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ABSTRACT

This report deals with the design and simulation of Magnetic braking system for a
passenger vehicle using computer aided engineering software. Braking torque calculations
are done for the deceleration of a specific passenger car from highway speed. The torque
requirement calculations and coil size calculations are done in Microsoft Excel. Then a
magnetic braking system is designed for this required braking torque by making its 3D
model and then doing its Torque Analysis in COMSOL Multiphysics software. The
structural three-dimensional solid modelling of braking system is developed using the
computer-aided drawing software SOLIDWORKS. The design is improved starting from
simple basic design. The power and space constraints are considered while deciding final
design of Magnetic Braking system. A common passenger vehicle Honda Civic 10"
generation is considered because of the easy availability of its dimensional parameters. It
is supposed that this vehicle decelerates from 120 kph to 60 kph in 4 seconds with a
considerable load in it. Weight transfer is considered while braking. Thermal constraints
are taken into account while designing the disc of braking system. The actual size of
electromagnets is also implemented to ensure fitting. After torque analysis it can be said
that the final design meets the required torque requirements. Then recommendations about

prototyping and test bench are provided for future work.
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CHAPTER 1: INTRODUCTION

1.1. Motivation:

Braking system is one of the main component of an automobile. Stopping or decelerating
a vehicle in a safe, controllable and sustainable manner could be very critical for the safe
operation of the automobiles and for the safety of the passengers in it. Majority of braking
systems in the automobiles in the world work on the same principle. It is stated by Principle
of Conservation of Energy. The kinetic Energy of moving object is converted into heat
energy by friction. This friction is generated between two surfaces in which one is usually
covered with a friction material. In maintenance, one of the parts is replaced regularly to
keep the braking system operational in its best condition. The most common braking
system that are being used in vehicles of all capacities around the world are either disc
brakes and drum brakes. A considerable number of accidents in automobiles occur due to
the failure of these friction brakes. Friction brakes of vehicles tend to have their
effectiveness reduced when applied for a longer period of time or in emergency braking
and thus leads to their failure most of the time. These failures mostly occur because of a
condition called Brake Fade. In this condition of brake fade, the temperature of friction
material and the brake rotor increases beyond safe limits and the braking system is unable
to produce enough friction between the surfaces mostly because of change in properties of
materials at elevated temperatures and thus the vehicle is unable to decelerate at the

required rate and come to a stop.

These problems of friction brakes are inherent with them due to their design. Although
these friction brakes have improved from time to time like newer and way more expensive
Carbon ceramic brakes, still the problem of brake fade due to either high load usage or
prolonged usage is there and can cause accident. Therefore, there is a need of an auxiliary
braking system that will aid the conventional braking system and act as a secondary

1



retarder in the vehicle. This can reduce the risk of accidents in automobiles. This auxiliary
retarder should have better performance specially at high speed of vehicle where friction
brakes perform worse and mostly fail and this retarder should not have the common
problems of frictions brakes. In this way the service life of brakes can be increased and

load on brakes can be reduced.

For this purpose Magnetic Brake System is proposed which is a type of contactless braking
system that will work as a secondary retarder. This system has a very different working
principle as compared to friction brakes. This concept of braking has many advantages over

friction brakes and thus can be used as a secondary retarder.
1.2. Problem Statement:

A considerable number of automobile accidents happen due to the failure of friction
braking systems. In emergency braking and it long term continuous load situation, these
frictional braking systems experience phenomenon of brake fade which leads to their
failure as the braking system becomes unable to stop the motion of the vehicle and prevent
an accident. These braking systems also experience regular wear and degradation with time
with their use and thus these systems require regular maintenance and sometimes

replacement of some parts as they are used.

Friction brakes are also a cause of pollution in a way that when they wear, friction dust is
released in atmosphere. If we consider number of vehicles running in the world every
moment, this contributes considerably towards degradation of environment. Therefore to
overcome these problems of friction brakes, a contactless braking system is proposed
which will take load off the existing braking system of the car in certain high load situations
and help the vehicle in braking safely from high speed. This system reduces the load from
the friction brakes and has many other advantages. This Magnetic Braking system will act

as a secondary retarder and work alongside the existing braking system. this is because of



the property of Magnetic braking system to work best at higher speeds and then friction

brakes will stop the motion from slow speed to a stand still.

1.3. Objectives:

The objective of this projects are as follow:

1.

Required Braking Torque calculations for a common passenger vehicle
decelerating from highway speed by using dimensional parameters of the vehicle
and the required deceleration.

Design of 3D structural model of Magnetic Braking System by CAD Modelling
and Torque Analysis using Software tools.

Parametric Analysis and improvement of design considering various constraints to
achieve better performance.

Integration of the Magnetic Braking System in the existing electrical system of the
vehicle.

Proposal of test bench design and parameters.



CHAPTER 2: LITERATURE REVIEW

2.1. Weight transfer:

When a vehicle is stationery, its weight is distributed on all of its wheels. The percentage
of weight on each wheel depends on the design of the vehicle. When the vehicle is not
moving or moving at a fixed speed, this percentage of weight distribution remains the same.
But when the vehicle accelerates or decelerates, this percentage of load distribution
changes. When the vehicle accelerates, its weight transfers towards the rear wheels, thus
the normal force at the rear wheels increases which in turn increases the amount of friction
force that can be generated at the rear wheels. When the vehicle decelerates, its weight
transfers towards its front wheels, thus the normal force at its front wheels increases which
in turn increases the amount of friction force that can be generated at the front wheels. This
weight transfer changes the amount of braking torque that needs to be produced at the front
wheels to decelerated the vehicle. Thus weight transfer will contribute towards the brake
torque requirement of our braking system. This weight transfer depends upon the
deceleration of the vehicle. This weight transfer also depends upon the static weight
distribution and vehicle dimensions like wheelbase and the height of the center of gravity.
Thus by knowing these parameters like deceleration and vehicle dimensions of our vehicle,
the required braking torque will be calculated. The weight transfer on front wheels in
braking is found by the given formula: [22]

* (Height of center of gravity * decceleration )

Whront ic = Whront static + Whotal
ront dynamic ront static ota Wheel base * g

2.2. Braking systems:

The two most common types of brake that are implemented in common road vehicles
nowadays are drum brakes and disc brakes. Both system have their advantages and

disadvantages. A brief overview of these braking systems is presented below.



2.2.1. Drum Brakes:

The two most common types of brake that are implemented in common road vehicles
nowadays are drum brakes and disc brakes. In drum brakes, the drum is connected to the
rotating wheel of the vehicle. Two brake shoes are present inside the drum. The surfaces
of these shoes are covered with friction materials. When the brakes are applied, these shoes
press against the inner surface of the drum and create friction and thus braking torque is
generated. This slows down the vehicle. the temperature of both brake shoes and brake
drum increases as kinetic energy is dissipated in form of heat into the components of
braking system. These drum brakes have their advantages and disadvantages. The
advantages are that these systems are less expensive to make and maintain as compared to
the disc brakes. These brakes have more corrosion resistance. They requires less input force
in actuation and have larger contact area in brake shoe and brake drum. The disadvantages
are that these brakes are difficult to cool because of their closed design. Also these brakes
have more complexity as compared to disc brakes and there is a slight delay in their
actuation. Some common designs of drum brakes are one leading one trailing shoe, duo-
servo drum brakes, twin leading shoe drum brakes depending upon the actuation of brakes,
the location of anchors and the movement of brake shoes.[23]

Brake lining

Brake drum

Figure 1. Drum Brakes.



2.2.2. Disc brake:

Disc brake is another widely used braking system. It uses a disc that rotates with the wheel
and calipers that are stationery. These calipers have pistons in them that have friction brake
pads on them. When the brakes are applied, the brake pads grip and clamp the outer
surfaces of disc on both sides. The friction between brake pads and disc stops the disc and
the energy is dissipated in the form of heat. These brakes also have their advantages and
disadvantages. The advantages are that disc brakes have better heat dissipation because of
their open design. These brakes have simpler design and less delay in actuation. Some
disadvantages are that theses are expensive and prone to corrosion. Its design is superior to

drum brakes.

