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1.	Abstract
A Project report on the development of a DC Motor controller for an electric e-bike. Prototype development, component choice and logic calculations to enable the PWM control of a 36V 250W electric motor.
2.	Introduction
Electric bicycles have increased in popularity over recent years. This increase has led to a greater manufacturer investment in development of these cycles [1]. AAA Bikes are proposing a series of products that can be bolted onto standard bicycles to convert standard models into e bikes. This report shall concentrate on the motor control product designed by AAA Bikes. 
3.	Planning
This project was managed in accordance with the best practice guidance of the project management module. The identification of targets, tasks and deadlines were recorded in the Gantt chart that can be seen in Figure 1. Regular meetings took place between ‘AAA Bikes’ project stakeholders, an example set of minutes from such a meeting is shown in Appendix C.






Figure 1 Project Gantt Chart

3.1	Requirements
The main elements of any electric bicycle are the battery to store the power, the motor to provide the drive and the controller to oversee the power delivery to the motor. Gurcak [2] describes motor controllers as those devices that provide intelligent control over the application of single or multi-phase power to an electric motor. The motor controller will make use of a range of technologies to enable design completion. The motor and battery will be provided by the University and until such provision the concise specifications are not available. Therefore, design work will be based around a generic examples of the most common [3] ratings, 36 Volt battery feeding a 250W motor.
3.2	Microcontroller
The motor controller was designed around a Peripheral Interface Controller (PIC) Microcontroller. Microcontrollers can be regarded as standalone microprocessors that can carry out user programmed functions[4].PIC Microcontrollers are proprietary to Microchip who produce a large range of microcontrollers under this brand name of varying degrees of capability[5]. From this choice of PICs some specific requirements must be met without purchasing a grossly over capable unit that would increase the cost of the unit for no return. The chosen PIC must have the capabilities to provide analogue to digital conversion, pulse width modulation and preferably an internal clock. Many suitable options are available [6], However, due to the availability of stock within the university, the PIC 16F887 was chosen as a matter of convenience, The specifications of the 16F887 [7], exceed the requirements of this project and therefore are a poor for choice in terms of value for money, should the product go into mass production then another PIC that meets requirements for a lower price point would chosen.
3.3	DC Motor 
Given the aim is to drive a bicycle from an onboard battery a DC Motor seems the obvious choice. Hughes and Drury [8] state that there are two main types of DC Motor, Brushed and Brushless, the choice of which seriously affects the design of a controller to manage them. 
3.3.1	Brushed DC Motors
Lamar and Kocsis [9] find that brushed DC Motors are an older and simpler design. The simplest version of this uses the carbon brushes to carry a static DC supply onto a rotating commutator. Herres [10] describes a commutator is circular electrical contact that is split lengthwise to alternately collect the positive or negative feed from a DC input and pass it into the motor windings, Figure 4. Brushed motors physically wear out and thereby require more maintenance.
3.3.2	Brushless DC Motors 
Perriard, Ragot and Markovic [11] describe brushless DC Motors as of a simpler design to a brushed motor since the switching action is carried out by electronics of a more complicated motor controller. This makes brushless dc motors more reliable. Therefore, a brushless motor would be desirable for the e-bike and this project has focused on completing a brushless dc motor controller.
3.4 	Control
Control of the brushless motor will require a live positional feed from the motor normally by means of hall effect sensors. However, Shen and Tseng [12] make a case for the control of the brushless motor without positional feedback due to their lack of reliability. This option would require a further complication to detect motor position. Matsui [13] suggests sensor-less options that include monitoring the effect on voltage and current with respect to phase in the coils as they interact with the magnets. This would however add a further complication to the design, though could be considered as a future development option. Therefore, this project shall use the hall effect sensors inbuilt within the motor housing for position sensing.
3.4.1	Hall Effect
Scelba et al [14] describe the hall effect as the deflection of current carriers perpendicular to their path, this effect produces a potential difference across the conductor. This effect can be detected and used as a means of monitoring positions without physical contact. With the complication of Brushless DC motor control being the need to continually switch the position of the drive voltage and its return path with respect to the angular position of the rotor in its 360⁰ rotation, hall effect sensors seem an ideal solution.
3.5	Motor Drive
The drive signals to the Motor maybe derived in a choice of ways [15] The choices investigated in this project being, direct generation of DC Phases by the PIC, PWM controlled by Hall input to the PIC or PWM controlled by logic gates from Hall input.
3.5.1	Direct Drive
Directly enabling MOSFETs from the PIC is a method of switching the drive and return signals at a speed directed by the user. This method takes no account of the actual motor position and instead accepts motor judder at start up as the motor gets to the correct position. This method also takes no account of the motor loading and its ability to get up to the commanded speed under certain load conditions, this will lead to further motor juddering[16]. As previously mentioned, sensor less rotor position is possible though will not be investigated further in this assignment.
3.5.2	PWM
Brushless DC motors are speed controlled using Pulse Width Modulation (PWM). Crecraft, Gorham and Sparkes [17] define PWM (sometimes referred to as Pulse Length Modulation) as a regular series of pulses with a width specified by control that will vary the average DC voltage level applied to a device. Therefore, the ratio of on time v off time will raise or lower the average voltage level and thereby alter the motor output.
3.5.3	PWM Control
Control of the PWM waveform is achieved in code on the PIC. The code is designed to compare either an analogue input or accept a digital count input depending on user choice. This option of analogue or digital control will increase the usability of the system. Ju and Gluck [18] find that the availability of a choice of control methods and tell-back from user input can increase likelihood of user acceptance of a new system or method. User input controls and tell-back can be seen in Figs 2,3 & 4.
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Figure 2 User Indications
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Figure 3 User Digital Controls
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 Figure 4 User Analogue Controls




