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ABSTRACT  

Now and then braking is utilized by heavy duty vehicles when they are driven at high speed on 

downhill, or during uphill driving with carrying goods. These frequent braking leads to brake 

fading in heavy duty vehicles which also causes a serious fatal and material accident. 

Therefore, adding auxiliary braking system is essential for heavy duty vehicles. Since HOWO 

336 dump truck is one of heavy-duty vehicle type and widely used in Ethiopia, it is necessary 

to add electromagnetic brake retarder feature by systematically studying the required braking 

torque of the vehicle. Therefore, this study focuses on designing and analysing of 

electromagnetic brake retarder for the HOWO 336 dump truck. Electromagnetic brake 

retarders, also known as electric retarders, utilize opposing electromagnetic fields to generate 

retarding force, providing effective braking without the need for friction. Initially, the required 

torque for retarding is calculated using the road load equation, assuming the vehicle is driven 

downhill while carrying goods. A braking force of 38.2 kN is determined, and the 

corresponding torque on the propeller shaft is 1700Nm. The design of the retarding brake 

involves determining the necessary current for excitation, considering the number of turns, air 

gap, and other parameters. The amount of current helps to determine the wire gauge, so that, 

the total wire length for coil winding was determined. The power dissipation, retarding force 

and torque were calculated. Optimal torque generation is achieved by adjusting the air gap 

(0.009-0.0015m), number of turns (800-1000), and current (10-15A). Design expert software 

generates 19 iterations or combinations. Using the generated iterations, maximum retarding 

torque was determined by taking aluminium alloy 6061 and copper properties for comparison. 

Considering the maximum torque generation, the necessary aspects are redesigned.  

SOLIDWORKS CAD modelling software, ANSYS simulation software are used for modelling 

and simulation of components of electromagnetic brake retarder. The design process finds an 

optimal excitation current of 19A and magnetic flux density of 0.1 Tesla. Calculations 

determined the vehicle's required braking force and torque to be 10 kN and 1700 Nm, 

respectively. The designed system generated 5 kN of force and 850 Nm of torque, achieving 

50% of the required braking capacity and effectively contributing to vehicle braking with 

reduced power consumption and excitation current. 

Keywords: Air gap, Braking force, Coil, Eddy Current, Electromagnet, Retarder  
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CHAPTER ONE 

INTRODUCTION 

1.1 Background of the study  

Frequent braking is a significant issue in heavy-duty vehicles, particularly when navigating 

uphill and downhill roads. This constant braking is necessary to control the speed of the vehicle, 

but it generates a substantial amount of heat due to the friction between the brake pads and 

rotors. Over time, this excessive heat can lead to brake fade, a condition where the braking 

effectiveness is significantly reduced. Brake fade poses a severe risk to vehicle safety as it 

compromises the driver's ability to slow down or stop effectively. This problem is well-

documented in heavy-duty vehicles such as dump trucks and buses, which are essential in the 

construction and transportation industries (Kalaaji & Madi, 2019). 

Brake fade is a critical concern for heavy-duty vehicles that frequently travel on varied terrains 

requiring constant and forceful braking. This issue arises because the friction between the brake 

pads and rotors produces a significant amount of heat, which can lead to a reduction in braking 

efficiency. Overheated brakes can become less responsive, increasing the stopping distance 

and posing a danger to both the vehicle and its surroundings. In industries where safety and 

operational efficiency are paramount, such as construction and transportation, maintaining 

effective braking systems is crucial to prevent accidents and ensure the smooth operation of 

heavy-duty vehicles (Kalaaji & Madi, 2019). 

 

 

 

 

 

 

 

 
Figure 1. 1 Howo 336 Dump Truck (CNHDT Group, 2023)  
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Figure 1.1 shows, HOWO 336 dump truck, which is manufactured by Sino Truck in Jinan City, 

China, is widely available and utilized in Ethiopia. This truck is popular in the construction and 

transportation sectors due to its robust design and practical features. The HOWO 336 is 

equipped with an open-box bed that can be hydraulically lifted for easy unloading of materials. 

Its widespread use in Ethiopia highlights its importance in local industries and underscores the 

need for effective braking solutions to ensure safety and operational efficiency. 

The HOWO 336 dump truck, also nicknamed as "red terror" locally, has gained a notorious 

reputation due to its involvement in numerous accidents stemming from various causes. A 

significant issue it faces is its inability to come to a stop efficiently when carrying a full load. 

Despite the driver's efforts to apply the brakes, the truck's heavy weight and momentum, 

compounded by brake fade resulting from frequent use, make stopping difficult. This poses 

serious safety risks for both the driver and other road users. Therefore, it is crucial to address 

this issue by installing an effective auxiliary braking system or brake retarder. Such 

enhancements would improve the truck's braking performance, leading to smoother and safer 

deceleration, and ultimately reducing the likelihood of accidents on the road. 

Electromagnetic brake retarders provide a viable solution to the problem of frequent braking 

in heavy-duty vehicles. Unlike traditional friction-based braking systems, electromagnetic 

retarders use the principles of electromagnetic induction to generate additional stopping force. 

This method reduces the reliance on friction, thereby minimizing wear on the braking 

components. Electromagnetic retarders consist of a stator and a rotor; the stator generates a 

magnetic field powered by the vehicle's battery, and as the rotor passes through this field, it 

generates eddy currents. These currents produce an opposing magnetic field that slows down 

the rotor, and consequently, the vehicle. This system offers a more efficient and reliable way 

to manage braking in heavy-duty vehicles, enhancing both safety and performance (Zach, 

2023). 

The braking system is one of the primary systems in any vehicle, playing a crucial role in 

maintaining control and ensuring safety during driving (Valvolineglobal.com, 2024). In heavy-

duty vehicles, the braking system typically comprises a primary braking system and an 

auxiliary braking system. Brake retarders, which serve as auxiliary braking systems, are 

particularly important for these vehicles. They help slow down the vehicle in conjunction with 

the primary service brakes, reducing the strain on the main braking system and preventing 

overheating and excessive wear. By providing additional braking force, retarders enhance the 
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overall safety and efficiency of heavy-duty vehicles, which is vital for the protection of goods 

and passengers (telma.com, 2024). 

Electromagnetic brakes have seen increased adoption due to significant technological 

advancements(Routh et al., 2008). These brakes are now used in a wide range of industries, 

including aviation, military, healthcare, automation, and transportation. Their broad 

applicability is due to their efficiency, reduced maintenance costs, and silent operation. In 

heavy-duty vehicles like the HOWO 336 dump truck, electromagnetic brake retarders offer a 

significant advantage by providing effective braking without the high wear and heat generation 

associated with traditional friction-based systems. This makes them an ideal choice for 

enhancing vehicle safety and reliability. 

To integrate an electromagnetic brake retarder on the HOWO 336 dump truck, the first step is 

to determine the required braking torque. This involves calculating the retarding torque using 

fundamental magnetic theory. Once the retarding torque is known, the system can be optimized 

to ensure it provides the necessary braking force. The design process includes creating a CAD 

model that fits within the available space on the vehicle, considering factors such as the 

placement of the stator and rotor, and ensuring there is enough room for installation and 

maintenance. By carefully designing and implementing the electromagnetic brake retarder, the 

HOWO 336 dump truck can achieve improved braking performance, enhancing safety and 

operational efficiency. 

1.2 Statement of the problem  

Due to the frequent and forceful braking required when traveling on uphill or downhill roads, 

heavy-duty vehicles are particularly exposed to brake fade. On downhill slopes, drivers must 

continuously or repeatedly apply the brakes to maintain control over the vehicle's speed and 

prevent excessive acceleration. This repeated braking generates substantial friction, causing 

the brake disc and pads to overheat. Similarly, although uphill driving generally demands less 

braking than downhill driving, it still involves frequent brake application to manage speed and 

navigate corners, contributing to heat build-up. These conditions necessitate the use of 

auxiliary braking systems to reduce the need for constant braking and mitigate the risk of brake 

fade. In Ethiopia, the HOWO 336 dump truck is widely used for construction and other 

purposes, making it essential to equip these vehicles with better retarding systems to prevent 

accidents caused by brake fade. When HOWO 336 dump truck drivers use the brakes at high 

speeds, especially when the trucks are loaded, the vehicles can continue to move 
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uncontrollably, leading to accidents (Addisfortune, 2016; Ethiopian Monitor, 2021). 

Implementing an efficient retardation system. can significantly reduce these dangers by 

minimizing brake fade and extending the service life of the vehicle's braking components. 

Therefore, among types of retarding system, adding electromagnetic brake retarder feature in 

HOWO 336 dump track is necessary to avoid frequent braking so that it reduces the occurrence 

of brake fade. Electromagnetic brake retarders are highly regarded for their silent operation 

and rapid response times. Their ability to operate quietly ensures minimal noise pollution, 

contributing to a more comfortable and peaceful driving experience. Moreover, these brake 

retarders exhibit impressive responsiveness, swiftly engaging and disengaging to provide 

effective retarding when needed. Earlier versions of electromagnetic brake retarders 

encountered drawbacks associated with their effect on vehicle mass and power consumption. 

This stemmed from the significant weight they contributed to the vehicle and the considerable 

power they consumed, mainly due to their high current usage. Consequently, there arose a 

critical need to reduce both the mass of the retarder and its power consumption to alleviate 

strain on the vehicle's power systems. 

1.3 Objectives 

1.3.1 General Objective  

The general objective of this thesis work is to design and analysis of electromagnetic brake 

retarder for Howo 336 dump truck  

1.3.2 Specific objectives  

➢ To systematically analyse required braking torque for electromagnetic brake retarder.  

➢ Analytical design of electromagnetic brake retarder  

➢ Brake Retarding torque optimization at different air gap, current and number of turn 

combinations.  

➢ Static (stress, strain and total deformation) simulation for components of 

electromagnetic brake retarder. 

1.4  Significance of the study  

The following are the significance of implementing electromagnetic brake retarder on HOWO 

336 dump truck;  

➢ Minimize repeated braking to reduce brake fading. 

➢ To enhance braking efficiency with the help of the electromagnetic brake retarder  
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➢ Extending the life span of Service Brake 

➢ Reducing maintenance cost  

➢ To minimize accidents caused by brake fading of the dump truck 

1.5 Scope of the study 

The following are scopes of the study of electromagnetic brake retarder for HOWO 336 brake 

retarder.  

➢ Vehicle: HOWO 336 Dump truck  

➢ Type of auxiliary brake: Frictionless electromagnetic brake retarder  

➢ Design and Analysis: Retarding torque generation  

➢ Software; SOLIDWORKS, ANSYS and design expert.  

1.6 Limitations  

In order to know the efficiency of the retarding system, prototype and testing the prototype on 

test work bench are crucial, but construction of prototype and testing the prototype on test 

workbench needs much money and time. Therefore, the concluded results are limited to 

theoretical design.  

1.7 Organization of Thesis   

This thesis work was organized in to 6 chapters; each chapter are detailed as follows;  

Chapter 1: Introduction  

In this chapter issues that is related to electromagnetic concept are introduced as a background, 

and also it consists of statement of the problem, general and specific objectives, significance, 

scope and limitations of the thesis is included. 

Chapter 2: Literature Review 

Different articles that are previous works of electromagnetic brake retarder was reviewed and 

their gaps are stated under this chapter. The types of retarders in general was described, and 

also electromagnetic type in different ways are indicted in this chapter.  

Chapter 3: Materials and Methods  

Electromagnetic brake retarder has different materials and these materials are stated in this 

chapter. Methods that are very crucial to meet the formulated objective are indicated also in 

this chapter.  

Chapter 4: Design and Modelling  
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In this chapter theoretical design details that are the base for electromagnetic retarder was 

described with formulas and also, the 3D modelling of the system that is drawn using 

SOLIDWORKS software were presented.  

Chapter 5: Result and Discussion  

These chapter holds results of mathematical calculations and simulation outputs were imported 

in this chapter. Additionally, the results that are designed based on different theory and 

simulation outputs were discussed.   

Chapter 6: Conclusion and Recommendation 

The final conclusion drawn from the findings are stated with recommendation for future work.   
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction  

Braking system is one of the vehicle's seven primary systems, and it is well recognized that it 

is crucial for maintaining control of the car while driving. The primary braking system and the 

auxiliary braking system comprises this braking system. As the name implies brake retarder is 

axillary or additional brake system which commonly mounted on heavy duty vehicles. This 

system has a crucial usage in slowing the vehicle with the help of service brake, that means it 

cannot completely halt the movement of the vehicle by itself. As shown in figure 2.1, there are 

mainly two types of service brake which are disk brake and drum brake.  

 

 

 

 

 

 

 

 

Brake retarders are very helpful for dump truck and bus drivers to keep the safety of the goods 

they carry and for the safety of passengers as well. There exist several types of brake retarders, 

such as engine brake retarders, exhaust brake retarders, hydraulic retarders, and electric 

retarders, that function differently to limit a vehicle's speed (Iyul Nasruddin, 2023). 

Electromagnetic brake retarder also called electric retarder, which can be mounted on the 

driveline, in an axle, or within the transmission. They essentially consist of a stator, or fixed 

component, mounted to the vehicle's chassis, and a rotor, which is attached to one of the 

previously stated components. The principles of electromagnetic induction, which effectively 

use opposing electromagnetic fields to produce extra stopping force, are the basis for all electric 

Figure 2. 1 Service Brake System (Bob Rohrman Honda, 2023) 
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retarders, despite the fact that there are slightly varied variants. The vehicle's battery powers 

the stator, which generates a magnetic field that the rotor must pass through in order for the 

system to slow down the car.  

Table 2. 1 Comparison of retarders 

Aspect/ Feature  Retarder Type 

Electromagnetic 

retarder  

Hydraulic 

retarder  

Exhaust Brake  Engine Brake  

Mechanism Uses Magnetic 

induction to 

generate 

retarding torque  

Uses hydraulic 

fluid to generate 

retarding torque  

Uses exhaust 

backpressure to 

slow the vehicle  

Uses engine 

compression to 

create 

resistance  

Maintenance  Low: due to 

fewer moving 

parts 

High: due to 

hydraulic 

components  

Moderate: 

affects exhaust 

system 

Requires 

regular engine 

maintenance 

Heat generation  Generates 

significant heat 

Generates heat Minimal heat 

generation  

Generates heat 

internally (in 

the engine) 

Cooling system  Needs cooling 

system  

Needs cooling 

system  

No need (uses 

engine cooling 

system) 

No need (uses 

engine cooling 

system) 

Noise  Silent operation  Silent operation  Nosey during 

operation  

Nosey during 

operation  

Response time  Very Fast  Fast: Slower 

than 

electromagnetic 

retarder  

Moderate: 

depends on 

engine and 

exhaust 

configuration  

Very fast  

Effects on 

engine 

operation  

No direct 

impact  

No direct 

impact  

Increases 

backpressure: 

can affect 

exhaust flow 

Increases 

engine wear: 

affects engine 

cooling  

Impact on fuel 

economy  

No significant 

impact  

No significant 

impact  

Can slightly 

decrease fuel 

economy due to 

backpressure 

Can slightly 

decrease fuel 

economy due to 

increased 

engine load 
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As tabulated in table 2.1, in order to compare electromagnetic brake reader from other types of 

retarder, aspects like Maintenance, Heat generation, Cooling system, Noise, Response time, 

Effects on engine operation are Impact on fuel economy are taken (Göhring et al., 

2018)(FuelFlowPro.com, 2023). So that taking the trade-off electromagnetic brake retarder 

makes better.  