Brake caliper

Figure 2: Disc Brakes.
In both systems, usually a hydraulic system having brake fluid is used to transfer the input

motion of brake pedal to the motion of brake pads and drums by a series of hoses and tubes.
Many other components like brake booster and master cylinder which contains the brake
fluid are there. As these systems are actuated mechanically, there is usually some delay in
their actuation. Also sometimes these fluid lines rupture due to excessive pressure which
leads to the failure of braking system. sometimes there is leakage in this hydraulic system

and due to loss of fluid, the system is unable to actuate brakes. [24]



2.3. Magnetic Braking:

There is a special type of braking system called as Magnetic Braking system that works on
the principle of generation of eddy currents in conductors therefore sometimes also called
as Eddy Current Braking (ECB) system. It is a modern braking system with several
advantages over existing friction braking systems. This system has application in various
equipment like in device that help climbers descend in a smooth and controlled way by
providing retardation effect when the climber jumps of starts to fall. This device is called
as Auto Belay device. The smooth retardation effect produced by the magnetic braking
system is also used in some exercise equipment to simulate load when a shaft is rotated.
This braking system is also used in some power tools with rotating metallic discs that need
to be slowed down after operation. This system also work for linearly moving metallic bars
instead of rotating discs.

2.3.1. Working Principle:

The Magnetic Braking system is a contactless braking system that works on the principle
of eddy currents. Eddy currents are produced inside a conductor when magnetic flux
changes through it. These currents produce magnetic fields. Some laws that govern this
phenomenon are as follow:

Faraday’s law of induction is a principle that states that when the magnetic flux density B
is changed through time an electric field E is created. When a magnetic field changes along
a conductor there will be a changing electric field that will cause electric currents to flow.
These currents will produce their own magnetic field.

VX E= oB
0t

Lenz’s law explains the negative sign in the above equation. It states that the direction of
induced field is such that it opposes the field that produced it. Thus there will be an
interaction between these fields.



Ampére’s law is the reverse of Faraday’s law, it states that when a current is passed
through a conductor, it produces a magnetic field H around it whose strength is
proportional to the amount of current J passing through the conductor. D is the electric
displacement field.

VXXH= +6D
=] ot

Lorentz’ force law states the force acting upon a charged particle moving through a
magnetic field. As current is the flow of charges, when a current carrying conductor is
placed inside a magnetic field, it experiences a force. The direction is also given by Lorentz
force law. The equation is as follow:

F=q(vxB)
Here F is the force on charge, q is value and polarity of charge, v is its velocity. This
Lorentz force will produce the braking force and thus the braking torque for us.

2.3.2. Electromagnet:

As stated earlier that current flowing through a conductor produces a magnetic field around
it. This effect is used to make electromagnet that produce magnetic field similar to
permanent magnets but are more flexible as the magnetic field produced can be controlled
by controlling the current through the conductor. [25]

Figure 3: Electromagnet.

By winding conductor wires around to make a coil, we can get magnetic field similar to a
bar permanent magnet. By winding these wires on a soft iron core, the field can be directed

outside of the poles. A typical electromagnet is shown below:



2.3.3. Initial design:

Thus Lorentz force is the required force to produce braking torque in Eddy Current brakes.
A magnetic field is produced by an electromagnet. A conductor passes through this
produced magnetic field. When there is a relative motion between conductor and a
magnetic field, eddy currents are produced in the conductor as stated by Faraday’s law.
These eddy currents produce their own magnetic field as stated by Ampere’s law. This
produced field is opposite to the applied magnetic field as stated by Lenz’s law. Thus it
opposes the applied Magnetic Field. In the region where conductor enters the applied
magnetic field, as the magnetic flux increases in this region, the eddy currents produce a
field such that it opposes the increasing flux. Thus retardation occurs and slows down the
relative motion. In the region where conductor leaves the applied magnetic field, as the
magnetic flux decreases in this region, the eddy currents produce a field such that it opposes
the decreasing flux. Thus retardation occurs and slows down the relative motion. This

effect is shown by the help of a diagram below:

Figure 4: Eddy Current Brake.

2.3.4. Existing applications:

From literature review of existing research and applications of Magnetic Braking system,

several aspects are found such that this system is being used in some heavy trucks in foreign



markets alongside conventional friction brakes as it is mounted on the their drive shaft that
IS in between transmission and rear differential. This braking system do not suffer from
common friction brake problems like fading due to excessive use, skidding due to wheel
lockup in emergency braking, high maintenance requirement of friction brake components,
low reliability of friction brakes, requirement of servo mechanisms for their engaging,
breaking of components and higher weights. All of these properties are due to the
contactless design of Magnetic Braking systems. Also as there are no moving parts, there
is no chance of a mechanism failure. Also this device is easy to install in automobiles as it
only requires integration with the electrical system of vehicle and not any mechanical or

hydraulic system[2].

2.3.5. Advantages of Eddy Current Brakes:

Eddy Current Brakes have a large number of advantages as compared to commonly used
friction brakes. There is no risk of brake fade or wrapping of brake disc due to stresses and
excessive temperature rise. In these braking systems there is no need to change brake oils
and thus there is no risk of oil leakage because this system works on electrical actuation
and no mechanical actuation is involved. The actuation of these systems is electric thus it
is instantaneous and also there is no delay as compared to hydraulic actuation as there is
no fluid to be compressed [34]. This system helps to extend the life span of the regular
brakes and keep the regular brakes cool for emergency situation. They have excellent heat
dissipation efficiency because disc is free to rotate and whole surface is available for
cooling and no contact is involved. Electromagnetic brake systems will reduce the overall
maintenance cost because they are maintenance free. No part is to be changed at regular
intervals as there is no wear and tear. The problem of brake fluid vaporization due to
excessive temperature rise and hot outside temperature is eliminated. Also the freezing of
brake fluid due to very cold climate is eliminated. These brakes produce no torque in case

the relative motion between magnetic field and conductor stops thus there is no chance of
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wheel lockup therefore it is easier to integrate eddy current brakes with anti-lock braking
system (ABS), Electronic Brake Distribution (EBD), traction control system, and
electronic stability controls (ESC) of a car. Being independent system rather than
connected hydraulic braking system, individual wheel braking control is easier. [3]. By
controlling the current to the electromagnetic coils, the braking torque produced by the
system can be controlled. Due to the above mentioned advantages, Eddy Current brakes
are a compelling option as a modern braking system. Some papers have tried to
implemented eddy current braking system in automobiles with different designs like using
the already available friction disc of disc braking system also for eddy current brakes and
passing magnetic field through it. But this is not suitable for thermal considerations and
the choice for brake disc material and thickness will be limited by using the existing disc[4]
Some designs has used a separate disc for eddy current brakes. The approach of a separate
disc is found to be better for several reasons like heating produced in disc and parameter

control over design of system as we can design our separate disc for ECB.[5][6][34].

2.3.6. Different configurations:

There are mainly two common configurations of eddy current brakes. One is horizontal
conductor bar or rails moving through magnetic fields. These rails can be in horizontal or
vertical direction. When magnets pass these rails, eddy currents develop in the conductor
rails and apply force on downwards moving magnets thus slowing them down. Magnets
can be either on moving part or on the stationery part of system [7][20][21].

Another configuration of Eddy current brakes that is the most common is having a
conductor disc that rotates inside the poles of the magnet. This configuration produces
braking torque on the disc and therefore on the shaft connected with the rotating disc. This
configuration is mostly implemented to slow down rotating inertia like heavy disc and
equipment with rotational inertia. Thus configuration is usually called as axial

configuration [8][9][13][15]. Examples of these configurations are shown below.
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Figure 5: Horizontal and Axial configurations.
2.3.7. Critical velocity:

Eddy current brakes using non magnetic material for conductor disc have a property of
having a critical velocity. When we observe braking torque produced by eddy current
brakes, as the angular speed of disc rotating inside magnetic field increases at start in a
linear fashion. But after some angular velocity, the linear fashion changes. As the angular
speed of disc increases further, the braking torque increases but after a value of angular
speed, the amount of braking torque produced by the system starts decreasing. This value

of angular speed at which the value of torque is maximum is called as critical speed.[36]

4 Critical speed
v

Braking Torque

" Linear region

Angular speed

Figure 6: Critical Speed.
This behavior of eddy using non magnetic material for conductor disc is due to a

phenomenon known as skin effect. Skin effect means that as current passes through a

12



highly conductor material, due to the current passing, a magnetic field is generated inside
the conductor. This magnetic field inside the conductor opposes motion of charges inside
the conductor. Thus the charges prefer to move on the edges of conductor or can be said to
be on the skin of conductor. As the speed increases, the eddy currents increase and this skin
effect increases. Due to this skin effect, the braking torque decreases [18]. Thus due to this
characteristic of eddy current brakes, we should operate them near the critical velocity

where we will get the maximum braking torque.