3.6	Power Electronics
The PWM output from the PIC is in no way capable of driving even the smallest bicycle motor, therefore the output needs amplified through components able to carry the voltage and current requirements of a large motor. Also due to the switching speeds required for PWM the components required will also need to have a quick response time. The obvious component of choice for this scenario is MOSFET’s (Metal-Oxide-Semiconductor Field-Effect Transistor).
3.6.1	MOSFETs
MOSFETs are semiconductor devices that require no gate current to turn the device on, this would insinuate that they can be driven by the PIC, however due to the large gate capacitance of MOSFETs a driver circuit is required[19].
Hickman [20] explains that MOSFETS come in four basic designs, a dependant on their channel doping and enhancement/depletion design. An N-channel in enhancement mode MOSFET requires a positive Gate-Source voltage (Vgs) to enhance the transistors conduction and switch it on. Conversely a P-Channel MOSFET in depletion mode would be conductive at 0v Vgs and a positive variance in Vgs would begin to deplete the transistors conduction and turn it off.
In this project a N-Channel Enhancement mode MOSFET will be chosen.
[image: ]
Figure 5 MOSFET Circuit Symbols
Since the motor controller is being designed around a generic 250W motor. With a supply voltage of 36V, a simple Ohm’s Law calculation will give a static current requirement of around 7 Amps at full load. The MOSFETs required must meet this requirement.
Drain current (Id) is the maximum continuous current the MOSFET can sustain without failure. This factor is affected by the maximum operating temperature of both the conduction channel and the body[4].  Allowing for transient safety margin an IRF530 N-Channel MOSFET with a continuous drain current (Id) of 17 A should suffice. However, this current capacity is only a valid number with infinite cooling, therefore a IPP034NE7N with an Id of 100A and Vgs of 75V would require less cooling to maintain this current without risking failure.
The Drain Source Voltage (Vds) is the maximum voltage that the MOSFET can handle across the drain and source (assuming the Gate is at ground), however this varies with temperature, given that this design is for a mobile device then unlimited cooling is not available and may be subjected to high ambient temperatures. The supply voltage of 36 volts is split across the drive MOSFET, the motor drive coil, the motor return coil and the return MOSFET. Therefore, the 36V supply is never across a single MOSFET alone. Given that a safety margin will be required for any transients, it is also noted that although an increased design Vds max also produces an increase in Rds on then a smaller Vds is desirable. Conversely, a lower designed Vds also tends to result in a physically larger package size. The IRF530 has a Vds of 100V compared to the 75V of the IPP034NE7N[21]. 
Rds(on) is the residual resistance of the MOSFET when conducting, although small this specification will affect the power dissipated by the component, given by the Ohm’s Law Equation P=I2R. Therefore, at the max operating current a lower Rds(on) will require less heatsink to dispose of waste heat energy. The IFR530 with an Rds of 0.16Ω is significantly greater than the 0.003Ω of the IPP034NE7N.
Therefore, comparing these factors the IPP034NE7N at £2.16 each would seem a prudent choice for this project compared to the IRF530 at £0.68 each[22].
3.7	Microcontroller Code
The project code was written in C and can be seen in Appendix 1. The use of C, being a higher level language makes code writing simpler than would otherwise be with assembly language[23]. The code development started with an analysis of the code requirements. These are listed below
Essential			Desirable			Bonus
PWM Control		User Controls		Speedometer
Safety Stop		Motor Temp 		Max Speed Detection
Position Detection	Battery Warning 
Therefore, the design phase initially concentrated on achieving PWM Motor control with stop control. This stop should then activate whenever there is a safety related issue e.g. Motor Over-temp, or whenever the user applies the brakes. This list of requirements was used to begin the build of a code flow chart.
3.7.1 	Flowchart	
Myler [24] defined flowchart as a method of graphically representing code and functions as a series of simple recognisable shapes to aid code development and analysis, logically designing code to meet user requirements. The flowchart for this project can be found in Appendix A.
4.	Prototype
Prototypes are a design and development tool used verify performance of a system according to the designers intent[25]. This project was developed first in software emulation followed by prototype, the final prototype design was a further software emulation.
4.1	Software Prototype
To carry out a proof of concept of the initial code and design a prototype was designed for a simple 5-volt DC motor.  The build for this was designed using the Proteus software package and the design can be seen in Figure 2. 
[image: ]
Figure 6 Prototype Motor Controller
With the prototype design successfully working in Proteus, the design was transferred to a breadboard. The design was mounted on a breadboard [26] to allow simple modifications. The built prototype is shown below in Figure 3. 

