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1. [bookmark: _Toc172447761]Work Content 
The project began with a generalised overview of the whole project, this being the IMechE or Institution of Mechanical Engineers design challenge. At the first group meeting, held a week after deciding on the project, responsibilities were decentralized to allow group members to select different roles. This report covers the role of Motors and Transmission.
2. [bookmark: _Toc172447762] Research & Development 
The first course of action was to thoroughly review all relevant rules and regulations to ensure complete compliance. The track layout was researched the course is as follows; the vehicle starts on a target and travels to a wall where it must turn around and return as close to the centre of the target as possible.  
To gain a better understanding of how the project has been completed and even won in the past, a look into previous work, such as Stonor (2021) & Khan (2022) made the pursuit of success easier by seeing what is tried and tested allows for a rough idea of what is needed. 
[image: ]
Figure 1 is a design submitted by UCL Mechanical Engineering in 2021, it utilised a pulley system, which was tested on the prototype vehicle. 


[image: ]Figure 1 - Pulley System Example Vehicle (Stonor, 2021)


Figure 2 is the winning design from the 2021 iMeche challenge (Brunel Winners) it used a motor to power both the rear wheels, with the potential to vary power on each independent wheel to achieve turning. 

Figure 2 - Motor System Example Vehicle (Khan, 2022)
[bookmark: _Toc172447763]2.1 Motor Research 
Before further research was completed it was sensible to consider what outcome is desired from the motor.
By consolidating with the other group members, a better understanding of their individual needs was gained, this provided more information with regards to how much power the motor would potentially need and also what sort of speeds everyone was expecting it to travel.
Using this input and previous research the next step was to understand what exactly would the motor need to do. Looking at Figures 1 & 2 and reviewing the IMeche rules a specification could be made to help create a decision matrix. The Criteria would be;
Speed & Torque (Weight: 1)
Specification: The vehicle's speed is not critical, but it must have enough torque to move the vehicle effectively.
Consideration: Even though speed is not a priority, ensure the motor can generate enough torque to move the vehicle.

Ease of Use (Weight: 3)
Specification: The ease of integrating the motors into an autonomous system, including the number of additional components required.
Consideration: Motors that are easier to integrate and require fewer additional components score higher.

Efficiency (Weight: 4)
Specification: Limited space for a battery system makes motor efficiency crucial.
Consideration: Motors with better efficiency ratings score higher due to their ability to maximise battery life.

Budget/Price (Weight: 3)
Specification: The project budget is £80, necessitating a balance between cost and performance.
Consideration: Motors that offer good performance within the budget score higher.

Controllability (Weight: 5)
Specification: Precise control is essential for critical manoeuvres, such as turning around.
Consideration: Emphasise the precision of control achievable by the motor's controller.

This specification allowed for the creation of criteria which can be seen below in Table 1  
	Criteria for Decision Matrix 
	Weight – 1 = Low Importance / 5 = High Importance 

	Speed
	1

	Ease of use 
	3

	Efficiency 
	4

	Budget/Price
	3

	Controllability 
	5


Table 1 - A Table to Show the Decision Matrix Criteria

With these criteria, research on different types of motors was conducted to understand what motors are suitable. Knowing a DC motor is desired and with the main two being brushed and brushless motors, which each possess different benefits, they need to be compared. Brushed are cheaper to purchase and can be controlled with fewer components when compared to the more expensive brushless motors, which also require more components to work with an Arduino such as an ESC (Electronic Speed Controller) which would be too much for the small project budget. 
(Millett, 2022; Mach et al., 2018; Green and McDonald, 2015)
	​​
	Motor​​
	​​Speed
	​​ Ease of use
	Efficiency​​
	Budget/Price
	Controllability  ​​
	Weighted Total​​

	Weight
	
	X1
	X3
	X4
	X3
	X5
	

	
	RS Pro Brushed 5v DC Motor​​
	5
	5
	4
	5
	4
	71

	
	Micro Metal Geared 5v Motor​​
	5
	4
	4
	5
	4
	68

	
	RVFM Dual Output Brushless Motor​​
	4
	4
	5
	3
	5
	70

	
	MG995 Servo Motor​​
	4
	2
	4
	4
	5
	63

	
	5V 4-Phase Stepper Motor​​
	2
	2
	4
	5
	2
	49


Table 2 - A Table to Show the Prototype/First Decision Matrix









The first decision matrix covered a range of motors to verify that a brushless/brushed motor would be the best candidate.  After the subsequent testing sessions, mentioned later on, another decision matrix was made following the same criteria as before but only looked at brushed and brushless motors this time, this is shown in Table 3.

