum and minimum torque values.

Calibrated Weight Value of Torque M  Min. Value of Torque Max. Value of
Value [N] [Nm] M;, .. [Nm] Torque M; . [Nm]
25 0.5 0.50024294 0.50026556
5 1 1.00049568 1.00052131
10 2 2.00099136 2.00104262
50 10 10.00495686 10.00521313

During calibration, the required torque values were achieved by combining calibration
weights. Therefore, it was necessary to calculate the tolerance for each torque value
(MM =05,1,2,3,4,5,6,7,8,9, 10, 15) depending on the weight combination used. In this
calculation, the law of propagation of uncertainties was applied, and the maximum and
minimum tolerance values were calculated according to relations (17) and (18):

OMmax = [Y_M? — i={25; 5; 10; 50} (17)
1

Umax

OMmin = [} M2 i={25; 5; 10; 50} (18)
i

Umin

where

OMmax/min 15 the sum of the maximum or minimum torque value induced for a given
combination of calibration weights [Nm].
M is the maximum or minimum torque value induced by the given weight [Nm].

G0smar= /L ps M35, = \/ L5 0-500265562

00.5min= \/22,5 M§.5min = \/22.5 0.500242942

All the results of the maximum and minimum torque tolerance values for the given
combinations of the calibrated weight are shown in Table 7.

Lmax /min
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Table 7. Maximum and minimum torque tolerance values.
Required Torque  Calibrated Weight o . Maximum Torque Minimum Torque
Value [Nm] Value [N] Combination of Weights Tolerance Opnmax [Nm] Tolerance Opmin [Nm]
0.5 25 1 x 2.5N 0.50026556 0.50024294
1 5 1 x 5N 1.00052131 1.00049568
2 10 1 x 10N 2.00104262 2.00099136
3 15 1 x 10N +1 x 5N 2.23723366 2.23717635
4 20 2 x 10N 2.82990161 2.82982912
5 25 2 x 10N +1 x 5N 3.00156393 3.00148704
7 35 3x 10N +1 x 5N 3.60743089 3.60733847
9 45 4 x 10N +1 x 5N 4.12525504 4.12514937
10 50 1 x 50N 10.00521313 10.00495686
15 75 1 x 50N +2 x 10N + 1 x 5N 10.44574917 10.44548162

From these values, the range of changes in determined according was determined
according to relation (19):

TZMyay = OMmax — OMmin = M = {05, 1;2;, 3, 4,56, 7,8 9; 10; 15} (19)

where

+2zp,,, is the range of deviations from the nominal value [Nm].

Y My is the sum of maximum torque values for a given combination of calibration
weights [Nm].

Y. My, is the sum of the minimum torque values for the given combination of calibration
weights [Nm].

The results of the zp;, . calculations are shown in Table 8.
£205,,,. = 005max — 005min = 0.50026556 — 0.5024294 = 0.00002262 Nm

Table 8. Calculated values of the range of deviation changes.

Required Torque Calibrated Weight The Range of Deviation

Value [Nm] Value [N] Changes + zp7,  [Nm] ZMyye (N
0.5 25 0.00002262 0.000011310
1 5 0.00002563 0.000012815
2 10 0.00005126 0.000025630
3 15 0.00005731 0.000028655
4 20 0.00007249 0.000036245
5 25 0.00007689 0.000038445
7 35 0.00009242 0.000046210
9 45 0.00010567 0.000052835
10 50 0.00025627 0.000128135
15 75 0.00026755 0.000133775

From the calculated results, the value zp,,, = % necessary for the subsequent
calculation of the standard uncertainty of the considered source up, was subsequently
determined according to relation (20), as follows:

Uz, = ZMIZW M={051;2;3, 4,5 6;,7; 8 9; 10; 15} (20)

where

upy,, is the standard uncertainty of the considered source [Nm].
ZMmayx is the range of deviations from the nominal value of torque [Nm].
k is the value of the chosen approximation of the probability distribution, while for this

type of approximation of the distribution, the uniform distribution k = /3 was chosen.
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Z05max _ 0.00001131
u BZM = k = \/g
The calculations for other required torque values are similar. The calculation results
are shown in Table 9.

= 0.0000065298 [Nm]

Table 9. Calculated values of the standard uncertainty of the considered source.

Standard Uncertainty of the

Required Torque Value [Nm] Calibrated Weight Value [N] Considered Source [Nm]

0.5 2.5 0.0000065298
1 5 0.0000073987
2 10 0.0000147975
3 15 0.0000165439
4 20 0.0000209261
5 25 0.0000221962
7 35 0.0000266793
9 45 0.0000305043

10 50 0.0000739788

15 75 0.000077235

Theoretical calculations revealed that the largest theoretical error reaches a standard
uncertainty of up, . = 0.000077235 Nm. This verified that the error introduced by the
calibration due to the imprecise production of the calibrated weight and the imprecise
production of the calibration wheel will only minimally affect the measured values during
calibration. This statement is based on the fact that the values measured during calibration
are measured to three decimal places, i.e., thousandths, and the largest theoretical error
affects the measurement only in the fourth decimal place, i.e., ten-thousandths.