[image: ]
Figure 7 Prototype on Breadboard
4.2	Prototype testing
Tests were carried out to prove the functionality of the design. This produced broadly positive results. Although the design functioned as desired, it appeared to be unstable, with occasional un-commanded events, including motor stopping and control LED’s illuminating.
During investigation it was found that the motor was producing large noise transients, these transients are generally caused by the commutators (Figure 4) and coils in simple brush motors. Since these transients are of a generally very short duration they can be suppressed using capacitors [27]. The suppression capacitors can be connected to the motor as shown in Figure 5.
[image: ]
Figure 8 Commutated DC Motor
[image: Motor]
Figure 9 Motor Transient Suppression Capacitors

5.	Development
With the successful prototype given a proof of concept, the code was further developed for a full-scale motor control circuit, the full Proteus design can be seen in Figure 10.
[image: ]
Figure 10 Complete Motor Control Circuit

Due to the lack of a physical motor a generic controller design within Proteus would seem to be the limit of development. As such the main expansion of the code will be the capture of Hall position data to control the MOSFET enable timing. Continuing the step by step development process, this code task was first engineered through a discreet logic circuit, designed through Boolean algebraic expression of the hall position data. 
	    Phase Requirements	      Hall		       Hall
ᶿA	ᶿB	ᶿC 			Binary		Boolean
Hi 	Lo 	Off			101			A..C
Hi 	Off	Lo 			100			A..
Off 	Hi 	Lo 			110			A.B.
Lo	Hi 	Off 			010			.B.
Lo	Off 	Hi 			011			.B.C
Off	Lo 	Hi 			001			..C
Table 1 Phase Requirements and Boolean Expression

It can be seen in Table 1 that the Binary Hall position data changes in accordance with Gray code characteristics[28], therefore in each phase change scenario, only either the PWM supply path or the return path shall change, never both. It can also be seen that the logic required to switch drive power to ᶿA is either A..C or A... Using Boolean Algebra or Karnaugh maps these expressions may be reduced to A..
		PWM ᶿA 	=		A..C	+	A..
				≡		A. (+C)
				≡		A.
Similar calculations carried out on the remainder provide the following logic.
	PWM ᶿA =	A.			Return ᶿA =	.B
	PWM ᶿB =	B.			Return ᶿB =	.C
	PWM ᶿC =	.C			Return ᶿC =	A.

