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Abstract: The braking system is one of the most important components of a vehicle. In general,
the brakes will generate heat due to the braking process. The heat generated must be released into
the environment to maintain braking performance at optimal conditions. In extreme conditions,
braking will fail. The braking system can be developed as a braking support system is a non-contact
braking system. One form of the non-contact braking system is the eddy current brake (ECB).
ECB is an electric braking system with the principle of eddy current. In the ECB, overheating will
result in decreased performance. The approach that can be taken to determine braking performance
during heat generation is the modeling process using FEM. This study uses FEM to analyze the heat
generated during braking. In addition to using FEM, research was carried out using experiments as a
comparison. Analysis of heat generation in braking is needed to determine whether braking with
ECB can be a backup and its potential as a substitute for friction brakes. The results show that the
ECB heat generation event that affects the temperature rise reduces the braking torque performance.
Research indicates that when overheating occurs, braking performance will decrease by up to 10%
when the disk surface temperature rises more than 20 ◦C. It shows the importance of managing heat
that occurs in the ECB.

Keywords: eddy current brake; regenerative brake; friction brake; EV brake

1. Introduction

Brakes are devices to slow down a moving vehicle. When the brakes are used, the
kinetic and potential energy will be absorbed and converted into heat energy through fric-
tion [1]. The energy absorbed in the braking process must be released into the environment.
Repeated use of the brakes causes the brake components to generate heat higher than their
ability to dissipate heat. Excessive heat that occurs in the braking components will reduce
brake performance. In addition, excessive heat in the braking system can reduce the life
of the brake components. One way that can be done to increase the service life of brake
components is to combine braking methods. The method commonly used is mechanical
braking, supported by engine braking, to produce good braking and prolong the life of the
braking components [2].

Previous research has shown the risk of failure in brakes; it is known that the disc
brakes used can be damaged at certain times. In addition to the discs used, frequent
breakdowns are commonly found in brake shoes [3]. Failure of the braking system will
increase the risk of an accident in the vehicle. The selection of good braking system design
and properties can reduce the risk of accidents [4]. One of the causes of brake damage is
too heavy a load received by the brakes [5]. Some analyzes have been carried out regarding
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the causes of accidents; these studies always state that the failure of the braking system is
one of the main factors [4–9].

The development of transportation technology has led to the use of electric and hybrid
vehicles. The use of electric vehicles has better energy efficiency and is environmentally
friendly. Electric vehicles have the disadvantage that there is no engine braking. One way
that can be used as a substitute for engine braking on electric vehicles is to use regenerative
braking. In addition to being used as braking support, regenerative brakes can generate
electricity [10,11]. The electricity generated will then be stored in batteries for reuse, in
addition to using regenerative braking. Table 1 provides an overview of the performance
ratio of the existing braking system. Eddy current brake (ECB) has a better performance
ratio than the active area, where the ECB has a value of 13.89 and a friction disc brake
of 5.95 when used on a vehicle weighing 200 kg. The use of the ECB will be ideal as an
alternative braking system because, in addition to having a large torque ratio, the ECB also
has a fairly good temperature resistance. ECB is a braking system using the eddy current
principle. Eddy current is an induced current formed in the conductor to produce a braking
force. In general, the main components of the ECB consist of a magnetic field source and a
conductor. In its development, ECB can be combined with regenerative braking to increase
energy efficiency [12]. ECB applications are generally used to improve braking performance
and reduce the risk of failure of the mechanical system. In addition, the use of ECB has
the advantage that it can be used effectively at high speeds [13]. It is the reason that the
ECB can be used in high-speed vehicles. Current developments also show the potential
for its application in light vehicles such as cars and motorcycles [14,15]. An eddy current
brake will be suitable for light vehicles such as motorcycles and cars with light weight.
It is because most of the backup braking used on vehicles is combined with regenerative
braking. On the other hand, regenerative braking will be suitable for vehicles with a fairly
large weight because the braking performance will depend on the energy generated by the
vehicle’s weight.

Table 1. Comparison of braking system properties.