Eddy currents, or electrical current loops, are produced in the rotor by its movement through 

the magnetic field, and these loops produce an opposing magnetic field. Any component of the 

vehicle to which the rotor is attached will slow down as a result of the rotor's magnetic field 

making it more difficult for it to pass through the stator's opposing magnetic field. This will 

eventually cause the vehicle to slow down (Zach, 2023). As shown in figure 2.2, 

electromagnetic brake retarders may have different location according to the design and other 

parameters like available spaces.  

 

Because of major technological improvements over the past few decades, electromagnetic 

brake adoption has increased significantly across a range of industries. These days, industries 

like aviation, army, automation, healthcare, traction, and even home applications are using 

these brakes. Experts in these various domains are using electromagnetic brakes more 

frequently to stop, steady, or precisely control the motion of devices, highlighting the broad 

applicability and rising need for this cutting-edge technology.  

Electromagnetic retarder can be broadly divided in to two, which are friction based and friction 

less. Figure 2.3 shows, a frictionless electromagnetic brake, a braking system that uses friction 

in order to slow down or completely stop the motion of a vehicle or piece of machinery is 

known as a friction-based electromagnetic retarder. Usually, these retarders are made up of 

revolving discs or drums that are attached to the axle or drivetrain of the car. The retarder 

Figure 2. 2 Retarder Locations (Ding et al., 2023) 
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receives an electromagnetic field when braking is applied, which causes the revolving discs or 

drums to come into contact with stationary parts. 

 

 

 

 

 

 

 

 

 

 

 

 

Frictionless electromagnetic retarders function by limiting direct contact between moving 

parts, which reduces heat production and frictional wear. As shown in figure 2.4, these devices 

use electromagnetic principles to generate braking force instead of depending on friction. Eddy 

currents are produced by the interaction of stationary and spinning parts, like permanent 

magnets and conductive materials, in most cases. Eddy currents and the magnetic field interact 

to create a braking force that resists the system's motion and enables controlled stopping or 

deceleration without the need for friction. In systems like energy recovery, industrial 

machinery, and high-speed trains where reducing wear and heat build-up is essential, 

frictionless electromagnetic retarders are frequently utilized. 

 

 

 

 

 

 

 

 

 Figure 2. 3 Friction Based Electromagnetic Brake (Electric-brake.com, 2024) 

Figure 2. 4 Frictionless Electromagnetic Brake (Putra et al., 2022) 
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2.2 Application of Electromagnetic Brake  

Electromagnetic brake can be used in various sectors of technology such as (Bharti & Anand, 

2020); It can be used in Railways to stop or control the speed of trains, in Manufacturing and 

packaging, in industries to control the motion of products on the conveyer, in Automobile 

industries to control motion of cars, Medical equipment’s and It can be used in robotics.  

2.3 Types of Electromagnetic Brake Retarder  

Electromagnetic brake retarders can be categorized in to three. 

A. Based on direction of flux  

B. Based on motion of the system.  

C. Based on source of Magnetic Field.  

A. Based on direction of flux.  

I. axial flux direction  

As shown in Figure 2.5, the magnetic field source of an axial Eddy current brake can be shaped 

like a disc or as a single unit, but the conductor of the axial version is fashioned like a disk 

(Waloyo et al., 2019). This axial type, also called the Disc ECB, can use permanent magnets 

or electromagnets as the generator of the magnetic field. A single disc that is oriented parallel 

to and facing the conductor serves as the magnetic field source in a single axial ECB 

arrangement.  

 

 

 

 

 

 

 

A dual axial ECB model, with two conductor discs on either side of the magnetic field source, 

is used to increase energy efficiency. The conductor may capture the total magnetic flux from 

both poles in this configuration.  

 

Figure 2. 5 Axial Flux EMR 
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II. Radial flux flow 

The magnetic flux in this system configuration moves radially outward and toward the rotor's 

circumference from its centre. Usually, this arrangement consists of a fixed conductor around 

the source of the rotating magnetic field, which could be a permanent magnet or an 

electromagnet (J. Wang & Zhu, 2018). As shown in figure 2.6, Eddy currents are created in the 

conductor as the rotor rotates, which produces a braking force that opposes the motion. 

Although radial flux eddy current retarders are less prevalent than axial flux designs, they are 

nonetheless used in a variety of applications where their unique qualities are advantageous, 

including in some industrial brake systems or dynamometers. 

 

 

 

 

 

 

 

 

B. Based on the motion of the system  

I. Linear motion EMR 

The braking mechanism of linear motion electromagnetic retarders uses electromagnetic 

principles to slow down or halt linearly moving objects. These systems are widely employed 

in many different applications where precise control over stopping or deceleration is needed, 

like industrial machines, roller coasters, and railroads. Usually, a conductive surface and a 

magnetic field source are positioned along the linear course of motion to form the retarder. The 

shifting magnetic field causes eddy currents to be created in the conductive surface as the object 

goes through this configuration, providing a braking force that opposes the motion. By altering 

the strength of the magnetic field or managing the electrical currents, the braking force can be 

controlled to accomplish the appropriate level of deceleration or halting (Aravind et al., 2007). 

 

Figure 2. 6 Radial Flux EMR 
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II. Rotational motion EMR 

Electromagnetic induction is used in rotational motion eddy current retarders to apply braking 

force to rotating objects (Kumar Maurya et al., 2011). These systems are frequently used in a 

variety of settings, including dynamometers, industrial machinery, and car braking systems, 

when controlled rotational motion braking or acceleration is necessary. Usually, the retarder is 

made up of a revolving magnetic field source, like an electromagnet or permanent magnet, and 

a fixed conductor. Eddy currents are created in the conductor as the object spins in the magnetic 

field's vicinity. These currents produce a braking force that opposes the rotating motion. The 

required degree of slowing or halting can be achieved by modulating the braking force by 

varying the strength of the magnetic field or the electrical currents.  

C. Based on Source of Magnetic Field 

I. Permanent magnet   

In this type, Permanent magnets are fastened to a rotating element, like a wheel or shaft, and 

the conductor is normally positioned stationary in a permanent eddy current retarder. A braking 

force that resists the motion is created in the stationary conductor when the spinning component 

passes it due to eddy currents induced by the changing magnetic field (Sakamo et al., 2018).. 

II. Electrically produced Magnet  

These are temporary magnets made from ferromagnetic cores, like iron or steel, around a coil 

of wire. The ferromagnetic core of the coil becomes magnetized when an electric current pass 

through it, creating a magnetic field. By varying the current passing through the coil, the 

magnetic field's intensity can be adjusted (Lai, 2024). 

2.4 Components of Electromagnetic Retarder 

Stator, iron core, coil and rotating disc are parts of electromagnetic retarder. They are detailed 

below;  

2.4.1 Stator  

The electromagnetic coil-containing fixed portion of the electromagnetic retarder is called 

stator, it is also a fundamental parts of the axial type eddy current retarder. The individual 

requirements of the application, such as magnetic performance, efficiency, cost concerns, and 

operating circumstances, all influence the stator material selection process. Soft iron, silicon 

steel, and laminated steel (Nategh et al., 2012), are among the most often used materials for 

stator construction in axial electromagnetic retarders, providing a good balance of magnetic 

qualities, mechanical strength, and thermal characteristics. 
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2.4.2    Iron Core  

The iron core of the stator assembly functions as a magnetic flux conductor. A magnetic field 

is produced when current passes through the coils that around the core. Enhancing the 

electromagnetic braking systems efficiency is the core's function in concentrating and guiding 

this magnetic flux. Commonly, ferromagnetic elements like steel or iron are used to make the 

core. Easily magnetizing and demagnetizing in response to variations in the current passing 

through the coils is made possible by these materials’ high magnetic permeability (Yañez-

Valdez et al., 2012). 

2.4.3 Coil (winding)  

A coil, additionally referred to as the winding or wire coil, creates a magnetic field when an 

electric current pass through it (Wm. T. Mclyman, 2011). This magnetic field interacts with 

the rotor, creating braking force and slowing the vehicle. The coil is typically constructed out 

of insulated copper wire twisted around an iron core. The number of twists and wire gauge can 

vary depending on the retarder's individual design needs. The coil is connected to an external 

power source, such as the vehicle's electrical system, using electrical terminals or connectors. 

When current flows through a coil, it generates a magnetic field in accordance with the right-

hand rule, with the path of the magnetic field determined by the current flow. 

2.4.4   Rotating Disc 

The rotating disc is an essential component of the Retarder, interacting with the magnetic field 

that surrounds the stat to provide braking force. When electromagnetic coils are energized, they 

generate a magnetic field that produces eddy currents in the rotating disc. These eddy currents 

generate a secondary magnetic field that opposes the primary magnetic field, producing braking 

torque on the disc. Rotating discs are usually made of ferromagnetic materials like iron or steel. 

These materials are chosen for their capacity to conduct magnetic flux and resist mechanical 

strains caused by braking. The disc is frequently built with specific features to improve 

performance, such as fins or grooves to improve heat dissipation and cooling during prolonged 

braking operations (Smyth & Aiee, 1942).  

2.5  Strength and Controlling   

Due to gravity and their load, trucks have a constant tendency to accelerate when traveling 

downhill. As a result, frequent braking and maintaining a safe speed range are essential. ERs 

are now crucial to breaking the car safely. Brake control is driver-dependent in current ER-

based braking systems. ER is activated when the driver wishes to slow down the car. The driver 

turns off the emergency radio (ER) if the car slows down significantly (Ergün et al., 2014). 
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2.6  Working Principle of Electromagnetic Retarder  

Eddy current retarders use electromagnetic principles to create braking force without requiring 

physical contact between the braking components (Xuejun et al., 2017). A rotating metallic 

disk, often made of conductive materials such as copper or aluminium, serves as the heart of 

this device for generating the braking force. As shown in figure 2.7, the disc is surrounded by 

either stationary electromagnets or permanent magnets, forming a magnetic field. As the disc 

spins in this magnetic field, the fluctuating magnetic flux causes electric currents known as 

eddy currents to flow within the disc. According to Lenz's Law, these eddy currents generate 

their own magnetic field that opposes the change that caused them. This opposition creates a 

braking force, reducing the rotation of the disc and, as a result, the vehicle to which it is 

connected. The kinetic energy of the revolving disc is turned into heat due to the material's 

resistance to eddy currents, which dissipates as thermal energy into the surrounding  

environment. Compared to conventional friction-based braking systems, eddy current retarders 

have advantages such as durability, reliability, and reduced wear, making them particularly 

ideal for heavy-duty vehicles like trucks and buses. 

 

 

Figure 2.8, shows the general schematic diagram of the system. Electromagnetic brake retarder 

uses battery as main source of power to generate the retarding torque.   

Figure 2. 7 Working principle and pole face geometry (Alexandre J., 2020) 
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2.7  Review of Electromagnetic Brake Retarders  

Wanyuang Xia et al stated that, two primary drawbacks of the present eddy current retarder are 

its high energy consumption and overheating risk (Xia et al., 2013). It is battery-operated, 

which needs 50A, and has a maximum power consumption of 2880W when all eight coils are 

operating at once. Furthermore, brake failure can be readily caused by the working coil 

overheating. A self-excited eddy current retarder with reduced energy consumption and 

enhanced cooling effect has been created to address these problems. 

As discussed by Wen Hui and Jiao hi, The TELMA electromagnet retarder was controlled by 

a manual switch and a pedal micro switch. The proportion of the pedal micro switch that is 

screwed down determines the brake torque output. Retarder automatically stops working when 

the bus speed drops below 3 km/h. When the bus reaches 3-5 km/h, the preparation indicator 

light turns on. The bus can be slowed down with a manual switch or braking pedal (W. H. 

Wang & Li, 2013) 

Kai Zhang et al discussed the numerical analysis and experimentation of a novel self-excited 

and liquid-cooled eddy current brake (K. Zhang et al., 2014). It includes details about the 

design, structure, and magnetic circuits of the ECB, as well as the experimental prototype 

developed based on the analysis. The study focuses on improving braking performance, energy 

efficiency, and thermal management. It presents mathematical models, analysis of the 

generator, temperature distributions, and experimental results related to braking characteristics 

and torque. when the speed was 1500 r/min and the exciting current was 30 A, these results 

Figure 2. 8 Schematic diagram of the whole system 
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demonstrate the effectiveness of the proposed self-excited and liquid-cooled eddy current brake 

in improving braking performance and energy efficiency. 

Analytical model and finite element calculation of the electromagnetic retarder's braking torque 

(Ye et al., 2014). The flux tube and armature reaction approach are used in this research to 

propose an analytical model that predicts the braking torque of an electromagnetic retarder. It 

also creates model for the electromagnetic retarder in two and three dimensions using finite 

elements. Results from the 2-D finite element model are in good agreement with the air-gap 

flux density computed by the analytical method. Furthermore, when the speed is less than 1250 

r/min, the computed braking torque from the 3-D model shows just a 10% inaccuracy in 

comparison to the measured torque. 

An in-depth analytical model for three-dimensional axial-flux eddy-current couplings and 

brakes was presented by Thierry Lubin and Abderrezak Rezzoug. It provides precise torque 

and axial force formulas that are relevant to steady-state circumstances (regular speed 

operation). The moving conducting component's response field caused by induced currents is 

included in the model. In order to simplify the study, the researchers solve the problem in 3-D 

Cartesian coordinates, ignoring curvature effects, by assuming that linearization occurs at the 

mean radius (Lubin & Rezzoug, 2015). 