The Discrete logic circuit can be seen to meet this requirement can be seen in Figure 11.
[image: ]
Figure 11 Boolean Logic PWM Enable Circuit

[bookmark: _GoBack]This logic circuit proved successful and function could subsequently be added into software. The code was added such that Hall position data was captured onto Port E of the 16F887 and the code derived enable signals were produced on Port D. This can be seen on Figure 12. The completed program code can be seen in Appendix B.
[image: ]
Figure 12 PIC 16F887 in Circuit
During testing it was found that during comparison of the PWM enable signals derived by logic and code there appeared to be a variable delay in the code derived signals, circa 10ms. After multiple tests it was found that the delay was produced during the ‘Switch Case’ section of the code. The reason for this would seem to be time taken to step through code to the latter stages of the switch case. This result was surprising as circuit speed is derived from the PIC clock speed of 4 Mhz. During investigation it was concluded that options to decrease this delay include ether, increasing circuit clock speed, and thereby reducing the time taken for sufficient clock cycles to complete the code, or, changing the code structure to use interrupts in the event of a hall input change. The clock speed was increased, and the delay was found to have reduced to 2-4ms. Bates [23] describes that the PIC 16 is unsuited to multiple interrupts due to the lack of an interrupt priority system, though due to the nature of the Gray scale that would generate the interrupts in this case, the issue should not arise.

The system response was tested in both Analogue and Digital control modes, both systems responded identically and were found to produce a linear motor output across the full control range. This can be seen in Figure 13.

Figure 13 Motor Speed / Input voltage










6.	Cost
The design of the unit was targeted to be price competitive with current devices available. After pricing only the major components, it was found that even with the advantages of volume purchase to meet a 1000-unit production run, the design would not be price competitive with others that are currently available. The major components pricelist can be seen in Table 2.
	
	Single
	Mass
	
	Single
	Mass

	MOSFET
	£0.640
	£0.280
	6
	£3.84
	£1.68

	Driver
	£1.770
	£1.400
	2
	£3.54
	£2.80

	PIC
	£1.940
	£1.630
	1
	£1.94
	£1.63

	Case
	£5.000
	£2.200
	1
	£5.00
	£2.20

	Resistors
	£0.062
	£0.015
	16
	£0.99
	£0.24

	LEDs
	£0.200
	£0.110
	5
	£1.00
	£0.55

	Capacitors
	£0.040
	£0.015
	1
	£0.04
	£0.02

	Logic
	£0.410
	£0.160
	1
	£0.41
	£0.16

	buttons
	£0.400
	£0.200
	2
	£0.80
	£0.40

	switch
	£0.800
	£0.550
	1
	£0.80
	£0.55

	Var Res
	£0.600
	£0.320
	1
	£0.60
	£0.32

	5V Regulator
	£1.460
	£0.740
	1
	£1.46
	£0.74

	PCB Board
	£10.000
	£2.000
	1
	£10.00
	£2.00

	
	
	
	
	
	

	Single
	
	Mass
	
	
	

	Total
	£30.42
	Total
	£13.29
	
	