2.3.8. Factors affecting braking torque:

The braking torque produced by Eddy Current depends on many factors. These factors
include the geometrical parameters of system components like disc and parameters related

to magnetic field source.

2.3.8.1.  Magnetic field source:

For producing the required magnetic field, mainly two approaches are used, first is using
permanent magnets to produce field. This configuration is easy to make because no
designing of electromagnets is necessary. But this permanent magnet design will need
some kind of physical shunting mechanism that will cut off the magnetic field when the
braking is not required because the direction and intensity of field from the permanent
magnets cannot be controlled and permanent magnets cannot be turned off like
electromagnets.[10][20][21] But this approach contains mechanical movement of some
kind of mechanism. Therefore permanent magnet design is not very ideal. Also we get poor
control of magnetic field produced by permanent magnets. A better approach is to use
electromagnets instead. Electromagnets provide excellent control and flexibility while
designing Eddy Current Brakes[3]. In designing of electromagnets, the number of coil
windings, the size of core and the current through electromagnet coils can be varied easily

and the ideal value can be found to get desired magnetic field and thus the required braking
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torque. Also by increasing the number of coils the overall size of the system can be reduced.
[6][11][15]. But this approach is more complex as it requires separate designing of
electromagnets and we also need to take physical fitting of the coils into consideration as

there will be space constraints.

2.3.8.2. Geometric and electromagnet parameters:

There are geometric factors that affect the amount of braking torque produced by eddy
current brakes. These factors include the diameter of the conductor disc, the thickness of
the disc, the value of air gap between the magnet pole and disc and the radius at which the
magnet poles are located in front of the face of disc. Different parameters of electromagnet
like the number of windings of coil and the current through them dictates braking torque.
By decreasing the disc thickness, the torque increases [12] the same behavior can also be
observed for decreasing the air gap, the torque increases [12][13][14], by increasing the
number of windings in the electromagnet coil, the torque produced increases, also by
increasing the current in these windings, the torque will increase [14]. Thus we can increase

or decrease the performance of our system by varying these parameters.

2.3.8.3. Conductor material:

The material of conductor disc has effect on the amount of braking torque Eddy Current
Brakes can produce. It is not only very important for the braking torque but also for the
thermal performance of braking system. Usually non magnetic conducting materials are
used because they are not attracted towards the magnetic field source. Copper and
Aluminium are two most favorable materials [15] as they are non magnetic and also their
electrical conductivity is considerable to allow production of eddy current. But these
materials also suffer from skin effect problem. It can also be seen that by making conductor
disc thin, the influence of skin effect can be reduced as thicker conductor have more skin

effect [18]. Among these materials, Aluminium is the preferred one because it has some
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advantages over copper such that it has better performance at high angular velocity of discs.
Also compared to copper, aluminium is lighter in weight, cheaper to purchase and work on
and also more machinable.[8][16].

2.3.8.4. Thermal considerations:

As there is no friction heating in this system owing to its contactless design, the energy is
dissipated by eddy currents in conductor. As the disc slows down due to magnetic field
produced by eddy currents, these currents produce heating inside the conductor disc. Thus
this puts a limit on geometry of system regarding thermal stability so that the temperature
does not go out of control. The thermal behavior of practical models of Eddy Current
Brakes has been investigated in some papers[6] and its effect on different parameters is
also studied because when the temperature of disc increases, the heat is transferred to other
nearby components by convection and radiation specially to the electromagnet coils. Thus
as time passes, the performance of the system is affected. These effects are investigated

from prototype testing in the above mentioned paper.

2.3.8.5. Mathematical models and controllers:

In order to calculate the torque produced by eddy current brakes mathematically, some
mathematical models have been developed like by W.R. Smythe (1942), D. Schieber
(1974), J.H. Wouterse (1991) [8][15][17][18]. These were some of the early researches on
working and design of eddy current brakes. But the formulas developed by them are
specific for some cases. This approach was used before the Finite Element Method
technique. Now FE approach can be used to simulate eddy current braking and a
comparison of theoretical results with experimentally obtained data from prototype
development and testing is a better approach.[35] Different types of controllers like Sliding

mode controller have been applied to control the system and to make it more responsive
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and robust so that it could cater for disturbances and act as a secondary retarder for the

existing braking system [17]. Some approaches used a PID controller [19] for this purpose.
2.4. Car battery:

To power the electromagnet in Eddy current brakes, we need a current source. As we are
implementing our magnetic braking system in a car, the power source we have in our car
is its battery. Car battery provides current for different electrical systems of car and it
charged by alternator that is powered by running engine in case of most cars that are
powered by gasoline engine. Another important function of car battery is to provide current
for starting motor also known as Crank Amperes. The capacities of car batteries are
designated by its Amp-hour rating. For example, a 45 Amp-hour battery means it can
theoretically provide 45 A current for one hour or 27.5 A for two hours and so on other
combinations.[33] The battery already available in out chosen vehicle is 45 AH as shown

below:

N

12V 45AH(20HR)
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Figure 7: Car battery.

2.5. Torque Measurement:

In order to measure the torque being produced by a system, torque sensors are used. There
is mainly two types of scenarios while measuring torque, stationary shafts and rotating
shafts.
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2.5.1. Torque Sensors:

First is the torque being applied on a static shaft which is not rotating. These sensors are
called Reaction torque sensors. When the torque is applied on shaft on its axis, a
deflection is produced in it because the material is in its elastic limit. With the information
about this deflection, geometric and material properties of the shaft, the torque being
applied can be calculated by using the formula below:

_ T« L

0
J*G

Here 0 is the deflection, T is applied torque, L is length of shaft, G is the shear modulus
of material, J is polar moment of inertia. Mostly strain gauges are used to measure the
deflection. A number of strain gauges are used in order of a Wheatstone bridge. When
strained, the strain gauge’s resistance changes. This change when in form of Wheatstone
Bridge is converted in voltage change. This voltage signal is proportional to the deflection

produced.

Figure 8: Reaction and Rotary torque sensors

The other type of torque sensors are Rotary torque sensors also known as dynamic torque
sensors. The shaft keeps rotating in these sensors and the deflection is also measured with
strain gauges that also rotate with the shaft. As the shaft is rotating, the continuous

information of the produced deflection needs to be transferred to outside the rotating shaft.
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This can be done by either slip rings contacts, or by inductive loop that uses magnetic field
linkage and is also contactless. The most recent and contactless way is to use wireless
communication between sensors on rotating shaft and static receiver outside. Wireless

communication is the most efficient.
2.5.2. Load cells:

As the torque T is the product of an applied force Fappiied and @ moment arm r, there is
another simpler way of measuring torque. It is by measuring force and then multiplying it
with a moment arm. To measure load, usually load cells are used. Load cells also utilize
the property of strain gauges. Load cells have a thinner section in their structure which
shows deflection when load is applied, there are strain gauges on this thin section that
record deflection. There are many types of load cells like Single point load cells, Bending
Beam load cells, Compression load cells, Planar Beam load cells, Shear Beam load cells,
Dual Shear Beam load cells, S-type load cells, Load pins and many more. Some are used
for only tensile loads, some are only for compressions. Some designs like planner load cells
are made keeping space constraints in mind. But for torque measurement usually Single
point load cells are used with a stopper arm of known length. A single point load cell is

shown below:

Strain gauges

\. Off-centre loading

Figure 9: Single point load cell

18



CHAPTER 3: METHODOLOGY

3.1. Vehicle selection and parameters:

The vehicle selected for our calculation is 10" generation Honda Civic available in our
country. The reason for choosing this particular vehicle is that it is a common passenger
vehicle in our country. Also the required data for this vehicle is easily available on
manufacturer website. The required data of this car includes weight of the car and its static
weight distribution. The required dimensional parameter include wheelbase and height of
center of gravity of vehicle. Also the information regarding the wheel diameter, tire width
and profile is needed to find wheel’s outer diameter. These parameters are required
alongside deceleration information to calculate required braking torque for our

requirement.[26][27] The required parameters are shown in a table below:

Parameter Value
Vehicle Weight (loaded) 1750 kg
Static Distribution Front Axle 60.6 %
Static Distribution Rear Axle 39.4 %
Center of Gravity Height 0.508 m

Wheelbase 2.7m

Wheel Diameter 16 in

Table 1: Vehicle data
This data will be used to calculate torque at one front wheel for deceleration of the above
mentioned car from 120 kph to 60 kph in 4 s. The data about tire and wheels being used in

the specified vehicle is used to calculate vehicle
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3.2. Torque and speed calculation equations:

Now after obtaining the required parameters of our vehicle, torque and front wheel rpm are
calculated. First the deceleration in terms of g’s is calculated and then dynamic load at front
and rear axle is calculated. To simulate real life situation, data of a loaded vehicle is used.