Reza Y. and Mojtaba M. presents a new electromagnetic brake design and its analysis 

(Yazdanpanah & Mirsalim, 2015). It details the brake system components and their functions, 

including the electrical model. Numerical optimization focuses on key components like the 

ECB and RB for improved performance. Prototyping and validation through simulations and 

experiments ensure functionality across various conditions. A closed-loop speed control 

scheme evaluates the brake's control capabilities. 

Kai Zhang et al conduct a comprehensive analysis of the SL-EMR braking system through 

various simulations and bench test (K. Zhang et al., 2015). They evaluate generator parameters, 

braking performance, thermal field, and the electromagnetic field model using the finite-

element technique (FEM). The findings support the system's dependability by showing a 6% 

difference between FEM calculations and experimental data. In addition, it is shown that the 

integrated generator has the capability to supply the brake system with exciting current. The 

braking torque decreases moderately (10.4%) when the system is continuously braking, 

demonstrating the system's resilience.  
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Zhou Q. et al. work indicate that, Parameter Analysis for the Eddy Current Brake 

with Construction of a Model, Simulation, and Sensitive Analysis for torque Stabilization 

(Zhou et al., 2015). The article introduces the idea of antimagnetic force by drawing on the 

magnetic circle theory. Employing the created ECB model, it runs simulations to examine the 

features of braking torque. The elements impacting torque production properties are studied by 

an adjustment of the structural design parameters of the ECB. A nominal maximum braking 

torque of an ECB has been shown to be optimized by adjusting internal parameters. Next in 

importance to the maximum braking torque are the rotor disc and air-gap thickness, then the 

radius of the pole shoe's cross-section area and its distance from the rotating centre. 

In Yasa et al article, flux linkage and induced magnetic force are analysed using FEA software 

to develop analytical models for evaluating the time-domain electrical performance of 

electromagnetic brakes (Yasa et al., 2016). Furthermore, using 3D FEA software, it develops 

a thermal model for EM brakes and analyses their thermal behaviour. Performance criteria and 

parameters are properly balanced by the development of an optimization algorithm. High heat 

conductivity epoxy resins should be used to fill the housing, and materials with higher magnetic 

saturation capacity should be chosen for the armature and housing. It has been observed that 

elevated coil temperatures reduce friction and magnetic flux, which in turn reduces torque 

capacity.  

By Hu D. et al., the electromagnetic brake on a passenger car was optimally designed and 

controlled to save energy (Hu et al., 2019). In this article, prediction models for an 

electromagnetic brake's power usage and braking efficiency was introduced. A simulation 

platform that uses hardware-in-the-loop is used to validate these models. The electromagnetic 

brake was made with the express purpose of using less energy. Furthermore, a technique for 

managing energy conservation in the electromagnetic brake was suggested.  

Jin et al. introduces a thermal examination of a hybrid excitation linear eddy current brake (Jin 

et al., 2019).This brake type generates its air gap flux using both excitation windings and 

permanent magnets, resulting in a significant and modifiable braking force. However, the 

excitation windings and conductor plate can experience substantial heating, potentially leading 

to a decline in braking performance or device damage. To address this concern, the paper 

outlines the brake's structure and operational principle, develops an analytical model, and 

constructs a thermal network model that integrates real air flow conditions. Finally, the paper 
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validates the thermal network model through steady and dynamic thermal experimental 

measurements.  

The Permanent Magnet Retarder, designed for heavy vehicles employs eddy-current braking 

principles and features with adjustable braking torque (Ye, Cao, et al., 2019). The performance 

was analysed using a multi-physics field coupling model encompassing electromagnetic, 

thermal, and fluid dynamics. A new method was proposed to predict permanent magnet 

demagnetization, considering dynamic air-gap flux density and temperature effects.  

 

Lezhi Ye et al, focused on testing and optimization of a liquid-cooled, twin air-gap eddy current 

retarder (ECR) for heavy vehicle auxiliary braking. The suggested ECR seeks to address 

problems with conventional ECRs' excessive rotor weight and heat fading during continuous 

braking (Ye, Liu, et al., 2019). 

 

An electromagnetic braking system uses both magnetic force and electricity to halt motion of 

the vehicle. The magnetic force produced by the applied voltage or current draws in the brakes, 

further stopping the vehicle's rotatory motion. While there are other disc designs that work 

similarly to single friction surface brakes, the majority of electromagnetic brakes use a single 

friction surface. The hub, armature, and field coil make up its main components (Bharti & 

Anand, 2020). 

Rui-Jan published Structure design and coordinated control of electromagnetic and frictional 

braking system based on a hub motor (R. J. Zhang, 2021). This article explores the assessment 

of braking performance within an integrated system. It introduces a unique combination of 

electromagnetic and frictional braking systems through a novel composite structural design. 

Mathematical and simulation models are developed to evaluate the braking capabilities of this 

integrated setup. Additionally, a fuzzy controller implemented using MATLAB/Simulink is 

crafted to authenticate and analyse the operational efficiency of the integrated system. 

Karade et al mentioned that a minor leak in an oil or air braking system might cause the brakes 

to fail completely in-service brakes. But four-disc plates, coils, and firing circuits are 

independently attached on each wheel in an electromagnetic braking system, even if one coil 

fails, the brake does not fail completely because the remaining three coils work properly. 

(Karade et al., 2022).  
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2.8 Summery of pervious work   

The following table 2.2 shows, the author, methodology followed, findings and limitation or 

their gap.  

Table 2. 2 Summery of Pervious work 

Autor Title  Methodology  Finding Limitation/gap   

(Xia et al., 

2013) 

Experiment 

study and design 

of self-excited 

eddy current 

retarder 

✓ Mathematical 

modelling and 

MATLAB/Simul

ink  

✓ Small scale 

modelling (150 

times smaller) for 

testing  

✓ Power 

generation for 

self-excitation 

✓ Higher mass 

and cost due to 

addition of 

generator.   

✓ High excitation 

current (50A) 

✓ Material type 

not mentioned  

(W. H. Wang 

& Li, 2013) 

Study on 

matching 

electromagnet 

retarder for city 

bus with force 

analysis based on 

brake directional 

stability 

✓ Force analysis  

 

✓ Directional 

stability was 

analyzed with 

operation of 

electromagnet 

alone at dry, 

rainy and 

snow weather 

conditions.  

  

✓ The retarder 

studied has 

mass of 101 

kg  

✓ High 

excitation 

current (49A) 

✓ Material type 

not mentioned  

(K. Zhang et 

al., 2014) 

Numerical 

analysis and 

experimentation 

of a novel self-

excited and 

liquid-cooled 

eddy current 

retarder 

✓ 3D FEA using J-

MAG and 

ANSYS software  

✓ Brake power 

generation testing  

✓ Power 

generation. 

✓ Water cooling 

mechanism.  

✓ Torque 

generation 

performance 

not 

mentioned.  

✓ Higher 

excitation 

current (30A)  

✓ Higher mass 

due to 

addition of 

generator.    

✓ Material type 

not mentioned  

(Ye et al., 

2014) 

Analytical model 

and finite 

element 

computation of 

braking torque in 

electromagnetic 

retarder 

✓ Flux tube and 

armature reaction 

method for 

analyzing 

braking torque.  

✓ FEA using 

JMAG software  

✓ Comparison  

✓ 10 error in 

comparison 

of analytical 

model and 

FEA model 

✓ Material for 

rotating disc 

is not 

mentioned.  

✓ Maximum 

excitation 

current is 26A 

✓ 1.9T 

magnetic flux 
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density was 

registered 

which 

indicates 

higher current  

(Lubin & 

Rezzoug, 

2015) 

3-D Analytical 

Model for Axial-

Flux Eddy-

Current 

Couplings and 

Brakes under 

Steady-State 

Conditions 

✓ FEA for axial 

flux eddy current 

using COSMOL 

Multiphysics® 

software.  

✓ Maxwell stress 

tensor method for 

determining 

torque and axial 

force  

✓ The torque 

and the axial 

force 

formulas have 

been obtained 

from the 

Maxwell 

stress tensor 

method. 

✓ Determination 

of torque-

speed 

characteristics.   

 

✓ Cooling 

mechanism not 

mentioned 

✓ Excitation 

current is not 

indicated    

(Yazdanpanah 

& Mirsalim, 

2015) 

Hybrid 

Electromagnetic 

Brakes: Design 

and Performance 

Evaluation 

✓ FEA  

✓ Prototyping  

✓ Validation  

✓ Power 

generation 

using 

regenerative 

braking.  

✓ Excitation 

current not 

mentioned  

✓ Cooling 

system is not 

identified  

✓ Material type 

for 

conducting 

disc is not 

mentioned.  

(K. Zhang et 

al., 2015) 

Design and 

performance of a 

self-excited and 

liquid-cooled 

electromagnetic 

retarder 

✓ FEM is used to 

determine the 

characteristics of 

generator   

✓ Performance test  

 

✓ Power 

generation 

using 

brushless 

generator  

✓ Liquid cooled 

retarder was 

designed  

✓ Higher 

current used 

(30A) 

 

(Zhou et al., 

2015) 

Parameter 

Analysis on 

Torque 

Stabilization for 

the Eddy Current 

Brake: A 

Developed Model, 

Simulation, and 

Sensitive Analysis 

✓ Mathematical 

modelling  

✓ Simulation 

using 

MATLAB/sim

ulation  

✓ Studied the 

effect of air 

gap and pole 

face cross-

sectional 

area.   

✓ Cooling 

system not 

mentioned  

✓ Wire 

thickness and 

its length is 

not stated  
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(Yasa et al., 

2016) 

A 

multidisciplinary 

design approach 

for 

electromagnetic 

brakes 

✓ Analytical 

model is 

derived  

✓ FEA is 

performed  

✓ Testing  

✓ Material is 

selected and 

Braking 

torque is 

calculated  

✓ Good 

agreement of 

results with 

testing.  

✓ Frictional 

electromagnet

ic brake is 

used.  

✓ Location of 

the retarder is 

not mentioned  

✓ Cooling 

system is not 

clearly stated.  

(Hu et al., 

2019) 

Energy saving 

optimal design 

and control of 

electromagnetic 

brake on 

passenger car 

✓ Analytical 

design  

✓ Simulation  

✓ Testing  

✓ Influence of 

nonlinear 

materials are 

presented. 

✓ Energy saving 

optimal 

design by 

changing 

number of 

poles is 

necessary.   

(Jin et al., 

2019) 

thermal Analysis 

of a Hybrid 

Excitation Linear 

Eddy Current 

✓ Structure and 

working 

principle were 

described 

✓  Analytical 

model was built  

✓ Testing the 

model using 

CFD  

✓ FEA  

✓ Influence of 

temperature 

rise on the 

braking 

torque 

generation is 

analyzed. 

✓ Thermal 

network 

model is 

suggested for 

eddy current 

thermal 

management  

✓ Rotational 

eddy current 

brake thermal 

management 

is not 

mentioned.  

  

(Ye, Cao, et 

al., 2019) 

Multi-Field 

Coupling 

Analysis and 

Demagnetization 

Experiment of 

Permanent 

Magnet Retarder 

for Heavy 

Vehicles 

✓ FEA 

✓ Testing torque 

and 

temperature 

rise on bench  

✓ Braking 

torque 

generation 

using 

permanent 

magnet  

✓ The braking 

distance is 

shortened 

34% 

✓ Retarder stops 

if permanent 

magnet fails.  

(Ye, Liu, et 

al., 2019) 

Optimization 

design and test 

of dual air-gaps 

and liquid-

✓ FEA 

✓ Kriging 

approximation 

method used 

for 

optimization  

✓ Braking 

torque using 

permanent 

and eddy 

current 

braking  

✓ Combining 

the two types 

of magnet 

leads to 

higher mass 
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cooled eddy 

current retarder 

✓ Added liquid 

cooling 

system.  

✓ Heat fade 

ratio 

becomes 

13%  

and 

complexity  

(Bharti & 

Anand, 2020). 

 

Introduction to 

Electromagnetic 

Braking System 

✓ Theoretical 

background  

✓ Electrically 

controlled 

Frictional 

electromagn

etic brake 

system is 

studied.  

✓ There is no 

clear 

methodology  

✓ Cooling 

system not 

mentioned  

(R. J. Zhang, 

2021) 

Structure design 

and coordinated 

control of 

electromagnetic 

and frictional 

braking system 

based on a hub 

motor 

✓ Mathematical 

modelling 

✓ Simulation 

using 

MATLAB/ 

Simulink  

✓ Retarding 

using 

electromagnet

ic and 

frictional 

braking 

system.   

✓ Wear  

✓ Additional 

cost for 

maintenance  

✓ Cooling 

system is a 

key issue in 

this article  

(Karade et al., 

2022).  

 

Electromagnetic 

Braking System 

✓ Theoretical 

background of 

service brake 

and 

electromagnetic 

brake system is 

presented  

✓ Identifying 

advantages 

and 

disadvantages 

of 

electromagnet

ic brake 

retarder.  

✓ Factors that 

affect 

electromagnet

ic brake 

torque 

generation are 

listed.   

✓ Mathematical 

model and 

any 

simulation are 

not mentioned 

✓ There is no 

clear formula 

for braking 

torque 

generation.  

 

2.9 Research gap 

The available research on eddy current and electromagnetic braking systems offers significant 

insights into electromagnetic brake retarders. These systems have advanced considerably, 

enhancing their performance and application across various sectors. Despite this progress, there 

remains a notable gap in research, particularly concerning the effects of using high current 

levels (Xia et al., 2013)(Alexandre J., 2020). Higher current levels are directly linked to 
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increased power consumption, presenting design and efficiency challenges for electromagnetic 

retarders. Studies indicate that the current required to activate these retarders typically falls 

between 30A and 50A. Although effective for certain uses, this range does not fully explore 

the potential and limitations of employing even higher currents. 

Another significant gap in the research involves the use of higher magnetic flux densities. The 

maximum magnetic flux density reported in existing studies is around 1.95 Tesla. Achieving 

such high flux densities necessitates higher current because the magnetic field strength is 

directly proportional to the current in the electromagnet coils. Therefore, stronger magnetic 

fields require more current, leading to several practical issues. One primary concern with higher 

current consumption is the need for thicker wires to handle the increased current without 

overheating or failing. These thicker wires require more space when wound around the 

electromagnet’s core material, complicating the design and potentially reducing the efficiency 

of the electromagnetic brake retarder. Moreover, using thicker wires and higher currents can 

increase material costs and may require more complex cooling systems to manage the 

additional heat generated. This complexity poses further challenges in the practical 

implementation and broader adoption of high-current electromagnetic braking systems. 