Table 2 Cost of Major Parts






7.	Conclusion
PIC Microcontrollers are an ideal of providing intelligent and adaptable control of small lightweight and power limited devices, The PIC 16F887 is more than capable of delivering the needs of a motor controller and in many ways is too capable, thereby being a financial waste.
The PWM Motor Control is a viable method of controlling power to an electric powered bicycle. Problems with electrical noise generated by brushed motors can be avoided by the use of brushless motors that will require better engineered controllers to manage the required switching.
MOSFET transistor are required to meet the high-speed switching requirements of PWM and the current demands of the Motor. The MOSFETs have a high input capacitance that requires MOSFET drivers between the PIC and MOSFET. 
Discrete logic can appear to provide quicker and more reliable logical control than poorly designed C code. Discrete logic will increase the cost and power requirements of a unit and therefore are not desirable, increasing PIC code speed and efficiency should overcome speed concerns.
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Appendix B
#include <main.h>
long int speed;
long int countspeed;
int delayloop;
void maxspeed(void)		 			// Subroutine to avoid wraparound on Dig Speed increase
{	
if(speed!=255)
{	speed++;			}
		else
		{	output_high (PIN_C3);	}	//switch off bulb if speed asked for and is at max
}						// END OF MAXSPEED SUBROUTINE
//
void minspeed(void)					//Subroutine to avoid wraparound on Dig Speed Decrease
	{	
if(speed!=0)
		{	speed--;			}
		else
		{	output_high (PIN_C4);	}
	}						// END OF MINSPEED SUBROUTINE
//
void main(void)						// START OF MAIN Program
{							// INITIALISE VARIABLES
unsigned int hallposit=0;				//user controls and warning VARIABLES
int anal_dig;
int motorwarn;
int battwarn;
int brakeson;
int faster;
int slower;
long int value;
long int pwmduty;
int delaya;
//
setup_adc_ports(sAN2);					//Analogue speed control input enable
setup_adc(ADC_CLOCK_INTERNAL);				// internal clock for the adc so we dont need a crystal
//
output_high (PIN_C3); 					// set outputs high to ENSURE lights off
output_high (PIN_C4);
output_high (PIN_C5);
set_adc_channel(2);					// check the ADC input
//
while(TRUE)						// START OF ACTUAL MOTOR CONTROL CODE WHILE LOOP
	 {						// IDENTIFY INPUTS TO PIC
brakeson = input(PIN_B2);				// get brakes on input
	motorwarn = input(PIN_B3);				// get check motor
battwarn = input(PIN_B4);				// check batt
	anal_dig = input(PIN_B5);				// Digital or analogue control??
	faster = input (PIN_B0);				// check faster required? only req in DIG  mode
	slower = input (PIN_B1);				//  check slower required? only req in DIG mode
	if (anal_dig==1)					//  DIGITAL CONTROL CODE Dig or anal control, 1=dig 0=anal
	{
	output_low (PIN_C1);				//set C1 to zero to light the dig LED
	output_high (PIN_C0);				// set C0 to high to turn off anal LED
//
	if (faster==1)					//DIG max speed test b4 we try to go faster
		{	output_low (PIN_C3); 		//switch on faster bulb if speed asked for AND not at max
			maxspeed();		}	// Call Maxspeed subroutine
	else
		{	output_high (PIN_C3);	}	//switch off bulb if speed asked for and i
//
	if (slower==1)					// DIG min speed test b4 we try to go slower
		{	output_low (PIN_C4); 		// flashy bulb bit
			minspeed();		}		
	else
		{	output_high (PIN_C4);	}
	if (brakeson==1 || motorwarn==1 || battwarn==1) 	// Safety Checks for warnings
		{	speed = 0; 			// Set speed to 0 if safety issue
			output_low (PIN_C5); 	}	// SET AUTOSTOP LIGHT ON
//
else
	{	output_high (PIN_C5);	}	// SET AUTOSTOP LIGHT OFF 	 END OF SAFETY CHECKS
//
pwmduty = speed * 4;					// if all okay set output pwm waveform to 4x1byte
//
if (pwmduty>1000) pwmduty=999; 				// 255*4 = 1020 so this stops circuit looping
pwm_set_duty_percent(pwmduty); 				//set the pwm output , it will be 999 or less, this is 99.9=% on time or less
}							// END OF DIGITAL CONTROL CODE
//
if (anal_dig!=1)						// ANALOG CONTROL CODE Dig or anal control, 1=dig 0=anal
		{ 	output_low (PIN_C0);		// Turn ON the ANAL LED
			output_high (PIN_C1);		// Turn OFF the DIG LED
//
			value = read_adc();			// measure the analogue input
		value = value * 29;			// adc value times 4 gives  255 * 
//
	if (brakeson==1 | motorwarn==1 | battwarn==1) 	// Safety Checks for warnings
		{	value = 0; 			//Set speed to 0 if safety issue
			output_low (PIN_C5); 	}	// SET AUTOSTOP LIGHT ON
	else
		{	output_high (PIN_C5);	}	// SET AUTOSTOP LIGHT OFF	 END OF SAFETY CHECKS
//
if (value>1000) value=999; 					// 255*4 = 1020 so this stops circuit looping
pwm_set_duty_percent(value);  
}	 						// END OF ANALOG CONTROL CODE
//											
hallposit=input_e();					// START OF HALL POSITION CODE
hallposit=hallposit & 0x07;
switch(hallposit)
	{
	case 4:		     	output_d(0x24);
		break;
	case 6:		     	output_d(0x14);
		break;		
	case 2:		     	output_d(0x12);
		break;	
	case 3:		    	output_d(0x42);
		break;	
	case 1:		     	output_d(0x41);
break;	
	case 5:		    	output_d(0x21);
		break;		
//
	default:	break;					// END OF HALL POSITION CODE			
	}
}						// END OF MOTOR CONTROL CODE WHILE LOOP
}							// END OF MAIN 
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Minutes of Yr2 e-bike Project Group 2 Meeting
11.10 am, Monday 16th October 2017