The formula is shown below:

Height of COG (m) * decceleration (grs) )

Wrront dynamic (Kg) = Whront static (Kg) + Whotal (Kg) * ( Wheel base (m)

Height of COG (m) * decceleration (g’s) )
Wheel base (m)

Whrear dynamic (kg) = Whear static (kg) - Whotal (kg) * (

After finding the dynamic load on the front and rear axle, the normal forces on front wheels
are known. Now we need rpm of front tire at the specified velocities as this will also be the
rpm of front drive shafts. The tire outer radius is also needed to find torque. The rpm of

front tire is calculated by the following formula:

wheel diameter (m tire profile(%
Tire outer edge radius (m) = > (m) + tire width (m) = P 100 (%)
V (kph) 60
V (rpm) = * . -
3.6 2 * T * tire outer edge radius (m)

After knowing front loads and tire outer edge radius, The value of braking torque required

at one front wheel is calculated by using the following formula:

T on one front wheel (Nm)

dynamic load one front axle (kg) tire outer edge diameter (m)
B 2 * 2
* deceleration (g's) * 9.81

By using the above mentioned formulas, the required braking torque at one front wheel is
calculated.
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3.3. Torque requirement calculations:

These calculations are done with the help of Microsoft Excel software because of the
easiness of automation of calculations. The above formulas for weight distribution, tire
rpm and braking torque can be inserted in excel and linked with cell containing data.

Microsoft Excel automatically calculates for you when the value of one or more parameters

is changed. The calculations are as follow:

Vehicle Vehicle static static COG Wheel Tire Outer
Weight Weight distribution distribution height base Edge
(empty) (loaded) front axle rear axle g Radius
kg kg % % m m m
1252 1750 60.60% 39.40% 0.508 2.7 0.32145
Static distribution e e Dynamic .Dyr.mamfc
Static distribution rear o distribution
front distribution front
rear
kg kg ke ke
1060.5 689.5 1200.35 549.65
Initial " Initial angular Final . Final angular
. Initial rpm . . Final rpm .
velocity velocity Velocity Velocity
kph rpm rad/s kph rpm rad/s
120 990.23 103.70 60 495.12 51.85
Sto.pplng Deceleration Total Torque Torque one front Torque one rear
time wheel wheel
S g Nm Nm Nm
4 0.42473666 1171.95 401.93 184.05

Table 2: Required Torque
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Thus our required braking torque for loaded car from 120 kph to 60 kph in 4 seconds is
around 402 Nm and the wheel slows down from 990 rpm to 495 rpm or 103.7 rad/s to
51.85 rad/s in Sl units.

3.4. Selection of parameters:

Keeping different constraints on our system, various parameters need to be decided. These
parameters can also be called as control parameters. The decided values of these parameters

are as follow:
3.4.1. Selection of disc diameter:

As we plan to mount our magnetic braking system inside the wheel of the selected car, the
control parameter of the disc diameter and thus the maximum diameter of our system is the
available space inside wheel. The wheels of 10" generation Honda Civic is 16 inches in
diameter and the size of existing friction brakes inside front wheel has 282mm rotor
inside it. Thus keeping this diameter in consideration, the disc diameter is taken to be
300mm.

Figure 10: 10" generation Honda Civic 16 in rim and tire.

p-
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3.4.2. Selection of disc material:

From literature review, two materials Copper and Aluminium are found to be the best
materials for disc of Eddy Current Brakes as they are non magnetic and are also easily
available materials. For our design, Aluminium is chosen over copper due to the following
reasons[28][29]:

o Itis lighter than copper

o

It is cheaper than copper
o Itis more machinable than copper
o It has less skin effect at the required velocities due to higher resistivity

o Its heat capacity is better than copper which means it can take more heat for less

temperature rise.

In aluminium, we have many grades that are alloys of aluminium with different other
materials like silicon, copper, magnesium, manganese, tin and zinc etc. These alloying
materials when mixed with pure aluminium, change the properties of resulting alloys like
its strength, its corrosion resistance and its machineability. Thus different alloys can be
used for different specific applications. The percentage of these alloying materials also
plays an important role in resulting properties. These alloys are designated by a naming
scheme provided by The International Alloy Designation System (IADS).

These alloys are give a four digit number and an temper designation. the first digit indicates
the major alloying elements, the second digit is usually 0. If not O, then it indicates a
variation of the alloy, and the third and fourth digits identify the specific alloy in the series.
The temper designation follows designation number with a dash, a letter, and potentially a
one to three digit number. This indicated treatments done on alloy. This also affects

material properties.[30]
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The alloys that are of our interest are Al-2024, Al-6061 and Al-7075. Al-2024 is aluminium
alloy with copper element. It is not very suitable because it have lower melting point and
is also prone to corrosion which is very undesirable. Similarly Al-7075 has lower melting
point and lower heat capacity. It has high strength but is expensive. These have different
alloying elements thus different properties. Among these alloys, the Al-6061 alloy is
chosen because of the following favorable properties:

o Best machinability of all aluminium alloys

o Corrosion resistance unlike Al-2024 alloy

o Highest melting point among these alloys

o Highest heat capacity among these alloys

o Most common and easily available Aluminium alloy.

Thus disc will be made of Al-6061 alloy which has the following properties[29][30][31]:

Parameter Symbol Value
Conductivity c 2.5x107 S/m
Density p 2.700 kg/m?®
Heat capacity c 897 J/kg-K
Melting point Tmelting 585°C
Thermal conductivity Kk 151-202 W/m-K
Tensile strength ot 124-290 MPa
Alloy elements magnesium (Mg) and silicon (Si)

Table 3: Al-6061 properties.
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3.4.3. Selection of disc thickness:

The braking torque produced by Eddy Current Brakes and the value of critical velocity
depends upon the thickness of the disc, thus it is very important to select optimum thickness
of disc. The constraint on the disc thickness is the maximum temperature rise. By using
different disc thickness values and doing their Torque Analysis on COMSOL Multiphysics,
we can get Total Heating in disc. From this total heating plot, we can get heat energy inside
the disc for the deceleration of disc from 120kph to 60kph in 4 s. The heat produced in the
conductor disc of our design due to eddy current is obtained from the following COMSOL
Multiphysics plot:

T T T T T T T

40000 Total heating (W) | |

35000 -

30000 —

25000 —

20000 —

Total heating (W)

15000 —

10000 ~

5000 —

4] 2 4 6 . 8 10 12 14
Time (s)

Figure 11: Heat produced curve
To make thing simple and to ensure that temperature does not increases out of maximum
service temperature of our material, let us ignore convection cooling because of its
complexity and dependence on surrounding environment of our system. By ignoring
convection cooling, we will use the heating produced data from the above COMSOL plot.

From above plot, we can find Heat Energy by noting down the Heat Load at 0 sto 4 s in
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the disc. We can note that the heat load decreases almost linearly. The value of Heat Load

at the start and end of braking period is:

Time (S) rpm Heat Load (W)
0 990 42052
4 495 21058

Table 4: Value of Heat Load
The heat energy produced inside the disc during this time period will be equal to the area

under the above plot in this time. The shape can be assumed to be a trapezoid. From formula

of area of trapezoid.