The previous electromagnetic brake retarding system utilized a double rotor disc configuration 

with 16 poles. By simplifying the system to a single rotor disc with 8 poles, it is possible to 

significantly reduce the amount of current needed for operation. This reduction in current 

directly translates to lower overall power consumption, additionally by simplifying the 

retarding system also minimizes the weight of electromagnetic retarders hence it can reduce 

inertia and fuel consumption due to addition of the retarding system on the vehicle.   
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Materials  

In this section, basic components of the electromagnetic system are listed below and, selection 

of material which are necessary for design and analysis of the system is described in this 

section. Table 3.1 shows materials that are used for this research work.  

Table 3. 1 Materials used for electromagnetic brake retarder 

No.  Material  Description  

1.  Coil wire  For generation of magnetic field  

2.  Electromagnet Core  To wind the wire on it  

3.  Stator Fixed material used to hold other 

components 

4.  Rotating disc  For generation of eddy current  

5.  Shaft  To Transmit power 

6.  Flange  To connect gearbox with retarder and 

propeller shaft 

7.  Bearing  To support rotating part  

8.  Computer  For design, modeling and documentation.  

9.  Software; SOLIDWORKS, ANSYS, 

Design Expert.  

For design, simulation and Optimization 

3.1.1 Material selection  

Since material selection is the process of choosing the most suitable material for the desired 

application, for this case, for electromagnetic retarder, materials which are necessary for design 

is selected in this section. 

A. Electromagnet Core: it is a critical component that increases the magnetic field produced 

by the coil. It collects and directs the magnetic flux generated by the electricity flowing 

through the coil.  Materials with high magnetic permeability, such as iron, nickel, and 

cobalt, are typically utilized for electromagnet cores because they effectively concentrate 

magnetic flux. Soft iron has become particularly popular because it is inexpensive and 

easily magnetized and demagnetized (Grandi et al., 2004). Therefore, iron is selected for 

electromagnetic core.  
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B. Material for Coil wire: Copper is one of the most popular coil wire materials due to its 

greater electrical conductivity, thermal conductivity, and corrosion resistance. It is widely 

utilized in applications requiring great electrical efficiency, such as transformers, motors, 

and inductors(Sari et al., 2020). Therefore, coil is selected for winding and generation of 

magnetic field and the electrical properties of copper is tabulated on Table 3.2.  

 

 

 

 

 

 

 

C. Material for Stator, Shaft, Flange and Bearing: Alloy steel is a form of steel that 

incorporates alloying elements in addition to carbon, which is found in conventional carbon 

steel. Manganese, silicon, chromium, nickel, molybdenum, vanadium, and other elements 

are examples of alloying elements. These components improve the steel's many qualities, 

including strength, hardness, toughness, corrosion resistance, and wear resistance. Alloy 

steels are widely employed in a variety of industrial applications that require specialized 

qualities, including automobile parts, machinery components, tools, pipelines, and 

structural elements(Xometry.com, 2024). Therefore, alloy steel is used for design of Stator, 

shaft, flange and bearing. The properties of alloy steel are tabulated on table 3.3.   

 

 

Table 3. 2 Properties of copper (Azom.com, 2024b) 

Copper 

Properties   Value  

Density (
𝑘𝑔

𝑚3⁄ ) 8940 

Maximum Tensile Strength 

 (𝑀𝑃𝑎) 

390 

Electrical 

conductivity (𝑆𝑖𝑒𝑚𝑒𝑛𝑠/𝑚) 

5.96× 107  

Electrical Resistivity (ohm-m) 1.68× 10−08  

Table 3. 3 Properties of Alloy Steel(Azom.com, 2024a) 

Alloy Steel 

Properties   Value  

Density (
𝑘𝑔

𝑚3⁄  ) 7850 

Maximum Tensile Strength  (𝑀𝑃𝑎) 620  

Hardness, Vickers (--) 217 

Hardness, Rockwell C (--) 15 
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D.  Rotating Disc: The rotating disk in an eddy current retarder system generates braking 

force through the interaction of the magnetic field and induced eddy currents. Aluminium 

alloy, AL6061is taken for rotating disc of electromagnetic brake retarder because, it has 

higher electrical conductivity (Baharom et al., 2012), it is better at producing eddy current 

(Sailesh & Krishna, 2021) and it is less cost and minimum density (Mupona & Singh 

Tomar, 2013) compared to the zinc and nickel materials. Therefore, aluminium is used for 

rotating disc design. Table 3.4 shows the properties of aluminium alloy 6061.  

Table 3. 4 Properties of Aluminium alloy 6061 (Ashby, 1999) 

 

 

 

 

 

 

 

 

3.2 Methods  

In order to meet the formulated general and specific objective of these thesis work, the 

following methodology was taken in to account;    

❖ Literature Review: literature review is done out on electromagnetic brake retarder to 

identify design parameters and research gaps. 

❖ Data collection and assumptions: information of HOWO 336 Dump truck which is 

directly related to the electromagnetic retarder just like, engine maximum torque, maximum 

angular speed, gear ratio etc. are collected, and also the data that are not available directly 

are assumed reasonably.    

❖ Designing and 3D modelling: For the design of electromagnetic retarder system 

fundamental mechanical and electrical theories and formulas are used. In the case of 3D 

modelling of the electromagnetic components, SOLIDWORKS (Computer aided design) 

software is used. The following general steps are applied for part and assembly drawings;  

 

Aluminum Alloy 6061 

Properties Value 

Density (
𝑘𝑔

𝑚3⁄ ) 2700 

Maximum Tensile Strength ( 𝑀𝑃𝑎) 276  

Electrical conductivity ( 𝑆𝑖𝑒𝑚𝑒𝑛𝑠/𝑚) 2.459 × 107   

Electrical Resistivity (ohm-m) 4.066 × 10−08  
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A. Open SOLIDWORKS Software; so that new blank document launches  

B. Choose parts for part drawing the components; and choose assembly for assembling 

the part drawing. 

C. Sketching and Adding Dimensions and Relations 

D. Extruding and Revolving: after completing sketching extruding, revolving etc. can 

be used to get 3D geometry.  

E. Apply the desired feature: fillet, chamfer, hole, shell, etc., can be used to customize 

3D models.  

❖ Optimization of retarding torque: Design expert software can be used to determine the i

teration or combinations of air gap, current and number of turns, and using torque formula

, the calculation is done by hand and tabulate for corresponding result, then determine the 

optimum value  

❖ Static Simulation of components; using ANSYS simulation software, the static structural 

analysis, i.e. total deformation, equivalent stress strain analysis is simulated. The following 

steps are necessary to simulate on ANSYS simulation software. 

A. Launch ANSYS Workbench. 

B. Initiate a New Static Structural Analysis. 

C. Import or Generate the Geometry. Specify the Material Properties. 

D. Set the Mesh Size and Generate the Mesh. 

E. Establish Boundary Conditions: add Fixed Supports or other relevant supports. 

F. Apply Loads: apply design-specific loads such as Forces, Torques, Pressure, or other 

types. 

G. Solve the Model. 

H. Perform Post-Processing 

I. Obtain Results for Total Deformation, Equivalent (von Mises) Stress, and Equivalent 

Strain. 

Figure 3.1 shows the methodology followed to design and analysis of electromagnetic 

brake retarder for Howo 336 dump truck.  

 

 

 

 

 



29 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. 1 Methodology 
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CHAPTER FOUR 

DESIGN AND ANALYSIS 

4.1 Introduction  

To gain a comprehensive understanding of the electromagnetic retarder and its operational 

dynamics, it's crucial to combine theoretical study with practical insights obtained from 

industry visits. Hence, visits to facilities such as common Sinotruck garage in Adama were 

undertaken to gather first-hand information and assess the space available for the installation 

of the electromagnetic retarder. Following the visit, it was determined that the most suitable 

location for the retarder would be between the gear box output and propeller shaft input flanges, 

connected via a shaft. Additionally, the Anbesa garage in Addis Ababa provided valuable 

insights into the functionality of the system, particularly in the context of buses. Using this in 

mind, the design and analysis process is done by utilizing assumptions, data and fundamental 

theories with their calculations.  

4.2 Data and Assumptions 

The following data and assumptions are taken in to consideration for design and modelling of 

the retarding system.  

✓ Maximum Full load mass of the vehicle = 25,000kg (see appendix 2): To systematically 

determine the required retarding torque, knowing the vehicle's full load mass is crucial.  

✓ Maximum Engine torque of the vehicle = 1350N-m @1100-1600 rpm (see appendix 2):  

✓ Final Drive ratio=5.73 (see appendix 2.): this parameter is also very important to 

determine the required retarding torque i.e. it is used in the road load equation for 

traction force determination.  

✓ Take Maximum angular speed = 1600 RPM =167.55 RPS: angular speed is needed in 

the determination of required retarding torque for the vehicle and in the generation of 

retarding torque by eddy current generation.   

✓ Radius of vehicle wheel = 0.245m (see appendix 2.): wheel radius is used to calculate 

the torque available on the wheel using road load equation.   

✓ Assumed Source of power is a battery having 24 v: in order to excite the 

electromagnetic brake retarder 24v battery is used as source of power.   

✓ Assumed thickness of rotating disc and Air gap are 12mm and 1mm respectively: 

Thicker discs can accommodate a greater number of eddy currents, which are loops of 

electric current generated within the conductor by a varying magnetic field. This 
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enhances the overall retarding torque. The air gap size influences the reluctance 

(resistance to magnetic flux) within the magnetic circuit. A smaller air gap decreases 

reluctance, resulting in a stronger magnetic field for the same amount of current (Putra 

et al., 2021). 

✓ Diameter of the disc=0.34m=340mm: rotating disc plays the main role in generation of 

eddy current.  

✓ Material selected for Rotating disc = Aluminium Alloy=Al6061(see chapter 3) 

✓ Material selected for wire = copper (see chapter 3) 

✓ Material selected for core = iron (see chapter 3) 

✓ Material selected for remaining components = steel alloys (see chapter 3) 

✓ Assumed Coefficient of friction=0.020: this coefficient of friction is taken for normal 

asphalt or gravel roads(Atamnia et al., 2021) and it is essential in calculating rolling 

resistance.  

✓ width and height of the vehicle=2.5m*3.4m: (see appendix 2). In order to perform 

aerodynamic force of the vehicle the width and height of the vehicle is important that 

is to determine the area of the front facing of the vehicle to air.  

✓ Assumed Coefficient of drag (CD) value for heavy duty vehicles=Drag Coefficient=0.8 

CD value for heavy duty vehicles ranges from 0.6-0.8 (Chowdhury et al., 2019) so that 

0.8 is taken for calculation of aerodynamic resistance.  

✓ Assumed Number of poles =8: poles are very necessary to hold the coil (to wind the 

wire on it) to generate magnetic induction.   

✓ Assumed total winding number of turns = 400: number of turns are essential in 

determining the length of the wire, magnetic strength and magnetic flux densities in 

general.  

✓ Density of air=1.225 kg/m^3.  

✓ Assumed pole diameter=0.05m=50mm 

✓ Assumed diameter of coil without iron core =0.02m 

✓ Assumed vehicle Speed=80km/Hr = 22.22m/sec 

✓ Assumed the height of the coil = 0.10m 

✓ Slop = 7 degree downhill (lima limo Road grade is 12% which is around 7 degree)  

✓ resistivity of the wire (i.e. copper = 1.72*10^-8 Ω-m) 

✓ permeability of air=4π×10 ^ -7 N/A^2  
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4.3 Analytical Design of Electromagnetic Brake Retarder  

4.3.1 Required Braking Force 

The road load equation is a mathematical equation utilized to depict the forces exerted on a 

vehicle as it travels at a consistent speed along a road. These forces predominantly consist of 

aerodynamic drag, rolling resistance, and gravitational forces. By employing this equation, the 

energy required to halt the vehicle can be determined so that, the vehicle can be 

controlled(thecartech.com, 2024).  

So that, from the relation of road load equation;   

 

 

 

 

 

 

 

 

Figure 4.1, shows the schematic diagram of the road load equation, which gives the following 

general equation for net traction effort  

𝐹𝑛𝑒𝑡 = 𝐹𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 +  𝑊𝑥 − 𝐹𝑅𝑅 − 𝐹𝐴𝑖𝑟 

Where;  

A. 𝐹𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝑇𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒 =
𝑊ℎ𝑒𝑒𝑙 𝑡𝑜𝑟𝑞𝑢𝑒

𝑤ℎ𝑒𝑒𝑙 𝑟𝑎𝑑𝑖𝑢𝑠
 

Therefore, substituting the data for wheel torque and wheel radius traction force gives; 

𝐹𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  
1350𝑁𝑚∗1∗5.73

2∗0.254𝑚
= 15,227.36 𝑁 

B. 𝑊𝑥 = 𝑊𝑒𝑖𝑔ℎ𝑡 𝑓𝑜𝑟𝑐𝑒 𝑑𝑢𝑒 𝑡𝑜 𝑠𝑙𝑜𝑝 = 𝑚𝑎𝑠𝑠 ∗ 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 ∗ 𝑠𝑖𝑛𝜃 = 𝑚𝑔𝑠𝑖𝑛𝜃; therefore, using 

7-degree slop downhill and substituting the values for mass and gravity gives; 

Figure 4. 1 Schematic diagram of road load equation 
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𝑊𝑥 = 25000𝑘𝑔 ∗ 9.81
𝑚

𝑠2
∗ 𝑠𝑖𝑛7° = 29,888.45 𝑁 

C. 𝐹𝑅𝑅 = 𝑅𝑜𝑙𝑙𝑖𝑛𝑔 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑜𝑟𝑐𝑒; Rolling resistance of the vehicle can be calculated as 

follows;  

𝐹𝑅𝑅 = 𝑚𝑎𝑠𝑠 ∗ 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 ∗ 𝑐𝑜𝑠𝜃 ∗ 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 = 𝑚 ∗ 𝑔 ∗ 𝑐𝑜𝑠𝜃 ∗ 𝐶𝑟𝑟 

Therefore, substituting for mass, gravity and cosine of 7 degree; rolling resistance gives;  

𝐹𝑅𝑅 = 𝑚 ∗ 𝑔 ∗ 𝑐𝑜𝑠𝜃 ∗ 𝐶𝑟𝑟 = 25,000𝑘𝑔 ∗ 9.81
𝑚

𝑠2
∗ 𝑐𝑜𝑠7° ∗ 0.020 = 4868.44 𝑁   

D. 𝐹𝐴𝑖𝑟 = 𝐴𝑖𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑓𝑜𝑟𝑐𝑒 =
1

2
∗ 𝜌𝐴 ∗ 𝐶𝐷 ∗ 𝑉2 ∗ 𝐴𝑓 

Where; 𝜌𝐴 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑎𝑖𝑟 = 1.225
𝑘𝑔

𝑚3,  𝐴𝑓 = 𝑓𝑟𝑜𝑛𝑡 𝑎𝑟𝑒𝑎 = 𝑤𝑖𝑑𝑡ℎ ∗ ℎ𝑒𝑖𝑔ℎ𝑡 =

2.5𝑚 ∗ 3.4𝑚 = 8.5𝑚2 𝑎𝑛𝑑 𝐶𝐷 = Drag Coefficient = 0.8; therefore substituting the values 

into Aerodynamic force formula, it gives the following results;  