Parameter Drum Brake Disc Brake Eddy Current Brake

The cross-sectional area of the
active region 22.6 cm2 13 cm2 3.75 cm2

Braking torque 81 Nm 77.4 Nm 52.1 Nm
Active region temperature 200 ◦C 200 ◦C 750 ◦C

Ratio of performance to
cross-sectional area 3.58 5.95 13.89

Few researchers have conducted scientific studies that summarize the development of
eddy currents, especially in studying the analysis of heat generated by the braking process.
Only a review journal discusses the ECB, Ananth [16], which generally discusses the ECB
system. Singh, 2014 [17] conducted a journal review with the theme of ECB system design
for various uses. Thompson, 2009 [18] conducted a journal review regarding the application
of NdFeB permanent magnets in various system applications, one of which is ECB. Waloyo,
2019 [19] conducted a study on the development of the ECB design. There are several
discussions put forward by the authors, including journals that discuss the effect of using
rotor materials (Alumunium, Cu, or ferromagnetic metals) on braking torque [20], giving
grooves on the surface of the rotor [21], adding permanent magnets to the stator to increase
the magnetic field’s magnitude [22] adding a back iron structure to increase magnetic
conductivity [23] or a ferrous metal construction coated with a non-ferrous metal [24], and
a Halbach permanent magnet configuration on permanent magnet ECB [25–28]. Research
on the heat in the ECB is still quite limited. The majority of research conducted is on linear
and radial designs. Existing research mostly suspects that the magnetic part is the part
that needs to be considered for heat generation. However, the results showed that the
source of the magnetic field did not experience a significant influence, but the conductor
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part experienced an increase in heat [25,29]. This paper will explain the discussion about
the heat generation process that occurs at the ECB. For example, how the temperature on
the ECB surface disk affects the resulting braking performance and how when there is
airflow during the braking process. With this discussion, it is hoped that it will help the
development of the ECB to be applied and developed further.

2. Materials and Methods
2.1. Basic Theory

Eddy currents are induced currents that arise due to changes in the magnetic field in
a conductor. Eddy currents can appear in a stationary conductor affected by a changing
magnetic field or when an object moves across a fixed magnetic field. The magnitude of
the magnetic field produced by the induced current is proportional to the magnitude of the
induced current that forms the loop. Solid objects will produce a stronger magnetic field
than sheets because the current that forms the loop is larger. A magnetic field that induces
a material will form two loops of induced current. The two loops will produce different
magnetic fields. The magnetic field’s beginning will produce an induced magnetic field in
the direction of the main magnetic field so that there is a repulsion between the two. While
in the end, it will produce a magnetic field that attracts the main magnetic field and make
a braking force. The two forces formed will produce a force opposite to the direction of
the magnetic field movement. Smythe, 1942 [30], was the first researcher to study eddy
currents on a disk.

The skin effect strongly influences the calculation of braking torque on the ECB. Where
with increasing speed, the effect of skin effect increases. Sharif, 2009 [31] explained that the
skin effect variable must be added to the calculation of braking torque. Sharif, 2012 [32]
reviewed the ECB’s performance on the braking application. The skin effect has a different
effect on the thickness of the conductor. Schieber, 1972 [33] conducted a study on ECB
on thin plates and found that the effect of the skin effect was not too significant. Singh,
1977 [34] conducted a study on thick plates and looked at the effect on the skin effect.
In thick conductors, the skin effect significantly affects the braking torque produced at
high speeds.

The main magnetic field on the ECB is the source of energy used in operation. The
magnetic field can be generated from a permanent magnet or using a coil that is energized.
The magnetic field produced by a permanent magnet is constant over time. The braking
torque can be controlled by adjusting the air gap or providing a magnetic field barrier. An
electric coil generates the magnetic field. The magnetic flux the winding produces depends
on the amount of electric current that flows. The amount of torque is regulated by changing
the amount of current flowing. The greater the electric power provided, the greater the
magnetic field produced. Setting the frequency and shape of the current signal also affects
the performance. Using AC power will increase the braking torque [35]. Setting the speed
and torque on the variation of the signal step sine and square [36,37]. Difficulty setting at
low speed. Circuits can be made in parallel and series. By adjusting the circuit, the required
performance is obtained [20,38]. Another application of eddy current brake combines a
power generation unit or generator and a braking unit in one unit. There is a generator
and eddy current brake in the existing components simultaneously. The resulting braking
force can be multiplied simultaneously using the generator and braking system. To be used
properly, the electric current generated by the generator is first processed by the control
unit. By using the settings, the amount of braking torque provided by the unit can also be
adjusted. Using ECB becomes a burden because it requires a lot of electrical energy. To
reduce this, using its energy generators can overcome this [39–42].