	Present:	
	Derek Lockhart (Interim Chair & Secretary)
Edward Russell
James Denning
	


	Apologies:
	Adam McGowan
	


1.	Previous Minutes
There were no previous minutes to consider
2.	Matters arising from previous minutes
There were no previous minutes to consider
3.       Issues Discussed
(a)	Elect Chair
	Derek asked for nominations for the post of Chair.
	Edward proposed Derek for the post of Chair.
	There were no other nominations.
	Proposer: Edward 	Second: James
	Outcome: Unanimous.
Action:	Derek will act as the chair

(b)	Elect Secretary
Derek volunteered to act as Secretary for the initial meeting and proposed that the duty should rotate at each meeting.
Proposer: Derek	Second: Edward
Outcome: Unanimous.
Action:	Derek will create the minutes for the initial meeting and forward them to all members of the group.
(c)	Next Secretary
Derek asked for volunteers to carry out the role of Secretary for the next meeting. Edward volunteered to carry out the next duty.
There were no other volunteers
Proposer: Edward	Second: James
Outcome: Unanimous.
Action: Edward will carry out the role of Secretary at the next meeting.
(d)	Company Name
	Derek asked for suggestions for a company name. 
	Edward suggested AAA Bikes as the name of the new company.
	Proposer: Edward 	Second: James
	Outcome: Unanimous.
(e)	Presentation
The group have been tasked to create a presentation to the class on their e-bike project. The initial date of this presentation was the 23rd October, this has now been moved back to the 30th October.
The Chair confirmed the following subtasks that each will be working on.
Derek:	Motor Control
James: Battery Status Monitor
Edward: Lighting systems
Adam: Lighting Systems
Derek informed the meeting that the Lecturers require each team member to present the progress of their activities in a presentation, with each contributor taking approximately 3-4 minutes.
Derek proposed that this group presentation will be opened by one of the group members and closed by another with each member contributing during delivery.
Edward suggested that the group should create their own subsection from a generic PowerPoint template.
James suggested that he could collate all the subsections into a complete presentation.
Derek volunteered to create and deliver the introduction section of the presentation and will task Adam to create and deliver the closing summary in addition to his own subsection.
Derek further proposed that the majority of this work should be completed during the week of the 16-20 October to allow the creation of the summary and the collation of the presentation by the 23rd.
	Proposer: Derek 	Second: James
	Outcome: Unanimous.
Action: 
Edward will create and distribute a generic PowerPoint template for the group to work from by 16th Oct. 
Derek will create an Introduction section by 20th October. 
All will create their individual subsections and forward them to James and Adam by 20th October.
Adam will create a summary section and forward it to James by 22nd October.
James will collate all production into the completed presentation by the 23rd October.
4.	Any Other Business
(a)	Company Motto
	Edward suggested that the company should have a motto to brand its work.
	Edward further suggested “Failure is always an Option”
	Derek suggested using a Latin version of the Motto.
	“Optionem ad Defectum Semper”
	There were no other suggestions
	Proposer:  Derek	Second: Edward
	Outcome: Unanimous.
(b)	Company Logo
James further suggested that a Company Logo should be created.
After discussion it seemed that all were willing to produce some ideas by the time of the next meeting.
Proposer: James	Second: Derek
Outcome: Unanimous.
Action:	All will create a suggestion for a Company Logo by the time of the next meeting.
5.	Date of the next meeting
The date of the next meeting will be on Thursday 19th October at 1230 in the Cafeteria.
6.	Meeting Closed
	The meeting closed at 1124
Derek Lockhart
Derek Lockhart
Meeting Secretary
 
Distribution:
Derek Lockhart		DLockhart.151664@student.uwtsd.ac.uk
Adam McGowan		AMcGowan.147250@student.uwtsd.ac.uk
James Denning		JDenning.151597@student.uwtsd.ac.uk
Edward Russell		ERussell.151512@student.uwtsd.ac.uk
Gareth Jones			Gareth.Jones@uwtsd.ac.uk
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