Q:

1
5(42052 +21058) * 4 = 126220]

Now the mass of disc is found from density and volume of disc. From the heat capacity

value of Al-6061, the temperature increase is calculated by the following equation [31]:

Q=px*xV x cx AT

Outer diameter Inner diameter Thickness

Heating from

Density of

Material

comMsOL

Aluminium

of disc

of disc of disc

J kg/m3 mm mm mm
Al-6061 126220 2700 300 64 3
Volume of disc Mass of disc Te'mperature
increase
J/kg.K m3 kg °C
897 0.00020240653 0.546497635 257.48

Table 5: Temperature Increase.

In real life application, the actual temperature increase of the disc due to this heating will

be less than the above calculated value because of the convection cooling of disc by air

flowing in the surroundings due to moving vehicle. Now the temperature increase comes
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out to be around 258°C. Assuming an initial temperature of 30°C, the final temperature
without considering convection cooling of disc comes out to be around 288°C. This
resulting temperature is below the maximum serviceable temperature of Al-6061 alloy
which is around 350°C. [32] Thus the system is expected to be thermally stable for disc

thickness of 3 mm.
3.4.4. Selection of electromagnet parameters:

The next component after the conductor disc is the electromagnet. This is the component
that will produce the required magnetic field. Different parameters that determine the
performance of electromagnet is number of turns of wire, current through the wire and the
axial length of electromagnet. Keeping all the other parameters of Eddy Current Braking
system design as constant, the value of braking torque depends upon electromagnet
parameter that can be defined as Magnetomotive Force (mmf). Magnetomotive force is
the product of number of turns of wire and the current flowing through the wires. The

equation is as follow:
Magnetomotive Force (Amp — turns) = N (turns) x I (A)

Now if we increase the current, we can have less turns and thus smaller coils. But this will
require more powerful current source. The control parameter here is the physical size of
coils that is determined by number of turns. Thus we will go for the maximum size of coils
that will fit and that will also reduce our current requirement. To find the required
magnetomotive force, we will do a parametric analysis. After that be deciding maximum
size of coil, the current required will be determined. But if we increase number of turns too
much, this will increase our coil size thus our system will become heavier. Also by
increasing the number of turns, the resistance of coil will increase and for our constant
input voltage, the current through the coil will decrease. Thus a balance is to be found

between these parametric values.
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3.5. CAD Modeling :

After torque calculations we start the CAD Modeling of our magnetic braking system using
SOLIDWORKS. This geometry consists of a solid brake disc of certain thickness,
magnetic core made of solid magnetic material and a circular domain for coils on the
magnetic core.

3.5.1. Initial model:

We started with a simple design of magnetic braking system which consisted of one
permanent magnet and one disc. After that design with electromagnets is made because we
are going to use electromagnets instead of permanent magnets. The simple initial design is
shown below:

Figure 12: Starting model.

This model with permanent magnet was used to start Torque analysis later in simulation

software. But this design produces very little output torque thus needs to be improved.
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3.5.2. Improved designs:

After the torque analysis of starting design, the torque produced was found very low.
Therefore new designs with improved performance and having multiple electromagnets

were analyzed. Some of these designs are shown below:

core .
disc

Figure 13: Model with electromagnets.
Another design with connected core is shown below:

coils

core
disc

Figure 14: Model with connected core sectioned view.
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3.5.3. Final design:

After the torque analysis of different designs with different geometries, the final design

that was producing required braking torque and also satisfied all the constraints like thermal

constraints and space constraints for our application was found. The components of our
final design are as follow:

Figure 15: Components of final design: Disc, Core and Coil domains.
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CAD model of final geometry containing disc, cores and coil domains that will be imported
to COMSOL Multiphysics is shown below:

Figure 16: Final Model with sectioned view.

This final design as shown above consists of one solid disc with holes for shaft and flanges,
16 total coil domains around core poles and two sets of connected cores having 8 coils on
one connected core with extended pole faces on either faces of disc. A sphere of a
considerable diameter was also created around this geometry that will be assigned the air
domain around our model. This sphere was made in COMSOL Multiphysics rather than
SOLIDWORKS. This is necessary for analyzing the magnetic field produced by the
electromagnets as the magnetic field will be in this air domain. Also the air gap between
disc face and magnet pole faces comprises of this domain.
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3.6. Torque Analysis in COMSOL Multiphysics:

This final design consisted of one solid disc with holes for shaft and flanges, 16 coil
domains and two set of connected cores all inside an air domain. An introduction of
COMSOL Multiphysics is given below

3.6.1. Introduction to COMSOL Multiphysics:

COMSOL Multiphysics is a finite element analysis, solver and Multiphysics simulation
software. It has conventional physics-based user interface and a coupled systems of partial
differential equations. Therefore, for the torque analysis of Magnetic Braking system,
COMSOL Multiphysics software is used. The reason of using this software is that Eddy
Current Brakes can be simulated easily in it by taking help from a simple built in example.
Other parameters like torque, heating and deceleration can be calculated using integrations.
A system of differential equations will be used to observe dynamics of system. COMSOL
Multiphysics provides a user interface which is more user friendly than its counterparts and
it also requires less computational power. Another important feature of COMSOL
Multiphysics is the control available over meshing. Also it has built in unit conversion that

automatically converts all values into Sl units.
3.6.2. Lorentz force in AC/DC Module:

In the AC/DC module of COMSOL Multiphysics, Lorentz force that produces the braking
force for our Eddy Current braking system can be found. The 3D model of braking system
is solved using a stationary formulation for the electromagnetic part. Ordinary Differential
Equations (ODE) are coupled with it for the calculations regarding rotational rigid body
dynamics of brake disc. Magnetic vector potential A and electric scalar potential V
formulation is used. Integrations are used to compute angular velocity, the torque produced

by Lorentz force and the amount of heating occurring in disc.
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3.6.3. Equations and Variables:

The angular velocity o, Axial torque T and total heating Q is found by doing integration
of following equations over the disc domain:
T
Ww=wx*t — f T dt

disc

T= Jr X (Lorentz force) dV

disc

Q= j(Heating) dv
disc
Here o is the initial angular velocity of disc. Velocity is calculated in the node Velocity
(Lorentz terms) in physics. | is the moment of inertia of the disc. This is also calculated
in COMSOL Multiphysics by using a built in variable. V is the volume of disc. The
software calculates it itself just like moment of inertia. These equations are added in the

dorm of variables and software evaluates it and stores it in a table.
3.6.4. Integrations in COMSOL Multiphysics:

Axial torque T and total heating Q variables are put in Variable section in Definition
node. This node can be found in Model Builder window. The following expressions are
added using in built variable names:

4
Mame Expression Unit Description

axialTorque -intdisc(x*mef. FLtzy-y*mef.FLtzx) |N-m Axial torque
totalHeating | intdisc{mef.Qh) W Total heating

Figure 17: Torque and heating expressions.
COMSOL Multiphysics itself assigns SI units to the resulting variable.
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3.6.5. Geometry:

As stated earlier, the geometry is made in SOLIDWORKS and then imported in COMSOL
Multiphysics. A sphere of 60cm diameter is made around the imported geometry to act

as air domain. The imported geometry is shown below:

Figure 18 : Geometry in COMSOL Multiphysics.

3.6.6. Materials:

Air is assigned to surrounding domain. Aluminium 6061 is assigned to disc. Soft iron with
permeability of 4000 to cores and copper is assigned to coil domains.
‘ = "

3 0
Figure 19: Coil domains.
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3.6.7. Meshing:

In COMSOL Multiphysics, we have considerable control over meshing of different
domains. Mesh should be coarser at places where we don not need more accurate results
to save computational power and should be very fine in areas of interest to capture as much
information as possible. The minimum sizes of elements in various domains are reduced
as much as possible in order to make the solution converge because if the mesh is too

coarse, the solution will not converge below minimum error level. The generated mesh is
shown below:
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Figure 20: Mesh.
The generated mesh has the following statistics:

Parameter Value
Total number of elements 513876
Total number of domains 20

Table 6: Mesh statistics.
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3.6.8. Magnetic and Electric Field (mef) physics:

In Magnetic and Electric Field (mef) physics, Ampere’s law and Current conservation is
added for whole domains, 16 coil domains are added. The coils are given the follow
directions to get a Halbach array type arrangement by giving alternate directions to coils

to make a better magnetic field line network:

0.1

e r-Ne

0.1 0 0.1 0

Figure 21: Coil directions.