ECB is a braking method that does not require physical contact in the braking process.
ECB works by arranging a magnetic flux source, such as a permanent magnet or an
electromagnet with a conducting disc connected to a rotating machine [43]. The braking
torque of the ECB can also be calculated quite accurately in the low and high-speed ranges.
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The electromagnetic field influences the resulting braking torque. The following equation
can determine the braking torque.

T =
1
2
× σδωπr2m2B2

z[1 −
( r

a
)2

(1 −
(m

a
)2
)

2 ] (1)

Equation (1) shows that disc thickness (δ), angular velocity (ω), electromagnetic radius
(r), axis distance with ECB placement (m), flux density (Bz), and radius (a) will affect
the performance of the ECB [44–46]. The ECB operates by utilizing the eddy currents
generated by magnetic induction. The ECB’s magnetic field source can come from a
permanent magnet or an electric current. The magnetic field density is calculated from the
magnetic field flux in each unit area. The resistivity or electrical conductivity of a material
is a characteristic property of a material. The electrical resistance of a material is highly
dependent on the temperature of the material. The resistivity of the material (σ) can be
calculated by Equation (2).

σ =
1

ρo(1 + αT)
(2)

where ρo resistivities at zero degrees Celsius and change in conductivity per Celcius (α).
The formula to calculate the eddy current in Equation (2) only applies to thin disks. The
induced current density depends on the magnitude of the main magnetic field that passes
through the conductor. Another influential factor is the influence of the frequency of
changes in the magnetic field on the conductor’s surface. The high frequency of changes in
the magnetic field will cause a skin effect [47].

The skin effect will affect the torque generated after exceeding the critical speed. After
going through the critical speed, there will be a decrease in braking torque. The skin effect
is the concentration of electrons on the skin surface of a conductor due to the high frequency
of changes in electrical polarity. The high frequency increases the effect of the skin effect
so that the eddy current that is formed is only on the surface. The effect of heat generated
from the ECB can be analyzed using several calculations and considerations. The first step
that needs to be done is to analyze the air gap resistance (Rg) and the material (R) used.

R =
l

µ(B, T)·s (3)

where l is the length of the reluctant, s is the area of the reluctant and permeability. When
the ECB is used for a long time, the temperature of the stator will increase. The value of
magnetic permeability and electrical conductivity will decrease with increasing temper-
ature. The value of the permeability decreases will increase the surface resistance of the
conductor plate. An increase in the conductivity value will improve braking performance
due to an increase in the eddy current density. In the process, when the conductivity value
continues to increase, it will decrease torque due to the skin effect.

2.2. Research Process

The research process was carried out using the finite element method (FEM) to ap-
proach the simulation process. The simulation begins with determining the design of the
unipolar axial ECB used and determining the pattern of heat generated. The simulation
process is compared with the experimental process to compare research results. In the
process, in addition to being used, as a result of validation, the experimental process aims
to obtain initial heat generation data that will be included in the simulation properties.
Several parameters of the simulation process can be seen in Table 2.
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Table 2. Properties of the simulation process carried out.

Variable Unit Value

Electric current (i) A 20
Number of coils (n) mm 360

Length of pole shoe (a) mm 30
Width of pole shoe (b) mm 12.5

Total length of winding core (l) mm 248
Center to pole shoe center gap (r) mm 83.5

air gap (t) mm 0.5
Thickness of disk (d) mm 5

Radius of disk brake (r) mm 120
relative permeability of aluminum (µal) - 1.000022

relative permeability of iron (µfe) - 400
Aluminum conductivity (α) Ωm 2.06 × 10−7

The simulation is carried out to observe the heat distribution process on the surface of
the conductor plate used in the ECB, which is then carried out by analyzing the characteris-
tics of the heat while driving. In the process, it is assumed that the disc’s rotational speed is
constant but has different airflow speeds, namely 10, 20, 40, 60, and 80 km/h for each test.
The airflow speed is a forced cooling process during the braking process. The ECB design
and domain used can be seen in Figure 1. The modeling is done using Ansys electronics
software to analyze the performance of the ECB, and Ansys is fluent in analyzing the heat
phenomenon that occurs.
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In addition to carrying out the simulation process, the experimental process is carried
out to obtain verification data as a comparison of the simulation process that has been
carried out. The experimental process carried out is to use a design, as shown in Figure 2.
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Figure 2. ECB experimental design carried out: (a) experimental test scheme, (b) test equipment used.