 𝐹𝐴𝑖𝑟 =
1

2
∗ 1.225

𝑘𝑔

𝑚3
∗ 8.5𝑚2 ∗ 22.222 ∗ 0.8 = 2056.4 𝑁 

Since; traction effort, weight due to slope of the road which is in the direction of traction effort, 

rolling resistance and aerodynamic resistance are calculated on the above; net force becomes; 

𝐹𝑛𝑒𝑡 = 15227.36𝑁 + 29,888.45𝑁 − 4868.44𝑁 − 2056.4𝑁 = 28,278.06 𝑁 = 38.2 𝑘𝑁  

Therefore, 38.2 kN is the net traction force calculated for wheels, but to get braking torque 

available on the wheel can be determined using following formula;  

Since the wheel radius of the vehicle is 0.254m,  

𝑇𝑤𝑛𝑒𝑡 = 𝐹𝑤𝑛𝑒𝑡 ∗ 𝑟𝑤 = 38200𝑁 ∗ 0.254𝑚 = 9702.8 𝑁𝑚 

Therefore, the braking torque available propeller shaft can be calculated by dividing the final 

driving ratio and gear ratio, therefore;   

𝑇𝑝𝑟𝑜 =
9702.8𝑁𝑚

1 ∗ 5.73
= 1693.33 𝑠𝑎𝑦 1700𝑁𝑚 

Then, the braking force available on the rotating disc which is connected with propeller shaft 

via flange, can be determined by using the radius of the rotating disc of the retarder, then;   

𝐹𝑝𝑟𝑜 =
1700𝑁𝑚

0.0825𝑚
= 10000𝑁 = 10𝑘𝑁 
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Dividing the braking Force available on the rotating disc to 8 poles gives 1250N, so by taking 

this value lets calculate the excitation current.  

4.3.2 Excitation Current 

From fundamental principles of electromagnetism (William H. and Jr. John. A., 2006); the 

force generated by single core can be calculated as; 

𝐹 =
𝐴 × 𝜇0 × (𝑁𝑖)2

2 × 𝑙_𝑔2
  

𝑤ℎ𝑒𝑟𝑒;  

➢ 𝐹 = 𝑓𝑜𝑟𝑐𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑏𝑦 𝑠𝑖𝑛𝑔𝑙𝑒 𝑐𝑜𝑟𝑒,  

➢ 𝐴𝑝 =  𝑎𝑟𝑒𝑎 𝑜𝑓 𝑝𝑜𝑙𝑒 𝑓𝑎𝑐𝑒 

Considering the pole face is circular in shape; the area of the pole face can be calculated using 

the following formula;  

𝐴𝑝 = 𝜋 ∗
(𝑑𝑝)2

4
 

Substituting diameter of the pole face in the equation; area of pole face gives;  

𝐴𝑝 = 𝜋 ∗
0.05𝑚2

4
= 0.0019635𝑚2  

➢ 𝜇0 = 𝑝𝑒𝑟𝑚𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑎𝑖𝑟 = 4𝜋 × 10−7 𝑁

𝐴2, 

➢ 𝑁 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑛𝑠, 

➢ 𝑖 = 𝑐𝑢𝑟𝑟𝑒𝑛𝑡, 

➢ 𝑙_𝑔 = 𝑎𝑖𝑟𝑔𝑎𝑝  

Substituting the braking force requirement for one pole is 1250N.exitation current can be 

calculated; so that, solving for excitation current for one pole gives; 

𝑖 = √
𝐹 ∗ (2 ∗ 𝐺2)

𝐴 ∗ 𝜇0 ∗ 𝑁2
 

Therefore, substituting the values and assumptions gives;  
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𝑖 = √
 1250𝑁 ∗ (2 ∗ (0.001𝑚)2)

0.001935𝑚2 ∗ 4 ∗ 𝜋 ∗ 10−7 𝑁
𝐴2 ∗ 502

= 20.27𝐴 

Since the current reaches 20A, the required wire diameter becomes quite large. This not only 

takes up more space but also results in high resistance, which can hinder the coil from 

producing the desired magnetic flux and braking force. To mitigate this, let's increase the 

assumed number of turns from 50 to 100. This change will reduce the wire diameter and 

resistance, thereby enhancing the coil's ability to generate the necessary magnetic flux and 

braking force. By relating the number of turns and current, the new excitation current can be 

obtained;   

𝑁1𝑖1 = 𝑁2𝑖2 

Then by substituting the previous assumed number of turns, the calculated current and new 

assumed number of turns; the new excitation current gives;  

𝑖2 =
𝑁1𝑖1

𝑁2
=

50 ∗ 40𝐴

100
= 10𝐴  

Therefore, total design number of turns for 8 poles is 800 and design maximum current is 

12A. 

4.3.3 Design of coil 

From American wire gauge table (See Appendix 1), the diameter of the wire and the area of 

the wire for maximum 12A is obtained as follows;  

 AWG 11, 𝑑𝑤𝑖𝑟𝑒 = 2.30378𝑚𝑚 = 0.00230378𝑚, 𝐴𝑤𝑖𝑟𝑒 = 4.17 × 10−6𝑚2 

Calculation of the length of wire;  

Since the winding geometry is considered as cylindrical in shape with the height of 0.10m and 

the diameter of the coil = 𝑑𝑐𝑜𝑖𝑙 = 0.02𝑚; the length of the wire can be calculated as;  

𝐿 =  𝜋 (𝑑𝑐𝑜𝑖𝑙 + 𝑡𝑤𝑖𝑟𝑒) × 𝑁 + 2𝜋 × 𝑟𝑐𝑜𝑖𝑙 × 𝑁 × ℎ𝑐𝑜𝑖𝑙 

Where; 

𝐿 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑤𝑖𝑟𝑒,  
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𝑑𝑐𝑜𝑖𝑙 = 𝑐𝑜𝑖𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 

𝑡𝑤𝑖𝑟𝑒 = 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑖𝑟𝑒,  

𝑁 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑛𝑠, 

𝑟𝑐𝑜𝑖𝑙 =  𝑐𝑜𝑖𝑙 𝑟𝑎𝑑𝑖𝑢𝑠, 

ℎ𝑐𝑜𝑖𝑙 = ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑖𝑙 

Therefore;  

𝐿 = 𝜋 (0.02𝑚 + 0.0023038𝑚) ∗ 100 + (2𝜋 ∗ 0.01𝑚 ∗ 100 ∗ 0.10𝑚) = 7.63𝑚 𝑠𝑎𝑦 8𝑚 

4.3.4 Resistance of the wire 

Resistance is a fundamental characteristic of materials that describes their ability to impede the 

flow of electric current. It is represented by the symbol 𝑅 and measured in ohms (Ω) 

(byjus.com, 2024). Therefore, from ohms law; resistance can be calculated as;  

𝑅 = 𝜌𝑐

𝐿

𝐴𝑤𝑖𝑟𝑒
 

Where;  

𝑅 =  𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒  

𝜌𝑐 =  𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑖𝑟𝑒 (𝑖. 𝑒. 𝑐𝑜𝑝𝑝𝑒𝑟 =  1.72 × 10−8Ω − 𝑚) 

𝐿 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑤𝑖𝑟𝑒 

Therefore; putting the available data in to the equation becomes;  

𝑅 =  
1.72 × 10−8 𝑜ℎ𝑚 − 𝑚 ∗ 8𝑚

4.17 × 10−6𝑚2
 

𝑇ℎ𝑒𝑛 𝑅 = 0.033 Ω 

4.3.5 Magnetic field Strength  

The magnetic field strength measures the intensity of a magnetic field at a certain place in 

space. It is a measure of the magnetic force applied to a unit magnetic pole located at that point 

(Robert Sheldon, 2024).  Therefore, Magnetic field strength for one pole can be calculated as;  

𝐻 =
𝑖 ∗ 𝑁

𝐴𝑖𝑟 𝑔𝑎𝑝
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Substituting for value of current, air gap and number of turns, it gives;  

𝐻 =
12𝐴 ∗ 100

0.001𝑚
 

𝑡ℎ𝑒𝑛, 𝐻 = 1.2 × 106𝐴/𝑚 

4.3.6 Magnetic flux density  

Magnetic flux density, often known as 𝐵, is a basic concept in magnetic theory that describes 

the strength of a magnetic field in a certain region of space. It quantifies the amount of magnetic 

flux passing through a unit area perpendicular to the direction of the field of magnets, or it 

measures the quantity of magnetic field lines within a given location(electricalacademia.com, 

2024). Therefore, magnetic flux density without considering reluctance can be calculated as 

follows; 

𝐵 =
𝜇0 ∗ 𝑖 ∗ 𝑁

𝐴𝑖𝑟 𝑔𝑎𝑝 
= 𝜇0 ∗ 𝐻 

Based on magnetic circle theory, to calculate magnetic flux density, reluctance should be 

considered, which means the formula describes the magnetic flux density B in a coil when a 

conductive disc is rotating nearby. It considers two main factors which are the magnetomotive 

force generated by the solenoid and the influence of the rotating disc. The magnetomotive force 

is determined by the number of turns in the solenoid and the electric current passing through 

it. The rotating disc affects the magnetic field due to its conductivity and motion, which induces 

eddy currents that oppose the magnetic field. The formula accounts for the resistance to the 

magnetic field from both the air gap and the rotating disc, showing how these elements together 

determine the resulting magnetic flux density (Zhou et al., 2015), therefore it becomes;  

𝐵 =
𝑁𝑖

(
𝑙𝑔

𝜇0
) + 𝜎 ∗ 𝑎𝑑 ∗ 𝑟𝑝 ∗ 𝑡𝑑𝑖𝑠𝑐 ∗ 𝜔

 

Where;  

𝑁 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑛𝑠 = 800 

𝑡𝑑𝑖𝑠𝑐 = 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑟𝑜𝑡𝑎𝑡𝑖𝑛𝑔 𝑑𝑖𝑠𝑐 = 0.012 

𝑙𝑔 = 𝑎𝑖𝑟 𝑔𝑎𝑝 = 0.001 
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𝜔 = 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = 167.55 (𝑟𝑎𝑑/𝑠) 

𝜎 = 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =2.495 × 107 𝐴2.s3

kg.m3∗
; 𝑓𝑜𝑟 𝐴𝑙𝑚𝑢𝑛𝑖𝑢𝑚 𝐴𝑙𝑙𝑜𝑦 𝐷𝑖𝑠𝑐  6061 𝑎𝑛𝑑 5.96 ×

107  
𝐴2.s3

kg.m3∗
 𝑓𝑜𝑟 𝐶𝑜𝑝𝑝𝑒𝑟 𝐷𝑖𝑠𝑐  

𝑎𝑑 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑙𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑟𝑜𝑡𝑎𝑡𝑖𝑛𝑔 𝑑𝑖𝑠𝑐 

𝑟 = 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑝𝑜𝑙𝑒 𝑓𝑎𝑐𝑒 0.025𝑚 

Then, substituting the values into the equation gives;   

𝐵 =  
800 ∗ 12𝐴

(
0.001𝑚

4 ∗ 𝜋 ∗ 10−7𝐾𝑔. 𝑚/𝐴2𝑠2) + 2.495 × 107 𝐴2. s3

kg. m3 ∗ 0.135𝑚 ∗ 0.012𝑚 ∗ 0.025𝑚 ∗ 167.55 𝑟𝑎𝑑/𝑠𝑒
 

𝐵 = 0.056 𝑜𝑟
𝐾𝑔

𝐴2
. s2 𝑓𝑜𝑟 𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚 𝑎𝑙𝑙𝑜𝑦 6061 

800 ∗ 12𝐴

(
0.001𝑚

4 ∗ 𝜋 ∗ 10−7𝐾𝑔. 𝑚/𝐴2𝑠2) + 5.96 × 107 𝐴2. s3

kg. m3 ∗ 0.135𝑚 ∗ 0.012𝑚 ∗ 0.025𝑚 ∗ 167.55 𝑟𝑎𝑑/𝑠𝑒
 

𝐵 = 0.0236 𝑠𝑎𝑦 0.024 𝑇𝑒𝑠𝑙𝑎 𝑜𝑟
𝑘𝑔

𝐴2. s2
 𝑓𝑜𝑟 𝑐𝑜𝑝𝑝𝑒𝑟  

4.3.7 Magnetic flux  

Magnetic flux describes the amount of magnetic field going through a specific location. It is 

an indicator of the total number of magnetic field lines that penetrate a surface perpendicular 

to the direction of the magnetic field (Khanacademy.org, 2024). Therefore, Magnetic flux can 

be calculated using the following formula;  

Φ = 𝐵 ∗ 𝐴𝑐𝑜𝑟𝑒 

But; 𝐴𝑐𝑜𝑟𝑒 = 𝐴𝑃 = 𝜋 ∗ 𝑟𝑐𝑜𝑟𝑒
2 = 𝜋 ∗ 0.025𝑚2 = 0.0019635𝑚2 

Then; substituting the values in the equation gives;  

 Φ = 0.1 𝑇𝑒𝑠𝑙𝑎 ∗ 0.0019635𝑚2 = 0.000109956 𝑊𝑒𝑏𝑒𝑟 𝐹𝑜𝑟 𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚 𝐴𝑙𝑙𝑜𝑦 6061 

Φ = 0.024 𝑇𝑒𝑠𝑙𝑎 ∗ 0.0019635𝑚2 = 0.00047124 𝑊𝑒𝑏𝑒𝑟 𝑓𝑜𝑟 𝑐𝑜𝑝𝑝𝑒𝑟  

4.3.8 Current Density  

Current density is a key term in electromagnetism that describes how electric current is 

distributed within a conductor. It is defined as the amount of electric current passing through a 
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unit cross-sectional area in the opposite direction of the current flow. In other words, it 

measures the amount of electric current present in a particular volume of material. It is 

influenced by several factors. These include the electrical conductivity of the material, the 

speed at which the disc rotates (angular velocity), and the strength of the magnetic field. 

Additionally, the distance between the center of the disc and the center of the magnetic pole 

affects the current density. When the disc spins in the magnetic field, the interaction between 

the moving charges in the disc and the magnetic field induces an electric current, with the 

intensity determined by these parameters. 