3.6.9. Solver Studies :

Two studies are implemented for calculation. First one is stationery study which solves for
Magnetic and Electric Field and the second study is a time dependent study which solves
for both Magnetic and Electric Field and ODE’s. The time steps for time dependent study
are set as range(0,0.05,14). This means the time dependent study solves for 14 s and time
step of 0.05 s. COMSOL Multiphysics will solve for intermediate steps for calculations

but will only store data in form of a table for these specified time steps.
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3.7. Coil calculations:

In COMSOL Multiphysics, we assign a domain to a coil and select homogenous multiturn
conductor coil and provide number of turns and the current passing through the coil as an
input. This does not take into account the actual space occupied by the coil. Therefore we
need to calculate the actual size of coil separately. First of all, the diameter of wire is

selected from the current needed to be passed through it. The equation is:
I= g * j* d?

I is current in A, j is the current density in A/mm?, d is wire diameter in mm. After finding

the wire diameter, we find coil outer diameter by using the following formula:

N * T d?

P2T i T

In this equation D> is coil outer diameter in mm, N is the number of turns, d is the wire
diameter, k¢ is a constant called as packing coefficient as it takes the space covered by
voids in winding and the space covered by enamel coating on wires, | is the axial length of
coil in mm and Dy is the inner diameter of coil in mm. After finding the outer diameter of
coil, we can see whether it fits in our design. After that we can find length of wire L used

in making one coil by the following formula:

D,—D

After that, the resistance of this wire of one coil can be calculated by:

4% L,
R=pw @
Here, R is the resistance of coil, pw is the resistivity of copper. By finding resistance of coil
and knowing voltage of battery, the current through the coil can be found. In this way
calculation regarding size of coil and integration of setup with car battery can be done.
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CHAPTER 4: RESULTS AND DISCUSSIONS

After doing required braking torque calculations in Microsoft Excel, deciding various
control parameter of design, 3D CAD Modeling of simple design in SOLIDWORKS and
doing its torque analysis in COMSOL Multiphysics, the output torque was noted. After
that, the design of magnetic braking system was gradually improved by keeping constraints
in mind by implementing more electromagnets, varying current and winding to find the
required magnetomotive force. Also the geometry of pole is varied to get better path of
magnetic field lines through the disc and thus better torque can be generated. Then the
physical size of coils was calculated to confirm that it fits on either sides of disc and do not
interfere with each other. The performance and dimensions of final design are summarized

as follow.
4.1. Torque and speed requirements results:

After required torque and speed calculations by using Microsoft Excel, the following
results can be summarized. Also the constraints and control parameters on our system can

be recalled as:

Parameter Value
Torque required 401.93 Nm
Initial speed of wheel 103.7 rad/s
Final speed of wheel 51.85 rad/s
Disc diameter 300 mm
Disc thickness 3mm
Disc material Al-6061

Table 7: Requirements and constraints.
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4.2. Parametric analysis:

Parametric analysis was done in COMSOL Multiphysics to understand the variation of
braking torque by changing various parameters of Eddy Current Brakes. The results of this
parametric analysis helped in deciding number of electromagnets in our system and get an
idea of how much Magnetomotive force is needed to produce required amount of torque.

This analysis is shown below.
4.2.1. Design for analysis:

The following design is used for the parametric analysis of Eddy Current Brakes. This
design has one Aluminium disc with 300mm diameter, 5Smm thickness. The air gap is 1mm.

The design has 16 coils with alternate windings and two sets of connected cores.

coils

core

Figure 22: Design fof Parametric Analysis.

The following parametric analysis are done to see the variation of Braking Torque:

o T vs number of windings
o T vs Current supplied
o T vs number of Electromagnets

o T vs Disc thickness
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4.2.2. Torque vs number of windings:

The value of constant parameters for this analysis are as follow:

Parameter Value
Current 8A
Disc thickness 5mm
Disc diameter 300 mm
Disc Material Al

Table 8: Constant parameters for T vs windings.
The results are shown in form of a graph to see the variation.

Peak Torque vs Number of windings

700
400, 646

600

350, 505
500

400 300, 378

Peak Torque (Nm)

300 250, 267

200 200, 174 /

100
150 200 250 300 350 400

windings (turns)

Figure 23: Torque vs Number of windings.
The trend of Braking torque variation can be seen from graph that increasing the number
of windings increases the Peak Torque value. The critical speed did not change. The
value of critical velocity remained around 35 rad/s.
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4.2.3. Torque vs Current supplied:

The value of constant parameters for this analysis are as follow:

Parameter Value
Windings 300
Disc thickness 5 mm
Disc diameter 300 mm

Disc Material Al

Table 9: Constant parameters for T vs current.
The results are shown in form of a graph to see the variation.

Peak Torque vs Current

600 10, 574

500

400

Peak Torque (Nm)

300

200
5,154

100

Current (A)
Figure 24: Torque vs current.

The trend of Braking torque variation can be seen from graph that increasing the current
in the windings of electromagnet increases the Peak Torque value. The critical speed

did not change. The value of critical velocity remained around 35 rad/s.
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4.2.4. Torque vs number of Electromagnets:

The value of constant parameters for this analysis are as follow:

Parameter Value
Windings 300
Current 8A
Disc thickness 5mm
Disc diameter 300 mm
Disc Material Al

Table 10: Constant parameters for T vs number of Electromagnets.
The results are shown in form of a graph to see the variation.

Peak Torque vs Number of Electromagnets
500 20, 475
450
400 16, 379
350
300

12, 244
250

Peak Torque (Nm)

200
8, 157
150

100
4 8 12 16 20

Number of Electromagnets

Figure 25: Torgue vs number of Electromagnets.
The trend of Braking torque variation can be seen from graph that increasing the number
of Electromagnets increases the Peak Torque value. The critical speed did not change.
The value of critical velocity remained around 35 rad/s
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4.2.5. Torque vs Disc thickness:

The value of constant parameters for this analysis are as follow:

Parameter Value
Windings 300
Current 8A
Disc diameter 300 mm
Disc Material Al

Table 11: Constant parameters for T vs Disc thickness.
The results are shown in form of a graph to see the variation.

Torqgue vs Angular Velocity for different disc thickness

500 498.19
430.92
400 379.11 —8mm
— 336.48 —7mm
S 304.16
£ 300 6mm
S
E 275.06 —5mm
o
- 200 ——4mm
—3mm
100
0
0 20 40 60 80 100
Angular Velocity (rad/s)

Figure 26: Torque vs Disc thickness.
The trend of Braking torque variation can be seen from graph that decreasing the disc
thickness increases the Peak Torque value. The critical speed changes. The value of
critical speed decreases as the thickness of the disc increases.
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4.3. Final design dimensions :

The final design of our magnetic braking system that will give us the required braking
torque is found. The dimensions of its various components are as follow. All the
dimensions are in mm.

i
|

Figure 28: Electromagnet dimensions and air gap.
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4.4. Output Torque results:

From COMSOL Multiphysics torque analysis, the plots of braking torque produced by the
system, the deceleration of disc and heating produced inside the disc of our system are
obtained. These plots are as follow:

4.4.1. Torque vs angular speed :

The torque vs angular speed graph of an Eddy Current Brake is considered as a
characteristic curve to judge its performance. We can see how much torque can the system
produce at a specific rotational speed of conductor disc. The Torque vs angular speed curve
for our system as produced by COMSOL Multiphysics is as follow:

T T T T T T 1 I I T T

400

l

Axial torque (N*m)

350

300

250

200

Axial torque (N*m)

150

100

50

I 1 1 ] ] I 1 1 1 1 1
0 10 20 30 4 70 80 90 100

0 50 60
Angular Velocity (rad/s)
Figure 29: Torque curve of our system.

From this torque vs angular velocity curve of our eddy current braking system, we can see
that in our required angular velocity range of 104 rad/s to 52 rad/s the torque produced
by our system is above 400 Nm. Thus in that velocity range, our system will produce the

required deceleration.