	​​
	Motor​​
	​​Speed
	Ease of use
	Efficiency
	Budget/Price
	Controllability
	Weighted Total​​

	Weight
	
	X1
	X3
	X4
	X3
	X5
	

	
	Brushed 6v 100 RPM
	2
	5
	​​4
	5
	4
	68

	
	Brushed 6v 300 RPM
	5
	5
	4
	5
	4
	71

	
	Brushed 6v 1000 RPM ​​
	3
	5
	​​4
	5
	4
	69

	
	Brushless 6v 300 RPM
	5
	3
	5
	3
	5
	68

	
	Brushless 6v 1000 RPM
	3
	3
	5
	3
	5
	66


 Table 3 - A Table to Show the Second Decision Matrix







Brushed motors are rated lower in controllability in the matrix than Brushless as the aforementioned electronic speed controllers being too expensive result in the 300 RPM brushed motor scoring highest and being used in the final build.
2.2 [bookmark: _Toc172447764]Motor Control Research
Another segment of research was on the controllability of motors and how the voltage can be varied on DC motors to tune the speed. By increasing and decreasing voltage it’s possible to increase and reduce the speed respectively, by using PWM (Pulse Width Modulation) or potentiometers both are known to work with the Arduino other group members are using. (Hatem, 2019)
PWM is more efficient than a potentiometer, this is due to how a potentiometer works, with the reduction in voltages coming with a resultant increase in heat, this is highly inefficient compared to a PWM controller therefore it is better suited to the vehicle. (Zhang, Kang, and Diao, 2005)
The pulses generated by PWM controllers vary in duty cycle rates, directly influencing the average voltage supplied to the motor and thereby controlling speed (Katsambe, Luckose, and Shahabuddin, 2017). PWM controllers provide precise and efficient speed regulation by rapidly switching the motor on and off at varying intervals, effectively modulating the average voltage. This method optimises energy usage compared to traditional methods like potentiometer control. Moreover, PWM controllers enable independent control of each motor facilitating manoeuvrability and turning. (Juang and Lum, 2013; Arvin et al., 2009)


Using a PWM it’s possible to power one wheel with the other wheel powered off. However, a crucial step for this to work would be to have a high coefficient of friction, on the wheels, this would make turning possible as the unpowered wheel would resist turning or slipping, stopping the vehicle from just travelling in a straight line. The fine balance is finding the limit as too much friction could stop the vehicle from moving, in testing rubber bands around the wheels worked. (Wang et al., 2011)
In their study, Ding, Li, and Tang (2020) presented a theoretical model for predicting the turning resistance of tracked vehicles. This model can be comparable to the vehicle, where an increase in the coefficient of friction, which correlates with the vehicle's weight, means that the power applied to one side is sufficient to initiate a turn.
[image: ][image: Interfacing L298N Motor Driver Arduino Uno - Circuit Diagram]







Figure 4 - A Diagram of the L298N Motor Driver/PWM Controller Wiring Layout (Electrosome, 2024)







Figure 3 - A Picture of the L298N Motor Driver/PWM Controller (ThePiHut, 2024)



The whole system is controlled autonomously with an Arduino. Research was conducted on the compatibility of a PWM control system with two brushed DC motors. With the use of the L298N controller, it’s possible to create a dual H-Bridge control system. This would not only provide the vehicle the ability to reverse to complete the part of the test where it must turn around but also allow for individual motor control as it is also responsible for carrying the PWM signal produced by the Arduino to the motors.
(The Pi Hut, 2024; Hatem, 2019; Ulum, Laksono, and Laksono, 2021; STMicroelectronics, 2000)

3. [bookmark: _Toc172447765]
Building 

[image: ]The prototype build was a rough design aimed at gaining valuable information. The system can be seen below in Figure 5. 




Figure 5 - A Figure of the Prototype Vehicle


The prototype faced several issues the main one being the transmission of power, this was down to inefficiencies within the system, from axles being too tight in the mounts and an overall poor design ethic that limited the vehicle to have very little ground clearance. 
4:1 and 16:1 Gear ratios were both trialled in an attempt to get the vehicle to drive better but due to the mounts used it was not possible to effectively transmit the power.
The biggest problem that was realised in the prototype stage was the fact that a pulley system like the one used is almost impossible to utilise for turning.  
[image: A grey robot with a cat head

Description automatically generated]It was clear from the data gathered with the prototype that a whole system redesign was needed. Looking back to the basics and the Brunel winners shown in Figure 2, a better design was able to be produced and can be seen in Figure 6 below;






Figure 6 - A Figure of the Final Vehicle Design (Badrakh, 2024)

[bookmark: _Hlk172284645]The final design of the vehicle is a complete overhaul, the biggest change in terms of motors, is the pulley system being replaced with direct-mounted 300 rpm brushed motors. With the greater amount of planning for this design, it was a lot easier to produce as the system was simplified and improved at the same time. The integration of the motors has also changed from wooden blocks and hot glue to 3D-printed motor mounts which allow for direct attachment of the motors to the new larger wheels.