 Therefore, from magnetic circle theory Current density can be calculated using the following 

formula(Alexandre J., 2020); 

𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝐽𝑒 = 𝜎 × [𝑎𝑑 ∗ 𝜔 ∗ 𝐵] 

Where  

𝐽𝑒: 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦, 

𝜎 = 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 

𝜎 = 2.495 × 107  𝑂ℎ𝑚 − 𝑚−1𝑜𝑟 (
𝐴2. s3

kg. m3
)  𝑓𝑜𝑟 𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚 𝐴𝑙𝑙𝑜𝑦 6061 𝑑𝑖𝑠𝑐  𝑎𝑛𝑑  

𝜎 =  5.96 × 107  𝑂ℎ𝑚 − 𝑚−1  (
𝐴2. s3

kg. m3
) 𝑓𝑜𝑟 𝐶𝑜𝑝𝑝𝑒𝑟 𝑑𝑖𝑠𝑐    

𝑎𝑑 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑖𝑠𝑐 𝑎𝑛𝑑 𝑐𝑒𝑛𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑙𝑒 = 135𝑚𝑚 = 0.135 

𝜔 = 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, = 1600𝑅𝑃𝑀 = 167.5𝑅𝑃𝑆  

𝐵 = 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑓𝑙𝑢𝑥 𝑑𝑒𝑛𝑠𝑖𝑡𝑦  

Then substituting the values into equation gives the following results; 

𝐽𝑒 = 2.495 × 107
𝐴2. s3

kg. m3
∗ [0.135𝑚 ∗ 167.5 𝑅𝑃𝑆 ∗ 0.056

𝑘𝑔

𝐴2
. s2] 

𝐽𝑒 = 31,603,616.1
𝐴

𝑚2
𝑓𝑜𝑟 𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚 𝐴𝑙𝑙𝑜𝑦 6061 𝑑𝑖𝑠𝑐    

𝐽𝑒 = 5.96 × 107
𝐴2. s3

kg. m3
∗ [0.135𝑚 ∗ 167.5 𝑅𝑃𝑆 ∗ 0.024

𝑘𝑔

𝐴2
. s2] 
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𝐽𝑒 = 32,354,575.2 
𝐴

𝑚2
 𝑓𝑜𝑟 𝐶𝑜𝑝𝑝𝑒𝑟 𝑑𝑖𝑠𝑐  

4.3.9 Power dissipation, braking torque and force  

In electromagnet retarders, power dissipation refers to the amount of energy that is lost as heat 

in the system. This dissipation occurs due to the flow of current through the electromagnet's 

disc. The resistivity of the material, the density of the current, and the volume of the disc all 

contribute to this process. Essentially, as more current flows through the disc, more heat is 

generated, leading to higher power dissipation. Power dissipated can be calculated using again 

magnetic circle theory;  

𝑃𝑑 = 𝜌 ∗ 𝐽𝑒
2 ∗ 𝑉𝑑𝑖𝑠𝑐 = 𝜌 ∗ 𝐽𝑒

2 ∗ 𝐴𝑑𝑖𝑠𝑐 ∗ 𝑡𝑑𝑖𝑠𝑐 

Where;  

𝑃𝑑 = 𝑝𝑜𝑤𝑒𝑟 𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑,  

𝜌 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 

𝜌 = 4.066 × 10−8   
kg. m3

𝐴2. s3
, 𝑓𝑜𝑟 𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚 𝑎𝑙𝑙𝑜𝑦 6061 𝑑𝑖𝑠𝑐 𝑎𝑛𝑑  

𝜌 = 1.68 × 10−8 𝑓𝑜𝑟 𝐶𝑜𝑝𝑝𝑒𝑟 𝑑𝑖𝑠𝑐   

𝐴𝑑𝑖𝑠𝑐 = 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑟𝑜𝑡𝑎𝑡𝑖𝑛𝑔 𝑑𝑖𝑠𝑐 = 𝜋 ∗ 0.1702 = 0.09079𝑚2  

𝑡𝑑𝑖𝑠𝑐 = 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑟𝑜𝑡𝑎𝑡𝑖𝑛𝑔 𝑑𝑖𝑠𝑐 = 0.012𝑚 

Therefore;  

𝑃𝑑 = 4.066 × 10−8   
kg. m3

𝐴2. s3
∗ (31,603,616.1

𝐴

𝑚2
)

2

∗ 0.09079𝑚2 ∗ 0.012𝑚 

Then, 𝑃𝑑 = 44,244.5917 𝑤𝑎𝑡𝑡𝑠 𝑓𝑜𝑟 𝑎𝑙𝑚𝑖𝑛𝑢𝑚 𝑎𝑙𝑙𝑜𝑦 6061 𝑑𝑖𝑠𝑐  

𝑃𝑑 = 1.68 × 10−8   
kg. m3

𝐴2. s3
∗ (32,354,575.2

𝐴

𝑚2
)

2

∗ 0.09079𝑚2 ∗ 0.012𝑚 

𝑃𝑑 = 19,160.196 𝑤𝑎𝑡𝑡𝑠 𝑓𝑜𝑟 𝐶𝑜𝑝𝑝𝑒𝑟 𝑑𝑖𝑠𝑐 
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In electromagnet retarders, power dissipation and torque are intimately related. When the 

retarder is engaged, it creates a magnetic field that induces eddy currents in nearby conductive 

materials, such as the rotor or driveshaft of the vehicle. These currents create resistance, 

generating braking torque that slows down the vehicle. The power dissipation is directly 

proportional to the torque produced; higher power dissipation results in greater braking torque. 

Therefore, the braking torque can be calculated using the following formula;  

𝑇𝑏 =
𝑃𝑑

𝜔
=

44,244.5917  𝑊𝑎𝑡𝑡𝑠

167.55 𝑟𝑝𝑠
= 264.067 𝑁 − 𝑚 𝑓𝑜𝑟 𝐴𝑙𝑚𝑖𝑛𝑢𝑚 𝐴𝑙𝑙𝑜𝑦 6061 𝑑𝑖𝑠𝑐  

𝑇𝑏 =
𝑃𝑑

𝜔
=

19,160.196 𝑊𝑎𝑡𝑡𝑠

167.55 𝑟𝑝𝑠
= 114.355 𝑁 − 𝑚 𝑓𝑜𝑟 𝐶𝑜𝑝𝑝𝑒𝑟 𝑑𝑖𝑠𝑐  

The braking force therefore can be calculated using torque formula; 

𝐹𝑏 =
𝑇𝑏

𝑑𝑖𝑠𝑐 𝑟𝑎𝑑𝑖𝑢𝑠
=

264.067 𝑁 − 𝑚

0.170 𝑚
= 1553.34𝑁 𝑓𝑜𝑟 𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚 𝐴𝑙𝑙𝑜𝑦 6061 𝐷𝑖𝑠𝑐 

𝐹𝑏 =
𝑇𝑏

𝑑𝑖𝑠𝑐 𝑟𝑎𝑑𝑖𝑢𝑠
=

114.355 𝑁 − 𝑚 

0.170 𝑚
= 672.7 𝑁 𝑓𝑜𝑟 𝑐𝑜𝑝𝑝𝑒𝑟 𝐷𝑖𝑠𝑐  

To achieve optimal torque generation using an electromagnetic retarder, Design Expert 

software is employed to determine the best combinations of the number of turns, air gap, and 

current. These parameters are crucial for torque optimization, as they are calculated for each 

combination to find the most effective setup. The focus is on Aluminium Alloy 6061 and 

Copper. The ranges for the current (i), air gap (l_g), and the number of turns (N) are set as 

follows: 10mA to 19A, 0.0009m to 0.0015m, and 100 to 800 turns, respectively. Design Expert 

software conducts 19 iterations to identify the optimal torque value using the torque formula. 

The results of these calculations for each combination are presented in Table 4.1. 

𝑇𝑏 = 𝜌 ∗ 𝜔 ∗ 𝐴𝑑𝑖𝑠𝑐 ∗ 𝑡𝑑𝑖𝑠𝑐 ∗ 𝑎𝑑
2 ∗ 𝜎2 ∗   ( 

𝑁𝑖

(
𝑙𝑔

𝜇0
) + 𝜎 ∗ 𝑎𝑑 ∗ 𝑟𝑝 ∗ 𝑡𝑑𝑖𝑠𝑐 ∗ 𝜔

)

2

 

Form table 4.1 it is found that 656.54Nm is the maximum Torque generation, which is found 

by taking N=900, current=16.704A and airgap=0.0012m. 
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Table 4. 1 Torque Optimization Iteration for Aluminium Alloy 6061 

 

By using the same iteration for copper disc, the following results are obtained 

 

Runs Current (A) Air Gap (m) Number of turns   Retarding Torque 

(Nm)  

1 15 0.0009 800 419.46 

2 15 0.0015 1000 576.67 

3 8.29552 0.0012 900 161.91 

4 16.7045 0.0012 900 656.54 

5 12.5 0.0012 900 367.63 

6 12.5 0.0012 900 367.63 

7 10 0.0015 1000 289.66 

8 12.5 0.0012 900 367.63 

9 12.5 0.0012 900 367.63 

10 12.5 0.0012 731.821 243.07 

11 10 0.0015 800 185.386 

12 12.5 0.0012 1068.18 517.89 

13 10 0.0009 800 186.42 

14 12.5 0.00170454 900 365.91 

15 12.5 0.000695462 900 369.37 

16 15 0.0015 800 417.12 

17 15 0.0009 1000 655.41 

18 10 0.0009 1000 291.29 

19 12.5 0.0012 900 367.638 
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Table 4. 2 Torque Optimization Iteration for copper Disc 

 

As tabulated in table 4-2, the maximum retarding torque generation is obtained in the 

combination of (900,0.0012m,16.7045A) which is 291.98Nm. 

 

Runs  Current-i (A) Air gap-l_g (m) Number of turns-N (-) Torque- Tb(N-m) 

1 15 0.0009 800 186.25 

2 15 0.0015 1000 290.336 

3 8.29552 0.0012 900 72.01 

4 16.7045 0.0012 900 291.982 

5 12.5 0.0012 900 163.5 

6 12.5 0.0012 900 163.5 

7 10 0.0015 1000 129.03 

8 12.5 0.0012 900 163.506 

9 12.5 0.0012 900 163.506 

10 12.5 0.0012 731.821 108.11 

11 10 0.0015 800 82.58 

12 12.5 0.0012 1068.18 230.32 

13 10 0.0009 800 82.77 

14 12.5 0.00170454 900 163.18 

15 12.5 0.000695462 900 163.83 

16 15 0.0015 800 185.81 

17 15 0.0009 1000 291.02 

18 10 0.0009 1000 129.34 

19 12.5 0.0012 900 163.506 
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As Tabulated again in Table 4.1 and 4.2, the maximum torque generation is registered at the 

same number of turns, current and air gap of 900,0.0012m,16.7045A respectively. But, 

according to retarding purpose aluminium alloy 6061 is better than that of copper material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 and 4.3 shows the relationship between braking torque, current, and air gap is 

depicted. As observed, the braking torque shows a direct proportionality to the current: as the 

current increases, the braking torque also increases. This trend is expected as the 

electromagnetic force, which contributes to the braking torque, is directly influenced by the 

magnitude of the current passing through the coil. The air gap, which is the distance between 

the rotor and the stator, also plays a significant role in the braking torque. Initially, as the air 

Figure 4. 2 Response 3D surface for Aluminium alloy 6061 

Figure 4. 3 surface response for Copper material 
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gap increases, the braking torque shows a positive correlation and increases. This is because a 

larger air gap allows for a greater magnetic field interaction between the rotor and stator, 

enhancing the braking effect. However, this positive correlation only holds up to a certain point. 

Beyond this point, further increasing the air gap results in a decrease in the braking torque. The 

diminishing torque can be attributed to the fact that an excessively large air gap reduces the 

efficiency of the magnetic field interaction. The magnetic flux density diminishes with a larger 

gap, leading to a weaker electromagnetic force and, consequently, reduced braking torque. 

Therefore, lets redesign by using these combination results. That is for the following values;  

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑛𝑠 = 𝑁 = 900 

𝐴𝑖𝑟 𝑔𝑎𝑝 = 𝑖 =  0.0012𝑚 

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 = 𝑖 =  16.7𝐴  

𝑏𝑢𝑡, 𝑡𝑎𝑘𝑒 𝑡ℎ𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑓 19𝐴 𝑓𝑜𝑟 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑤𝑖𝑟𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠.  

Using maximum current 19A, AWG 9 having wire diameter or thickness of 0.00290576m, area 

of the wire is 0.00000663m2 is selected (See Appendix 1).   

Based on optimized number of turns value, that is 900 turns divide by 8 poles gives 113turns. 

So that, the wire length becomes; 

𝐿 = 𝜋 (0.02𝑚 + 0.00290576𝑚) ∗ 113 + (2𝜋 ∗ 0.01𝑚 ∗ 113 ∗ 0.10𝑚) = 11.1 𝑠𝑎𝑦 12𝑚 

Resistance of the conductive copper wire can be calculated as;  

𝑅 =  
1.72 × 10−8 𝑜ℎ𝑚 − 𝑚 ∗ 12𝑚

4.17 × 10−6𝑚2
= 0.04949 Ω 

Therefore, re-calculated Magnetic flux density becomes; 

𝐵 =
𝑁𝑖

(
𝑙𝑔

𝜇0
)+𝜎∗𝑎𝑑∗𝑟𝑝∗𝑡𝑑𝑖𝑠𝑐∗𝜔

  

Substituting the values in the equation it gives;  

𝐵 =
900 ∗ 19𝐴

170260.43
𝑘𝑔

𝐴3. s2

= 0.100 𝑇𝑒𝑠𝑙𝑎 

Current density which is used for determining power dissipation becomes;  

𝐽𝑒 = 2.495 × 107
𝐴2. s3

kg. m3
∗ [0.135𝑚 ∗ 167.5 𝑅𝑃𝑆 ∗ 0.100

𝑘𝑔

𝐴2s2
. ] = 56,435,028.75

𝐴

𝑚2
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Therefore, power dissipation is obtained as follows; 

  

𝑃𝑑 = 4.066 × 10−8   
kg. m3

𝐴2. s3
∗ (56,435,028.75

𝐴

𝑚2
)

2

∗ 0.09079𝑚2 ∗ 0.012𝑚 

𝑃𝑑 = 141,086.0705 𝑊𝑎𝑡𝑡𝑠 

Retarding Torque generated by the retarder becomes; 

𝑇𝑏 =
𝑃𝑑

𝜔
=

141,086.0705  𝑊𝑎𝑡𝑡𝑠

167.55 𝑟𝑝𝑠
= 850 𝑁𝑚 

Finally, the retarding force generated by retarder becomes;  

𝐹𝑏 =
𝑇𝑏

𝑑𝑖𝑠𝑐 𝑟𝑎𝑑𝑖𝑢𝑠
=

850𝑁𝑚

0.170𝑚
= 5000𝑁 

4.3.10 Shaft with spur tooth design  

To connect and transmit power from output of gear box flange in to the input of a propeller 

shaft flanges, there should be a shaft and flange in between, the spur teeth which is externally 

toothed on the shaft is necessary to be connected with internally toothed flanges at both ends, 

therefore shaft which have spur teeth at both ends are designed as follows;   

✓ The material selected: Alloy steel 

✓ Yield Tensile Strength (YTS)= 620MPs  

✓ Assumed Shaft length (L) = 21cm = 210mm 

✓ Assumed Torque:2000Nm  

✓ RPM = 1600 

From strength of materials; 

𝑇𝑜𝑟𝑠𝑖𝑜𝑛𝑎𝑙 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 𝑐𝑎𝑛 𝑏𝑒 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑢𝑠𝑖𝑛𝑔 𝑡ℎ𝑒 𝑓𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔 𝑓𝑜𝑟𝑚𝑢𝑙𝑎. 