45



4.4.2. Torque vs Time curve:

The deceleration of conductor disc can also be plotted in COMSOL Multiphysics. From

this we can see that in first 4 s, the Torque is above 400 Nm.

T '

Axial torque (N*m)

400

350

300

250

Axial torque (N*m)

2 4

Figure 30: Torque vs Time curve

4.4.3. Deceleration plot:

Time (s)

10 12 14

The deceleration of conductor disc can also be plotted in COMSOL Multiphysics. From

this we can see that disc slows from 104 rad/s to 52 rad/s in 4 s.

Angular Velocity (rad/s)
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2 4
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Figure 31: Deceleration curve of our system.
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Total heating (W)

4.4.4. Heating produced plot:

The heating produced in the conductor disc can also be plotted in COMSOL Multiphysics.
From this we calculated the temperature rise.

40000 - - -
Total heating (W)

35000 -

30000

25000

20000

15000

10000

5000 - B

Ok 1 1 1

0 2 4 6 8 10 12 14
Time (s)

Figure 32: Heating curve of our system.

4.5. Magnetic Field Contours:

In order to keep a check on Magnetic saturation inside the two set of connected cores
containing coils, the Magnetic Field contours are plotted at a surface on the cross section
of core. This surface was added in COMSOL Multiphysics geometry node by first making

a work plane and then drawing a circle on one of cores which is inside coil domains.
' T I

Figure 33: Core Cross-section Surface
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The magnetic flux density in tesla (T) at start and end of braking period is shown below:

Time=0 s Surface: Magnetic flux density norm (T) Time=4 s Surface: Magnetic flux density norm (T)
| | ]
2 2.5
1.9 2.4
i 2.3
11.8
il 2.2
g 1.7 151
1.6 Nl 2
15 1.9
1.8
1.4

Figure 34: Magnetic Flux Density at start and end
If we observe from the above contours, the maximum value of the Magnetic Flux density
(T) at start of braking period inside core is around 2 T at one corner of core’s cross section.
This produced Magnetic Flux density B is giving us Braking Torque of around 400 Nm.
This is the saturation limit for most high permeability iron alloys used in transformers [37].
Now as the braking continues, the eddy current density inside conductor disc shift more
towards core mid and due to fringing effect at the sharp corners between cylindrical core
and core shoe faces, there is very high value of B there. In real life, this will not occur but
because of how the Finite Element Method works, by dividing domains in very small items
and doing calculations at the resulting nodes. Now when it counters a sharp corner, there
is an abrupt change in direction, due to this the calculations give a very high value of
Magnetic flux density. Therefore we get this effect where the numerical value at sharp
corner is very high. As it does not occur in real life, we will ignore this fringing effect. If
we ignore this effect, there will be less value of B on the corner of core and it will be quite

similar to the one at the beginning. Also as the Braking Torque at this point is a little above
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400 Nm, in reality we will get around 400 Nm as this effect will not occur there. The

Magnetic flux density at disc surface as well is shown below :

Time=0s Surface: Magnetic flux density norm (T)

16

1.4

N 1.2

1 0.8

0.6

0.4

0.2

Time=4s Surface: Magnetic flux density norm (T)

12

4 0.8

0

0.1 0 0.1

Figure 35: Me{gnetic Flux Density on disc surface at start and end
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4.6. Coil calculations results:

From torque analysis, the Magnetomotive Force (mmf) for one coil that will produce this

output torque comes out to be 1920 Amp-turns. After designing Eddy Current braking

system to meet the required deceleration for our system, the physical size of the

electromagnet coils was calculated because as stated earlier, in COMSOL Multiphysics we

only assign a domain to a coil and specify the number of turns and current through the wire.

Thus the calculations of size were done with the following results.

The current density j for copper wires is around 3-8 A/mm?. For coils of our extent is

selected to be 6 A/mm?2. From that for 6A current, are of wire comes out to be 1 mm?2. That

gives wire of 1.13 mm. We select wire diameter of 1.219 mm which corresponds to wire

gauge of SWG 18. Further calculations done using Microsoft Excel are as follow:

unit N d ke A
mm mm?
Value 320 1.219 0.65 574.5580506
0 0 DI3 0 .
D1 | D2 Dnm Lw
mm mm mm mm mm
58 60 77.15 67.58 67935
R \Y | s
ohm volt A A
0.9953847 12 2 6.03 16 48.22

Table 12: Coil results.
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4.7. Coil connections:

For the integration of these coils with the car battery, the following arrangements of coil
windings is proposed. This arrangement is proposed based on the calculated resistances of
the coils. As the value of resistance of one coil comes out to be around 1 ohm, and as from
above calculations, two coils in series will give a resistance of 2 ohm. When these coil set
is connected to the battery, 6 A current will flow through the coils. An illustration of
connections of 8 coils that are wrapped on one connected core on one side of disc will be
like as shown in the picture below. The other 8 coils on the other side of disc will be in a

similar way:

Figure 36: Coil Connections.

In COMSOL Multiphysics, the above feature of alternate coil directions in added by
specifying coil directions in form of a circular path. In this way we can specify current flow
direction through coil as it dictates the polarity of our coil. The directions of some adjacent

coils is shown in Figure. 19.
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4.8. Final design parameters:

After parametric analysis by COMSOL Multiphysics Torque Analysis, thermal

considerations, coil size calculations, coil electrical calculations and defining coil

connection, final design parameters are summarized in following table:

Parameter Value
Disc Diameter 300 mm
System Disc Material Al-6061
Parameters Number of Electromagnets 16
Air gap 1 mm
Setup Current 48.22 A
Number of windings 320
Resistance of one coil 0.9953847 Q
Number of coils in series 2
Current through Coils 6A
Voltage of source 12V
Coil
Wire Diameter 1.219 mm
parameters
Wire Gauge SWG 18
Wire Length of one Coil 67935 mm
Coil Inner Diameter 58 mm
Coil Outer Diameter 78 mm
Coil Axial Length 60 mm

Table 13: Final design parameters
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CHAPTER 5: CONCLUSION AND RECOMMENDATION

5.1. Analysis result conclusions:

As we saw from the results obtained from COMSOL Multiphysics Torque Analysis of our
design, the proposed design is theoretically capable of producing the required torque in the
required angular velocity range. But the real world performance of the system cannot be
found out as no prototyping and testing of Magnetic Braking system is done and no

comparison is done with any kind of benchmark.
5.2. Recommendations:

The following recommendations and future scope of work on Magnetic Braking system
are proposed to work further in this field:

5.2.1. Thermal Analysis:

In our design, as mentioned in above chapters, we considered a rough overestimate of the
temperature increase of conductor disc due to heating of eddy currents, but as we know
that in real life application, there will be air blowing around the system and over the
conductor disc. Also the heat produced in the disc will be more in front of magnetic core
shoe faces and spread in other areas of disc by conduction and to other parts around it like
magnetic core and coils by convection and radiation heat transfer. In order to simulate real
world heat transfer from the brake disc and then study changes in behavior of these
components due to temperature rise, we will need flow conditions around it. By knowing
the speed and direction of wind traveling around our system and using the amount of heat
produced data from COMSOL Multiphysics, we can do extended thermal analysis of our
system and find the temperature increase and also the regions of disc where there is more
temperature rise. Also the convection cooling and decreasing of temperature can be
observed by this analysis. This can be done in any FEA software. By importing the same

final geometry of our system in that software and providing the surrounding conditions in
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the form of boundary conditions, the heat transfer can be simulated. This can provide better

understanding about the thermal behavior of system.
5.2.2. Prototyping:

Due to various circumstances and limitations, the prototyping of our Magnetic Braking
System could not be done. Prototyping of the system will gives us several advantages most
important being the comparison between theoretical results and experimentally obtained
results. The required information about manufacturing of prototype like the dimensions of
various parts and the their materials have been specified in the report that will be helpful
in prototyping.

5.2.3. Test bench:

After prototyping, another recommendation is of making a test bench to gauge the real
world performance of developed Magnetic Braking System prototype. This will help us
compare our Torque Analysis results we got from COMSOL Multiphysics with actual

output of our system and find out the error in results.