4. [bookmark: _Toc172447766]Testing 
[bookmark: _Toc172447767]4.1 Prototype Gear Ratio TestingTable 4 - A Table to Show Possible Gear Ratios (RS Pro, 2023)

[image: ]
The prototype pulley system was also tested at different gear ratios, as the first one used in testing was found to have too low of a reduction ratio. Referring to Table 3, you can see the different ratios for the 14800 RPM 3V motor that came supplied with the pulley.

For the test, two different gear ratios were examined: 16:1 and 4:1, the default setup of the motor system was 4:1. It was obvious to test this first; however, when this ratio was used, it was too fast for the situation, so it needed to be changed. 
For 16:1 the conversion from RPM to radians per second and the calculation of linear speed were performed using standard formulas. For example, converting 925 RPM to radians per second involves multiplying by 0.10472, resulting in approximately 96.87 rad/s. 
(Juvinall and Marshek, 2011; Shigley, Mischke, and Brown, 2004)
The wheels used on the prototype had a radius of 20 mm. Using the linear speed equation, it’s possible to determine the expected top speed:



(Halliday, Resnick, and Walker, 2013; Meriam and Kraige, 2015)
This would result in a linear speed of approximately  1.94 m/s which converts to 4.64MPH a speed that was not obtainable with the prototype due to its multiple problems. 
This speed would be acceptable, although changes to the wheel size would alter this speed. The new wheels are designed to have a radius of 42.5 mm, which would result in a speed increase to 4.12 m/s, or 9.22 MPH. This speed would be too fast to handle, and coupled with the previously mentioned inefficiencies in the design, it was a group decision to change the motor system.
During the building and testing of the vehicle, an attempt was made to determine how long it would take the vehicle to complete the course, using a replica track laid out on the floor. However, it was deemed impossible to achieve this with the vehicle in its prototype state. The prototype didn't last long, as the second design was significantly different. If the second design had been completed on time, this timing test would have been empirically tested rather than estimated.
[bookmark: _Toc172447768]4.2 Second Motor System Testing

It was decided to conduct a testing session before selecting which speed motor would be suitable for the vehicle. With the help of the group leader, Badrakh, it was possible to visualise how fast each motor could propel the vehicle. By attaching the motors to a piece of wood and directly mounting the wheels to the two motors, we observed how each motor performed: 100 RPM was sluggish, while 1000 RPM was too fast. This led us to settle on a joint decision to use the 300 RPM motor.
Testing of the second design was only ever done with an incomplete vehicle, often performed by hand rather than using its intended battery power. Sadly, due to time constraints, full operations testing was limited. The vehicle was only tested by holding wires onto the battery, which did not allow for a proper evaluation of its capabilities. The final design never reached a stage where it could operate autonomously, as no systems were fully completed on time. Consequently, the vehicle was unable to travel under its power, leaving its potential unverified.
[image: ]The course shown in Figure 7 can be broken down into 4 stages:Figure 7 - A Figure to Show the Course of the Challenge


1. Start at the Target 
2. Go to the wall
3. Turn Around 
4. Return to the Target
To traverse the course autonomously, the vehicle needs to determine the duration for which the motor should be active. From stages 1 to 2, and 3 to 4, the vehicle would cover 4 meters each time, for a total of 8 meters. Stage 3, the turnaround stage of the test, was estimated at double the length of the vehicle, resulting in 1 metre being accounted for; this results in 9 meters of total distance covered with a wheel diameter of 0.085 meters.
As accuracy is more important than speed or time, it was decided that the motors would need to be reduced in speed to increase this aspect. With 150 RPM or 0.668 meters per second, the time taken to complete 4 meters would be 6 seconds. This would be used on both the 4M stages, with empirical testing needed to verify this as slower speeds may be more useful.
For stage 3, the speed would need to be further reduced to 50 RPM, possibly even lower, as this point needs to be controlled; otherwise, the elected method for turning around wouldn’t work. This speed would result in 0.223 m/s for 4.5 seconds of travel time.
An empirical testing session with all members contributing would be needed to confirm this hypothesis, as the data produced here is entirely reliant on how other members decided to proceed with the accuracy of return to the target, as the closer to the centre is the winner. This may require Stage 4 to have a different approach method, with it gradually reducing motor speed to come to a more controlled stop.

To confirm without any doubt, the four AA batteries on board would be sufficient to comply with this theory, as with 6 volts and 0.3 amps, the power requirement is 1.8 watts. The energy required would be 1.8 watts multiplied by 9 seconds to get 16.20 joules. This means the four AA batteries would be capable of powering the motors without any hindrance.
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