3. Results and Discussion

A strong magnetic field will affect braking performance. In addition to the strength of
the magnetic field, the use of conductor material properties will affect braking performance.
When the surface temperature of the conductor material is changed, the braking perfor-
mance will also change. Using modeling will facilitate knowing the effect of temperature
during the braking process by defining heat during the braking process. The analysis
process uses the finite element method and Maxwell analysis. This study aims to analyze
heat generation in the ECB braking process. The analysis process is carried out using the
finite element method using the model in Figure 3a. The modeling process begins by using
the analysis of heat generation carried out on the active region on the surface of the rotor
disk used. Figure 3b shows the active region, which is an area that experiences a particular
magnetic field effect.
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3.1. Heat Generation That Occurs in the ECB

The temperature on the ECB increases with braking time. The temperature is relatively
high in the winding and active areas. It is expected because the winding part is forced
to flow to produce a magnetic field. At the same time, the active region is a component
induced by eddy currents that produce braking force. Figure 4 shows the characteristics of
the ECB heat increase that occurs during the braking process. When braking is applied and
receives airflow, heat is released. It results in relatively less heat generation after 15 s. At
the beginning of the braking process, the temperature rise is relatively high because of the
forced current flow that activates the electromagnet. After that, the heat generation occurs
within 15–45 s, and the heat generated is still at the level of the heat release capability of
the components used. A slowly rising heat indicates this. After 45 s, the heat begins not to
be released into the environment, so it will increase the temperature.
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At the same time, the event of heat generation in the functional or active area can
be seen in Figure 5. The area produces a higher temperature than the heat generated in
Figure 4. The data taken is the active area on the disc brake and coil section. These results
were obtained through a simulation process compared with the experiment. In this case,
the coil generates heat up to 77 ◦C for the experimental data, while the simulation data
shows no different results, namely 75 ◦C. The heat that arises in the disc brake comes from
the coil. It causes the disc brake in the active area to have a higher temperature than the
side area. The temperature generated by the active disc brake area reached 57 ◦C during
the experiment and 52 ◦C using simulation.
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The simulation process is based on experimental data from heat generation on brak-
ing. The comparison between the experiment and the simulation results shows that the
difference is not more than 10%, as shown in Table 3.

Table 3. Error simulation and experiment.

Position Time (s)

active region (exp) 21 34.3 38.6 50.3 57
active region (FEM) 22 37.8 38.9 48.1 52

error 4.5 9.3 0.8 4.6 9.6

The results showed that the braking process experienced a decrease in performance
when the temperature was increased. When the temperature increases, the electrical con-
ductivity value will decrease, which decreases braking performance. These phenomena
correspond to what happened in Figure 6. Figure 6 shows a decrease in performance
as the working temperature increases. At Equations (1)–(3), it is known that an increase
in temperature results in a decrease in the conductivity of the conductor material used.
The induced current’s value will decrease with a decrease in conductivity. The decreased
induced current will result in a decrease in braking torque. Performance degradation coin-
cides with temperature increases. In Figure 6, each change will generally decrease braking
performance by up to 10% when increased by 5 Celsius. The decrease in temperature has
the same characteristics as every increase in temperature. In addition to using experiments
and simulations, mathematical methods are also used to strengthen the research conducted.
Calculations were carried out using Equations (2) and (3), which were then substituted in
Equation (1). The results obtained in experimental models, simulations, and mathematical
calculations had the same trend. However, the experimental process showed slightly differ-
ent results at a temperature of 35–40 ◦C. This phenomenon occurs due to the non-ideality
of the testing process carried out. Of course, in this case, unexpected disturbances arise,
so there is a difference in the temperature. However, the overall results show a slight
difference or a small error.
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Figure 6. Decreased braking torque when there is an increase in temperature to the ECB using a plain
conductor disc.

The simulation process shows that the braking temperature is one of the critical
factors that must be considered. It is understood that the generation of heat that occurs
is expected during the energy conversion process. Using the heat generation analysis on
the ECB, the optimal temperature will be obtained when the braking process is needed.
The conductivity of the conductor material used also plays a high role. By looking at the
phenomena that occur in Figures 4 and 5, it is known that it is necessary to analyze the
temperature regulation when implementing the ECB. Along with the ability to generate
heat, in the future, it is necessary to increase the ability to release heat in the application
of ECB.