There can be two type of test bench setups for magnetic braking system prototype. First
one will measure braking torque produced by the braking system at a certain rpm of
conductor disc. This bench will consist of a driving motor with controller to control its
rpm, coupling to connect conductor disc shaft with motor, then the magnetic braking
system will be mounted on a separate shaft which will have a stopper arm and with this
stopper arm, a single point load cell will be attached. The rpm of driving motor will be
varied and the torque produced by braking system at that rpm will be measured by
multiplying the load indicated by load cell with the length of stopper arm. No clutches and
inertial flywheels will be needed in this setup. Other sensors like current and voltage meters
for excitation coil can be implemented. A speed sensor to measure rpm of shaft can also be
used. A non contact temperature sensor can also be used to observe the actual temperature
rise in the disc. The required rating of motor is presented in next design, the recommended

54



rating of single point load cell will depend upon length of arm attached with braking

system. A schematic diagram of this test bench is shown as follow:

Arm
Coupling
Motor e | — Single
. point
Braking |_| load cell
System

Figure 37: Test bench first recommendation
A second type of test bench will use inertial flywheels. It will consist of a driving motor,
one or more inertia flywheels that can simulate the inertia of quarter car model, there will
be clutches that will engage and disengage these inertia flywheels with the shaft of our
Magnetic Braking system. And to measure the torque being produced, a rotary non contact
sensor will be used on the shaft. This sensor will also provide the information about rpm
of the shaft. Similar to previous test bench design, various other sensors like current and
voltage meters for excitation coil, temperature sensors for disc and other components and
digital data acquisition can be implemented. The required rating for motor is recommended
with an approximate safety factor of around 1.5 times. The inertia value was calculated and
can also be found from COMSOL Multiphysics. An approximate values of the test bench

components rating is presented as follow:

Parameter Recommended Value
Moment of inertia 31 kgm?
Motor power 60 kW
Rotary Torque Sensor rating 500 Nm

Table 14: Test Bench Parameters
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A schematic diagram of this test bench is shown as follow:

Inertia
Flywheel
Coupling Braking
MOtor System
Rotary
Clutch
Torque
Sensor DD

Figure 38: Test bench second recommendation
In this test bench, first the motor will be used o drive inertial flywheel to the required speed
of 990 rpm. The clutch will remain engaged and the coils will not be excited during this
time. After the required speed is achieved, the clutch will be disengaged and the current
supply to the coils will be turned on. The braking torque will slow the inertial flywheel
down and this will simulate the deceleration of one front wheel of the car according to the
calculations. The deceleration time will be noted, the power consumed by Magnetic
Braking system will be noted. The temperature increase will also be noted during the
braking process. The inertia wheel can be one wheel or can also be multiple wheels on the

same shaft to simulate multiple scenarios.
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APPENDIX I: COMSOL SETTINGS

Various settings used in Torque Analysis in COMSOL Multiphysics:

COMSOL parameters:

ymur 4000 4000 Core relative permeability
dvo 990[rpm] 16.5 1/s Disc initial angular frequency
turn 320 320 number of windings

current GA] 6 A current

L]

Definitions and mass properties:

Wlass Frop

il

(T
[a¥]

4 = Definitions Label:  Mass Properties 1 =
= Variables 1 Name: |mass1
B Mass Properties 1 (mass1) Source Selection
4 a Selections Geometric entity level: | Domain -
a disc Selection: disc -
a yoke ﬁ 3 .
a coil . S

_-‘\ Glokal Variable Probe 1 (varl)
_"‘ Global Variable Probe 2 (var2) v Density
) # Global Variable Probe 3 {war3}

Integration over Disc (intdisc)

Density source: User defined -

Density expression:  mat7.defrho kg/m?®

Bt BDUF‘IdBI‘}‘ System 1 ij-"S 1 Density input frame: | Material (XY, Z

COMSOL Geometry and Materials:

Built in materials were used except the value of Magnetic permeability of soft irn was

provided as shown in parameters:

Geometry 1 p

= Matenals
Sphere 1 (sphl) bR Air (matl)
= Import 1 ({imp1) b i Copper (mat2}
4 = Work Plane 1 fwp1) b Soft Iron (With Losses) (mat5)
4 = Plane Geometry b 6061 [solid,-TE] (mat?)
[] cirde 1 1)
bl View 2

9 Convert to Surface 1 (csurl)
Form Union (fin)



COMSOL Physics Settings and coil parameters:

4 ' Magnetic and Electric Fields (mef) » Caoil

= Ampére's Law and Current Conservation 1

b Magnetic Insulation 1 Cail name:
B Initial Values 1 2
® Disc Coil type:
B Velocity (Lorentz Term) 1 :
) Circular -
4 m Coil 2
% Coil Geometry 1 Coil excitation:
I mw Coil 3 Current o
I = Coil 4 )
) ) Coil current:
I mw Coil 5
b = Coil6 legil  current A
[ ww Coil 7 - 3
_ _ v Homogenized Multi-Turn Conduc
o Coil 8
v Coil 9 Number of turns:
Coil 10
Co= e N turn
- == Coil 11
b Coil 12 Coil wire conductivity:
b mw Coil 13 Teoil  BeT[5/m] s/m
o Coil 14 Coil wire cross-section area:
- = Coil 15 . .
) ] From round wire diameter -
o Coil 16
b = Coil 17 el 1.219[mm] m
ODE’s in COMSOL for angular velocity:
» Global Eguations
fuupuet) = 0, u(ty) = ug, ulty) = Uk
" Name  flu,ututtt) (rad/s™2) Initial value (u_0) (rad/s) Initial value (u_t0) (rad/s Description
W Wit-intdisc(x*mef.FLtzy-y*mef.FLtzx)/mass1.1zz | 2*pi*dVD 0 Angular Velocity
0 0
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Mesh sizes:

Appropriate mesh size is selected to achieve convergence:

=

Label:  Size

Element Size

Calibrate for:

| General physics

() Predefined Coarser

@) Custom

w Element Size Parameters

Maximum element size:

0.114

Minimum element size:

0.008

Maximum element growth rate:
1.7

Curvature factor:

0.8

Resolution of narrow regions:

0.3

Label: coll

w (Geometric Entity Selection

Geometric entity level: | Domain

Selection: | coil

>
L

—
1

E 5
6
7

Element Size

-

=
o+

Calibrate for:

| General physics

® Predefined Finer

() Custom

Label: core

v (Geometric Entity Selection

Geometric entity level: | Domain 'l
Selection: | yoke vl
2 Y
4 g =
19 el
Element Size
Calibrate for:
| General physics vl
() Predefined Extra fine |
® Custom
« Element Size Parameters
Maximum element size:
0.008 m
Minimum element size:
5E-4 m
Label: disc
~ Geometric Entity Selection
Geometric entity level: | Domain '|
Selection: | disc vl
3 w
[y =
Ll
Fe
Element Size

Calibrate for:

| General physics

@ Predefined Extra fine

() Custom
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Study settings and solver configurations:

Time Dependent
= Compute * Update Solution

Statonary
= Compute ' Update Solution Label:  Time Dependent

Label: Stationary = ¥ Study Settings
» Study Settings Time unit: 5
Times: range(0,0.05,14)
Results While Solving
Tolerance: User controlled

+ Physics and Variables Selection
Relative tolerance: 0.1
[] Modify model configuration for study step

» I»  Results While Solving
Physics interface Solve for Discretization

Magnetic and Electric Fi... T4 Physics setting «

Global ODEs and DAEs... O Physics setting =
[

w Physics and Variables Selection

5 bk

[ ] Maodify model configuration for study step

Physics interface Solve for Discretization

Magnetic and Electric Fi...

Global ODEs and DAEs...

4 = Splver Configurations
4 2 solution 1 (sol)
:_-_.; Compile Equations: Stationary
[+ U Dependent Variables 1
a4 If’i Stationary Solver 1
Direct
l‘. Advanced
i Fully Coupled 1
» N Iterative 1
I_*_ Solution Store 1 (sol2)
:_-_.; Compile Equations: Time Dependent
[+ ¥ Dependent Variables 2
4 |/ Time-Dependent Solver 1
Direct
l‘. Advanced
B Segregated 1
» N Iterative 1
s Fully Coupled 1

Time Parametric

Physics setting -

Physics setting -
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