6. Calibration Measurements That Were Performed

After the theoretical calculations, calibration measurements were performed with the
given calibration device (Figure 9). The torque sensor pulled from the measuring chain
was inserted into the prepared calibration device together with the calibration wheel and
weight carriers. After running the calibration program on the measuring computer, the
sensor was loaded three times to its maximum value in the calibrated direction using a set
of calibrated weights to ensure its mobility throughout the measurement range. Calibration
was performed gradually from the smallest required value by a suitable combination of
calibration weights that were added to the weight carrier. A torque was created on the
arm of the calibration wheel, which was subsequently compared with the value displayed
by the program on the measuring device. Calibration consisted of loading the sensor to
preselected values with ten consecutive repetitions. Figures 10-16 show the measured
values for a torque of 1-5, 7 and 9 Nm.

During calibration, the measured values were read from the display of the measuring
device to which the calibrated sensor was connected. The settings of the given measuring
device made it possible to display the measured values in three decimal places.

After finishing the measurement by this method, the analysis of the measurement
was carried out and the measurement was carried out with the original calibration device
(Figure 17) using the standard torque sensor loaded by means of a lever. In this type
of calibration, a Lorenz DR-12 torque sensor with a measuring range of £25 Nm and
an accuracy class of 0.1 was used as the standard. By carrying out both compared cali-
bration measurements in a short time span, the same conditions were ensured for both
measurements.
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Figure 9. Calibration device with weights and the calibrated torque sensor.
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Figure 10. Graph of measured values for the required torque value of 1 Nm.



Appl. Sci. 2024, 14, 7927

17 of 22

2.170

2.120

2.070

2.020

Torque [Nm]

1.970

1.920

3 4

5

6

7

10

-s-Original calibration method

2.146

1.992{1.934|2.0002.02

812.047

2.124

1.955

2.043|2.026

--New calibration method

2.001

2.001]1.999|1.9992.00

1]1.999

1.999

2.004|1.999

1.997

Measurement number

Figure 11. Graph of measured values for the required torque value of 2 Nm.
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Figure 12. Graph of measured values for the required torque value of 3 Nm.
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Figure 13. Graph of measured values for the required torque value of 4 Nm.
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Figure 14. Graph of measured values for the required torque value of 5 Nm.
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Figure 15. Graph of measured values for the required torque value of 7 Nm.
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Figure 16. Graph of measured values for the required torque value of 9 Nm.
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Figure 17. Scheme of the original calibration device.

7. Discussion

As can be seen from Figures 10-16, the original calibration method worked with
relatively large differences between the measured values. The smallest differences were
measured in the case of a required torque value of 4 Nm. The difference between the
maximum and minimum deviation from the desired value was 0.076 Nm. On the contrary,
the values at the required torque values of 2 and 9 Nm represented the largest differences,
where the maximum and minimum torque values were 0.212 and 0.225 Nm. The distribu-
tion of the measured values in relation to the desired value also played a significant role.
While in calibration values at 2, 3, 7, and 9 Nm, the measured values oscillated around
the required torque values; with calibration at 1 Nm, almost all measured values were
above the required value, and in the case of calibration at 4 and 5 Nm, all measured values
were below the required value of the torque. The variance values of the measured torque
values reached a maximum in the case of calibration at 9 Nm (0.00527 Nm) and a minimum
in the case of calibration at 4 Nm (0.00059 Nm). On average, the variance of the original
calibration method was 0.00275 Nm.

The new calibration method proved to be much more accurate. The differences
between the maximum and minimum deviations of the measured values from the desired
value were only from 0.004 to 0.007 Nm, with the highest differences found with calibration
at torque 1 (0.006 Nm) and 2 Nm (0.007 Nm) and the smallest difference of 0.004 Nm in
the remaining measurement moments. The variance values for the new method were very
small; they ranged from 1.16 x 10~® when calibrated to 7 Nm and to 3.56 x 10~® when
calibrated to 1 Nm. It can be seen from this that the measured values were very close to the
required values and showed a high measurement stability.

The proposed new torque sensor calibration method has positively contributed to
the accuracy of torque sensor calibration, which will significantly increase the reliability
and accuracy of measuring the residual torque of automobile brakes. Due to the method’s
simplicity, it can also be used when calibrating other torque sensors used for various
purposes, of course when checking the stability of the calibration wheel strip for the
expected load.
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8. Conclusions

The studies showed a significant difference in the accuracy of the original calibration
method compared to the new method.

Similarly, different accuracy values were measured for other verified torque values. It
can be said that the new calibration device has increased the accuracy of the measuring
device, which makes it possible to record even tiny values of the residual torque and
enables even better detection of the causes of its occurrence. During the analysis of the
original method, several factors were found that affected the results and accuracy of the
calibration, namely the following:

o  The necessity of exactly setting the torque sensor and the standard on “one axis” and
maintaining the stability of this position.
Ensuring the temperature stability of the measuring device.
Selecting a suitable accuracy class for the reference sensor.

The new method simplified the operation and reduced the number of people required
during calibration from two to one; thus, the efficiency of the calibration increased, and the
measurement time was shortened.
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