3.2. ECB Heat Distribution Character

The braking process that takes place shows that when the hot braking process occurs,
it tends to be dominant in the active area of the region. Several causes can cause this.
For example, heat generated at the core winding or that occurs due to the emergence of
eddy currents on the disc’s surface will spread to the inside and the edges of the disc used.
Figure 7a shows that when the ECB is only turned on, the heat will tend to spread to the
outside area. At the same time, Figure 7b shows the distribution of heat when the disc
rotates. It follows the experiments carried out. In the experiments, the characteristics of the
heat that arise are the same as those in the simulation process. Figure 8 shows a section of
the visible area of the experimental process.

When ECB is applied to a 2-wheeled electric vehicle, there will be a heat release caused
by the airflow process that occurs during the driving process. It can be used as one of
the considerations in designing the ECB. Figure 9 shows the heat release process during
braking at various speeds. Based on Figure 9, the heat release that occurs at higher speeds
shows the results of a smaller heat release area with a high concentration. Sequentially, the
speeds applied in Figure 9a–d are 80 km/h, 60 km/h, 40 km/h, and 20 km/h. At a speed
of 80 km/h, the heat release that occurs is seen to have more concentration in an area equal
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to the diameter of the disc used, while at other speeds, it tends to spread larger than the
diameter of the disc. The process is carried out by adding air properties at a predetermined
and equalized speed to make the heat release more visible. It is also done with the hope of
equating the actual conditions at the time of its application. Data on the heat release results
can be seen based on the decrease in temperature, as shown in Figure 10. Figure 10 shows
a graph of the decrease in temperature either by simulation or experimental processes. The
decrease in temperature with both processes shows the same trend with minor differences
for each point of acquisition of the results. The initial temperature obtained at a speed
of 10 km/h shows a temperature value of 79 ◦C. When the speed is increased gradually,
the temperature decreases significantly until it reaches 47 ◦C at a speed of 80 km/h. The
part that experiences heat generation is the part that is in the active region area. It is an
appropriate trend because the active region absorbs energy to be converted into heat in the
ongoing germination process [29,30].
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4. Conclusions

The use of ECB in light vehicles needs to be adjusted according to need and consider
safety aspects. One part that needs to be considered is the potential heat generated and how
it affects the braking torque generated by the ECB. In general, heat is a natural phenomenon
that occurs in the energy conversion process. In braking using the ECB, it is known that
heat does affect braking torque. The modeling process shows that the hotter the ECB disc,
the lower the braking performance, as seen from the torque value. The modeling process
is carried out using FEM-based simulations and experimental processes. In addition,
mathematical calculations are used to strengthen the results on one of the processed data.
The results show that the ECB’s heat generation event that affects the temperature increase
reduces the braking torque performance. Based on the experimental value, when the
temperature is 25 ◦C, the braking torque is 6.63 Nm. This value decreased by 0.40 Nm
to 6.23 Nm at 45 ◦C. It follows the actual situation because when it is hot, there will be a
change in the properties of the conductor material used. However, with changes in light
use, heat can still be released due to the speed of the vehicle moving. Therefore, when usage
has been increased, it would be better if the ECB could be added with a cooling system,
such as increasing the contact area with additional slots. In addition to the performance
seen from the torque value, the research that has been carried out also provides prediction
simulation results and thermal photos of the active area on the disc brake. The results show
that the heat concentration in both the simulation and experimental processes is higher in
the active area and closer to the center of the coil area.

Meanwhile, the phenomenon of heat release that occurs, which is reviewed based on
the difference in speed, shows that the higher the concentration of heat release, the better
and does not spread over a wider area compared with the lower speed. The heat on the
surface of the ECB conductor influences the braking performance. The heat on the surface
of the disc of the conductor used needs to be maintained to obtain stable performance
at low and high speeds. It is sufficient to describe the process of heat generation in the
axial type. In contrast, if we look at the heat generation in the ECB with other types, it
has similar characteristics. The phenomenon of heat generation on the disc surface of the
axial ECB conductor has never been described before. In the future, it is necessary to add a
cooling system on the surface of the ECB axial disc. One thing that can be improved is to
add grooving to the surface of the disk used.
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