𝜏 =
𝑇 ∗ 𝑟𝑠ℎ𝑎𝑓𝑡

𝐽
 

Where;  

𝜏 = 𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑎𝑙 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠 

𝑇 = 𝑡𝑜𝑟𝑞𝑢𝑒  
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𝑟𝑠ℎ𝑎𝑓𝑡 = 𝑠ℎ𝑎𝑓𝑡 𝑟𝑎𝑑𝑖𝑢𝑠 

𝐽 = 𝑝𝑜𝑙𝑎𝑟 𝑚𝑜𝑚𝑒𝑛𝑡 𝑜𝑓 𝑖𝑛𝑒𝑟𝑡𝑖𝑎, 

To calculate the torsional shear stress, torque and radius are known, but polar moment of 

inertia is unknown,  

therefore, polar moment of inertia for solid shaft can be calculated using the formula;  

𝐽 =
𝜋𝑑𝑠ℎ𝑎𝑓𝑡

4

32
  

Therefore, it becomes; 𝐽 =
𝜋∗0.035𝑚4

32
= 1.473 × 10−7𝑚4 

Polar moment of inertia for hollow shaft can be calculated also using;  

𝐽 =
𝜋

32
∗ (𝑑𝑜𝑠

4 − 𝑑𝑖𝑠
4 ) 

Therefore; assume the inner diameter of the shaft is 0.01m  

Then;  

𝐽 =
𝜋

32
∗ (0.035 𝑚4 − 0.01𝑚4) = 1.463 × 10−7𝑚4 

Then, shear stress for solid shaft can be calculated as; 

𝜏𝑠𝑜𝑙𝑖𝑑 =
2000𝑁𝑚 ∗ 0.0175𝑚

1.473 × 10−7𝑚4
= 237.61𝑀𝑝 

Shear stress for hollow shaft can be calculated also;  

𝜏𝐻𝑜𝑙𝑙𝑜𝑤 =
2000𝑁𝑚 ∗ 0.0175𝑚

1.463 × 10−7𝑚4
= 239.2𝑀𝑝𝑎 

Since the value of shear stress is less than the yield tensile stress, it shows that safe, let’s check 

again by calculating the factor of safety.  

Factor of safety for solid shaft can be calculated using the formula;  

𝐹𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑠𝑎𝑓𝑒𝑡𝑦 =
𝑦𝑖𝑒𝑙𝑑 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑠𝑠

𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑜𝑙𝑖𝑑 𝑠ℎ𝑎𝑓𝑡 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠
=

620𝑀𝑝𝑎

237.61𝑀𝑝𝑎
= 2.609 

 Factor of safety for hollow shaft can be calculated also;  
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𝐹𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑠𝑎𝑓𝑒𝑡𝑦 =
𝑦𝑖𝑒𝑙𝑑 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑠𝑠

𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑜𝑙𝑖𝑑 𝑠ℎ𝑎𝑓𝑡 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠
=

620𝑀𝑝𝑎

239.2𝑀𝑝𝑎
= 2.591 

The solid shaft has a higher factor of safety compared to the hollow shaft with a minimum 

value; however, both are safe for use. Despite this, the solid shaft is preferred for design 

purposes. For Spur tooth design (See Appendix 3) 

4.3.11 Flange Design  

• Assumed angular speed 1800RPM 

• Diameter of the flange is 165mm the same as the diameter of the propeller shaft 

• Torque = 2000NM  

• Assume M10 bolt and number of bolts are 4.  

Bolt spacing: in order to get bolt spacing the circumference of the flange should be divided by 

the number of bolts.  

𝐶𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝜋 ∗ 165𝑚𝑚 =  518.36 𝑚𝑚 

Therefore, bolt spacing becomes; 
518.4

4
= 129.6𝑚𝑚  

Pitch diameter for the internal spur tooth on the flange is equal to module multiplied by 

number of teeth i.e.  

𝐷 = 3𝑚𝑚 ∗ 10 = 30𝑚𝑚 

Flange bending stress can be calculated using  

𝜎𝑏 =
32 ∗ 𝑁

𝜋𝐷3
=

32 ∗ 1800𝑅𝑃𝑀

𝜋 ∗ (0.165𝑚)3
= 4.081𝑀𝑃𝑎 

Since the bending stress of the flange is less than the yield tensile strength value, it can be 

concluded that the design is safe.  

Bolt shear stress can be calculated also using the following formula i.e.   

𝜏 =
𝑇

𝐴
 

But Area can be calculated using, A = 
𝜋

4
∗ 𝑑𝑏𝑜𝑙𝑡

2 =
𝜋

4
∗ 0.012 = 7.854 × 10−5𝑚2 

Then bolt shear stress becomes; 
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𝜏 =
2000𝑁𝑚

7.854 × 10−5𝑚2
= 25.46 𝑀𝑃𝑎 

Since bolt shear stress is less than yield tensile stress, it is safe. 

Strength analysis for internal gear teeth can be calculated using flange bending stress and 

Lewis form factor. Assume Lewis form factor = 2.5 

𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑠𝑡𝑟𝑒𝑠𝑠 = 𝑙𝑒𝑤𝑖𝑠 𝑓𝑜𝑟𝑚 𝑓𝑎𝑐𝑡𝑜𝑟 ∗ 4.081𝑀𝑃𝑎 = 2.5 ∗ 4.01𝑀𝑃𝑎 = 10.025𝑀𝑃𝑎.   

Therefore, the contact stress is also less than yield tensile stress, it is safe.  

Using again Lewis form factor, tooth bending stress can be calculated using the following 

formula.  

𝜎𝑡𝑏 =
2 ∗ 𝑇

𝜋 ∗ 𝑑𝑠ℎ𝑎𝑓𝑡∗𝑚∗(1+𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑒𝑒𝑡ℎ )
 

Therefore, 𝜎𝑡𝑏 =
2∗2000𝑁𝑚

𝜋∗0.035𝑚∗0.003𝑚∗(1+10)
= 1.1 𝑀𝑃𝑎 which is also less than yield tensile 

strength, it is safe.  

4.3.12 Bearing Selection  

A mechanical component that reduces wear and friction between moving elements in machines 

is a bearing. It allows for efficient and smooth movement by supporting and guiding sliding or 

rotating components. Depending on the load capacity, speed, and motion type, different types 

of bearings, such as ball, roller, and plain bearings, are made for specialized applications 

(Testbook.com, 2024). 

A. Ball Bearing: one of mechanical component that reduces friction between moving 

elements is a ball bearing. It produces a smooth rolling contact by using balls in place of a 

sliding contact. They are mostly utilized for light loading (Tameson.com, 2024). 

B. Roller Bearing: A roller bearing is a type of rolling-element bearing, similar to a ball 

bearing, but instead of balls, it uses cylindrical rollers to minimize friction between moving 

parts. These can handle heavier loads than ball bearings but have more friction 

(Emersonbearing.com, 2024). 

C. Thrust bearings: Unlike standard bearings that manage both radial and axial loads, 

thrust bearings are specifically designed to handle axial loads. They accomplish this by 

utilizing angled contact surfaces or flat thrust washers positioned between the rotating and 
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stationary parts. These surfaces evenly distribute the axial load, allowing for smooth 

rotation with minimal friction (globalspec.com, 2024).  

D. Plain bearings: Plain bearings, also known as slide bearings or friction bearings, are 

the most basic and ancient type of bearing. Instead of using balls or rollers like rolling-

element bearings, they function by facilitating a sliding contact between the shaft and the 

bearing surface. They are ideal for applications with low loads (bearingtips.com, 2024). 

From bearing types, roller bearing is suitable for this design selection because of it can carry 

higher loads. To determine bearing load the following formula is used (Khurmi & Gupta, 

2005).  

𝐹𝑙𝑏 =
𝑇

𝑟𝑠
∗ 𝐶𝐵 

 

Where; 𝑇 = 𝑡𝑜𝑟𝑞𝑢𝑒 = 2000𝑁𝑚, 𝑟𝑠 = 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑠ℎ𝑎𝑓𝑡 = 0.0175𝑚, 𝐶𝐵 =

𝑏𝑒𝑎𝑟𝑖𝑛𝑔 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑒𝑛𝑡 = 0.01 − 0.02 𝑡𝑎𝑘𝑒 0.02 

𝐹𝑙𝑏 =
2000𝑁𝑚

0.0175𝑚
∗ 0.02 = 22857𝑁 

Based on the diameter of shaft and the bearing load, i.e. is 35mm and 22857𝑁 respectively, 

NU1007 bearing is selected (NSK.com, 2024).  

4.4 CAD Modelling of Electromagnetic Retarder  

Based on analytical calculations and assumption the following part components are modelled 

using SOLIDWORKS CAD software.  

4.4.1 Single Stator and poles  

Stator is one electromagnetic retarder part which holds poles, bearing and it is not movable like 

rotating disc it is fixed on chassis. Figure 4.4, shows 3D model of single stator holding 8 poles.   

 

 

 

 

 

 

 
Figure 4. 4 Modelled stator and poles 
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4.4.2 Single Rotating Disc model 

The other component of the electromagnetic brake retarder is rotating disc, which is used for 

generation of eddy current, the generated eddy current creates its own magnetic field so that it 

opposes the normal magnetic field, so that braking torque or force is generated. Figure 4.5, 

shows 3D model of rotating disc that is used for generation of braking torque.  

 

 

 

 

 

 

4.4.3 Shaft model 

Figure 4.6 shows, a 3D modelling of a shaft which have spur tooth at both ends.   

4.4.4 Flange with Internal Gear   

Flange is necessary for strength and connecting one shaft to other shaft, or from one output 

system to other input system. In this case, it is connected with gear box output flange, then this 

flange is connected via internal spur tooth with shaft having eternal tooth, which is illustrated 

Figure 4. 5 Rotating disc 

Figure 4. 6 Shaft with spur tooth at both ends 
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in figure 15 to one end (from stator side), and the put of retarder flange at rotating disc side, is 

connected with propeller shaft. Figure 4.7, shows the 3D model of flange.   

4.4.4 Roller Bearing  

Roller Bearing is selected based on the maximum torque, angular speed and space availability. 

Figure 4.8 shows, bearing which is useful to hold and support the shaft.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 7 Flange 3D model 

Figure 4. 8 Roller Bearing 
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4.4.5 Assembly 3D modelling 

Figure 4.9 shows assembled single stator single rotating disc electromagnetic retarder system.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 9 Assembly of Single stator-rotor of electromagnetic retarder 
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CHAPTER FIVE 

RESULT AND DISCUSSION 

5.1 Analytical Design Outcome  

The following table 5.1 shows the final result of design outcome.  

Table 5. 1 design general results for electromagnetic brake retarder. 

Description  Result  

Calculated vehicle required torque  1700 N-M 

Calculated vehicle required force  10 KN 

Number of turns  900 

Excitation current  19A 

Wire gauge  AWG 9 

Wire thickness  0.00290576m 

Wire diameter  0.00000663m2 

Length of wire  12m  

Resistance  0.04949 Ω 

Magnetic flux density  0.100 𝑇𝑒𝑠𝑙𝑎 

Current density  
56,435,028.75

𝐴

𝑚2
 

Power dissipation 141,086.0705 𝑊𝑎𝑡𝑡𝑠 

Generated retarding torque  850 𝑁𝑚 

Generated retarding force  5kN 

Retarding efficiency  50% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 1 Magnetic Flux Density vs Number of Turns 
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Figure 5.1 shows that as the number of turns in a coil increases, the magnetic flux density also 

increases. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 shows, a graph having a linear relationship, which means the magnetic flux density 

increases proportionally with the current. This aligns with Ampere's Law, which states that the 

magnetic field created by an electric current is proportional to the size of that current. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 shows the inverse relation between magnetic flux density and air gap. This means 

that as the air gap increases, the magnetic flux density decreases. An eddy current retarder uses 

a magnetic field to induce eddy currents in a conductive disk. The eddy currents create a 

magnetic field that opposes the original magnetic field, according to Lenz’s law. This opposing 

magnetic field weakens the magnetic field in the air gap, the space between the rotor and the 

stator of the retarder. 

Figure 5. 2 Magnetic Flux Density vs Current Relation 

Figure 5. 3 Magnetic Flux Density vs Air gap Relation 
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Figure 5.4 shows a positive correlation between magnetic flux density (B) and braking torque 

(T). This means that as the magnetic flux density increases, the braking torque also increases. 

Because, an eddy current retarder uses a magnetic field to induce eddy currents in a conductive 

disk, the interaction between the magnetic field and the eddy currents creates a drag force, 

which is what creates the braking torque. A stronger magnetic field will induce stronger eddy 

currents, leading to a greater drag force and therefore higher braking torque. 

 

 

 

 

 

 

 

Figure 5.5 shows a positive correlation between current and braking torque. This means that as 

the current increases, the braking torque also increases. According to Ampere's Law, a higher 

current will result in a stronger magnetic field. In an eddy current brake, a stronger magnetic 

field will cause stronger eddy currents to be induced in the rotor disc. These eddy currents will 

then interact with the magnetic field to create a drag torque, which is what slows down the 

rotation of the shaft.  

Figure 5. 4 Magnetic Flux Density vs Braking Torque Relation 

Figure 5. 5 Current vs Braking Torque relation 
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The excitation current required for retarding is determined to be 16.7A through the use of 

design expert combination methods for optimum torque generation. However, when selecting 

the appropriate wire gauge, a value of 19A was used, thus setting the maximum current for this 

design as 19A. This design choice results in a significant reduction in power consumption. 

When compared to data from reviewed articles, where excitation currents ranged from 30A to 

50A (Xia et al., 2013)(K. Zhang et al., 2014)(Alexandre J., 2020).  

Additionally, the magnetic flux density achieved in this design is 0.1 Tesla. According to 

previously reviewed articles, the maximum magnetic flux density achieved was 1.95 Tesla. 

While a higher magnetic flux density would lead to greater eddy current torque generation, it 

would also require a much higher excitation current. Therefore, although this design generates 

a lower magnetic flux density, it benefits from a significantly reduced current requirement, 

balancing efficiency and effectiveness.  

In terms of performance metrics, the vehicle's required braking force and torque are calculated 

to be 10 kN and 1700 Nm, respectively. The retarding system designed in this study generates 

a retarding force of 5 kN and a torque of 850 Nm. This indicates that the retarding system is 

capable of achieving 50% of the necessary braking force and torque, effectively providing half 

of the total braking requirement.  

5.2 Static Simulation Outcome  

In the previous chapter the 3d modelling of electromagnetic retarder was presented for shaft, 

flange, stator and rotating disc components, these components are then simulated using 

ANSYS 2023 Student version simulation software. 

5.2.1 Shaft  

Since the shaft is rotating part of the system; taking the two ends as boundary condition, and 

maximum torque of 2000Nm is taken as input. So that considering maximum yield strength of 

steel alloy material the following results are obtained for total deformation, equivalent strain 

and stress. As shown in figure 5.6, the total deformation, maximum equivalent stress results; 

0.027113mm and 105.35 Mpa respectively. The maximum equivalent strain as illustrated in 

figure 5.7, becomes 0.00062708mm. 
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Figure 5. 7 Equivalent strain result 

Figure 5. 6 Total Deformation and equivalent stress 
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5.2.2 Flange  

The flange also is a rotating part of the system; taking the internal gear and the face of the 

flange as boundary condition, and is taking maximum torque of 2000Nm as input, considering 

maximum yield strength of steel alloy material, the following results are obtained for total 

deformation as shown in figure 5.3.  

In figure 5.8, the colours gradient on the flange represents the amount of deformation with red 

areas showing the most significant deformation (0.0014039 mm) and blue areas showing no 

deformation. (0.000 min). 

 

 

 

 

 

 

 

 

. 

Figure 5. 8 Total deformation simulation 

Figure 5. 9 Equivalent stress and strain result of Flange simulation 
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As shown in figure 5.9 The colour gradient on the flange represents the equivalent stress, with 

red areas showing the highest stress (14.388 MPa) and blue areas showing the lowest stress 

(0.00037605 MPa). in the case of equivalent elastic strain, with red areas indicating the most 

strain (0.00012964 mm/mm) and blue areas indicating the least strain (1.5191e-8 mm/mm). 

5.2.3 Rotating disc  

The disc that generate braking force is also subjected to rotational movement so, that the 

boundary condition for the disc is at the centre, or the disc is fixed at the centre and, by applying 

4mm mesh and 2000Nm torque on the disc, then the following results are obtained. Figure 5.10 

shows the result for total deformation the colour gradient tells us the amount of total 

deformation the object has undergone, with red areas showing the most significant deformation 

of 0.00011689 mm and blue areas showing the least deformation of 0mm.  

In figure 5.11 shown, different colours shown in the rotating disc represents the amount of 

strain with red areas showing the most strain (6.3426e-6mm) and blue areas showing the least 

strain (1.4879e-6mm). Strain is the indication of how much the material has deformed from its 

original shape.  

 

 

 

 

 

 

Figure 5. 10 Total deformation result for rotating disc simulation 

Figure 5. 11 Equivalent strain result of rotating disc simulation 
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Figure 5.12 shows the equivalent stress of rotating disc simulation; the red areas represent the 

highest stress (14.388 MPa) and are located on the edge of the flange. 

 

 

 

 

 

 

5.2.4 Stator with Poles  

Taking the stator material steel alloy, and subjecting the stator for 12.5 KN force, and by taking 

the stator disc faces as boundary condition, the following result is obtained.  

 

 

 

 

 

 

 

Figure 5.13 shows the result of stator with poles simulation; total deformation becomes 

0.000015403mm.  

Figure 5.14 and 5.15 shows, equivalent stress and strain simulation for stator with pole 

component, the maximum equivalent stress result becomes 0.28375 Mpa with maximum 

equivalent elastic strain of 0.0000014188mm.  

 

 

 

Figure 5. 12 Equivalent stress result for rotating disc simulation 

Figure 5. 13 Total deformation result 
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Generally, the simulated equivalent stresses for the shaft, flange, and stator are 105.35 MPa, 

14.388 MPa, and 0.28375 MPa, respectively. These values are well below the yield strength of 

620 MPa for alloy steel, demonstrating that the material can safely withstand the applied 

torque. Similarly, the equivalent stress for the rotating disc is 14.388 MPa, which is much less 

than the yield strength of 276 MPa for aluminium alloy 6061. This confirms that the design of 

the rotating disc is secure and capable of handling the stresses it will encounter. 

 

 

 

 

Figure 5. 15 Equivalent stress simulation result of stator with pole 

Figure 5. 14 Equivalent strain result for stator 
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CHAPTER SIX 

CONCLUSION AND RECOMMENDATION 

6.1 Conclusion  

In conclusion, now and then braking while driving downhill or uphill leads to brake fading, to 

minimize these frequent braking, additional braking mechanism makes it essential for heavy 

duty vehicles. Because of noiseless operation, simple structure and low-cost issues 

Electromagnetic brake retarder makes it important point to be added as additional auxiliary 

feature on the HOWO 336 dump truck, which is widely available vehicle in this country for 

construction and other purposes. Bearing this in mind, electromagnetic brake retarder is 

designed and analysed with different manual calculation and software simulation. 

 According to design results, the excitation current required for retarding is determined to be 

16.7A using a design expert combination for optimal torque generation. However, for selecting 

the wire gauge, a maximum current of 19A was used.  

The magnetic flux density obtained is 0.1 Tesla, whereas the maximum reported in previous 

studies was 1.95 Tesla. Although higher magnetic flux densities result in greater eddy current 

torque generation, they also require higher excitation currents. 

The vehicle's required braking force and torque are calculated to be 10 kN and 1700 Nm, 

respectively, while the system developed in this study generates 5 kN of force and 850 Nm of 

torque. This indicates that the retarding system can achieve 50% of the required braking 

capacity, effectively contributing to vehicle braking with reduced power consumption and 

excitation current. Additionally, the simulation results for total deformation, equivalent strain, 

and stress on the electromagnetic retarder components (shaft, flange, rotating disc, and stator) 

show positive outcomes. The stress levels in each component remain well within their 

respective safe operational limits compared to their yield strengths. 

6.2 Recommendation and future work  

6.2.1 Recommendation  

It is recommended that Sinotruck companies to consider incorporating the electromagnetic 

brake retarder into their HOWO 336 dump trucks. This addition could significantly reduce the 

need for frequent braking, thereby decreasing wear and tear on the service brakes. As a result, 

maintenance costs associated with brake system repairs and replacements would be minimized. 

Furthermore, by alleviating the load on the primary braking system, the electromagnetic 
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retarder would extend the service life of the brakes, enhancing overall vehicle efficiency and 

reliability. Implementing this technology would offer multiple benefits. Firstly, it would 

improve safety by providing consistent braking performance, especially on downhill and uphill 

routes where conventional brakes might experience fading. Secondly, the reduced strain on the 

service brakes would lead to lower maintenance costs over the vehicle's lifetime, as the brakes 

would require fewer repairs and replacements. Additionally, the overall downtime for brake 

maintenance would be reduced, increasing the operational availability of the trucks. 

6.2.2 Future Work Recommendation  

✓ It is recommended to conduct comprehensive testing of the electromagnetic brake retarder 

system to evaluate its efficiency for the specified vehicle, i.e. for HOWO 336 dump truck. 

This testing should be carried out in a controlled environment, such as a test bed or 

laboratory setting, to ensure accurate and reliable results. 

✓ Assessing the retarder efficiency by combining different aluminium alloys for better 

retarding torque generation.  
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APPENDIX 1: AWG TABLE 
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APPENDIX 2: SPECIFICATION OF HOWO 336 DUMP 

TRUCK 
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APPENDIX 3: SPUR TOOTH DESIGN FOR SHAFT 
✓ Assumed Number of teeth = 10 

✓ Assumed pitch diameter of the tooth = 30mm 

✓ Assumed pressure angle =20 degree (standard) 

✓ Assumed Gear ratio is 1:1 

 

The figure above shows the geometry of spur tooth which have different profiles, Therefore, 

from tooth profile geometry of the spur gear; the following results are obtained; 

 𝑀𝑜𝑑𝑢𝑙𝑒 =
𝑝𝑖𝑡𝑐ℎ 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑒𝑒𝑡ℎ 
=

30𝑚𝑚

10
= 3𝑚𝑚 

• 𝐴𝑑𝑑𝑒𝑛𝑑𝑢𝑚 (𝑎) = It is the radial distance between a tooth's pitch circle and its top;  

= 1 ∗ 𝑚𝑜𝑑𝑢𝑙𝑒 = 3𝑚𝑚 

• 𝐷𝑒𝑑𝑒𝑛𝑑𝑢𝑚 (𝑏): The radial distance between a tooth′s pitch circle and its bottom =

1.25 ∗ 𝑚𝑜𝑑𝑢𝑙𝑒 = 1.25 ∗ 3𝑚𝑚 = 3.75𝑚𝑚 

• 𝐶𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 =The radial distance between top and bottom teeth in a meshing gear. 

Clearance circle is a circle that passes through the top of the connected gear = 0.157 ∗

𝑚𝑜𝑑𝑢𝑙𝑒 =  0.157 ∗ 3𝑚𝑚 = 0.471𝑚𝑚 

• 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑑𝑒𝑝𝑡ℎ = It represents the radial distance between the addendum circle and 

the clearing circle. It is equivalent to the sum of the two meshing gears' addition =

2.25 ∗ 𝑚𝑜𝑑𝑢𝑙𝑒 = 2.25 ∗ 3𝑚𝑚 = 6.75𝑚𝑚 

 

Spur tooth geometry (Khurmi & Gupta, 2005) 
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APPENDIX 4: PART AND ASSEMBLY DRAWING 
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APPENDIX 5: MATLAB SCRIPT FOR PLOTTING 
The following MATLAB script was used to plot magnetic flux vs number of turns, magnetic 

flux density vs current, magnetic flux density vs air gap, magnetic flux density vs braking 

torque and current vs braking torque relation.   

>> % Given Parameters 

t_disc = 0.012; % Thickness of the rotating disc (m) 

m_vehicle = 25000; % Total mass of vehicle (kg) 

r_disc = 0.170; % Radius of rotating disc (m) 

A_disc = 0.09079; % Area of rotating disc (m^2) 

J_e = 63207232.2; % Current density (A/m^2) 

omega = 167.55; % Angular velocity (rad/s) 

Roho = 4.066e-8; % Material Resistivity (ohm-m) 

N_range = 800:1:1000; % Number of turns 

l_g_range = 0.0009:0.0001:0.0015; % Air gap (m) 

mu = 1.256e-6; % Permeability of free space (N/A^2) 

sigma = 2.459e7; % Material conductivity (Siemens/m) 

a_d = 0.135; % Distance between center of the disc to pole face 

r_p = 0.025; % Radius of pole face 

i_range = 10:1:19; % Current (A) 

i_fixed = 19; % Fixed current (A) 

N_fixed = 900; % Fixed number of turns 

lg_fixed = 0.0012; % Fixed air gap (m) 

 

% 1. Magnetic Flux Density (B) vs Number of Turns (N) 

figure; 

B_N = arrayfun(@(N) (N * i_fixed) / ((lg_fixed/mu) + (sigma * a_d * r_p * t_disc * omega)), 

N_range); 

plot(N_range, B_N); 
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xlabel('Number of Turns (N)'); 

ylabel('Magnetic Flux Density (B) (T)'); 

title('Magnetic Flux Density vs Number of Turns'); 

grid on; 

 

% 2. Magnetic Flux Density (B) vs Current (i) 

figure; 

B_i = arrayfun(@(i) (N_fixed * i) / ((lg_fixed/mu) + (sigma * a_d * r_p * t_disc * omega)), 

i_range); 

plot(i_range, B_i); 

xlabel('Current (i) (A)'); 

ylabel('Magnetic Flux Density (B) (T)'); 

title('Magnetic Flux Density vs Current'); 

grid on; 

 

% 3. Magnetic Flux Density (B) vs Air Gap (l_g) 

figure; 

B_lg = arrayfun(@(lg) (N_fixed * i_fixed) / ((lg/mu) + (sigma * a_d * r_p * t_disc * omega)), 

l_g_range); 

plot(l_g_range, B_lg); 

xlabel('Air Gap (m)'); 

ylabel('Magnetic Flux Density (B) (T)'); 

title('Magnetic Flux Density vs Air Gap'); 

grid on; 

 

% 4. Magnetic Flux Density (B) vs Braking Torque (T_b) 

figure; 

T_b_range = arrayfun(@(i) ... 
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    (Roho * (sigma * a_d * omega * (N_fixed * i) / ((lg_fixed/mu) + (sigma * a_d * r_p * t_disc 

* omega)))^2 * A_disc * t_disc) / omega, i_range); 

B_Tb = arrayfun(@(Tb) (N_fixed * Tb) / ((lg_fixed/mu) + (sigma * a_d * r_p * t_disc * 

omega)), T_b_range); 

plot(T_b_range, B_Tb); 

xlabel('Braking Torque (T_b) (Nm)'); 

ylabel('Magnetic Flux Density (B) (T)'); 

title('Magnetic Flux Density vs Braking Torque'); 

grid on; 

% 5. Current (i) vs Braking Torque (T_b) 

figure; 

T_b = arrayfun(@(i) ... 

    (Roho * (sigma * a_d * omega * (N_fixed * i) / ((lg_fixed/mu) + (sigma * a_d * r_p * t_disc 

* omega)))^2 * A_disc * t_disc) / omega, i_range); 

plot(i_range, T_b); 

xlabel('Current (i) (A)'); 

ylabel('Braking Torque (T_b) (Nm)'); 

title('Current vs Braking Torque'); 

grid on; 

 




