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[bookmark: _Toc38889181]Abstract
	Autonomous is becoming the ‘norm’ in everyday life, this project has focused research on self-levelling platforms to aid with the design and testing of a system to automatically level a caravan, a number of patents were analysed with key information documented to support this project, two separate modules were prototyped named “Tilt sense” and “Tilt rectification” key components used in the design is an ADXL 335 accelerometer interfaced with a microcontroller to measure tilt angle and small 5v stepper motors interfaced with a separate microcontroller to operate 3D printed linear jacks, both microcontrollers were hardwired together to form an RS232 communications link where they can talk to each other in turn making it easier to upgrade to Bluetooth in the future.
	A test bench was constructed with data collected from commonly found items in a kitchen to determine at what angle they would fall off or slide off with result being analysed, the same test bench was used to determine the accuracy of the Tilt sense module with trigonometry being one method used for comparison.
	Lego technics was used to create a caravan chassis and the Tilt sense prototype PCB along with the Tilt rectification breadboard were mounted to it, testing of the whole system was conducted which although worked concluded in several bugs being found.
	Further work includes rectifying the bugs to get better performance from the system, investigation into power control for suitable motors to lift a full-sized caravan, interfacing and implementing Bluetooth as well as writing a better user interface. A version 2 of the Tilt sense module has begun resulting in an overall size reduction of approximately 1/5th of the version 1. 
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[bookmark: _Toc38889182]Introduction
Personal experience has shown when caravanning that a level caravan ensures the occupants have a pleasant and safe experience, to aid with the levelling process an automated system has been investigated, prototyped and tested with results being critically analysed.
The prototype consists of two electronic modules designed to communicate with each other, these modules are named “Tilt sense” and “Tilt rectification”, the Tilt sense module is designed to measure tilt angle about its X and Y axis where this corresponds with pitch and roll of a caravan, the Tilt rectification module is designed to operate linear actuated jacks and receives commands from the tilt sense module which in turn proceeds to level the caravan. A scaled version of a caravan chassis is constructed using Lego technics this then formed an easy to use base to mount the hardware too for prototyping.
[bookmark: _Toc38889183]Aim
	Design, build and critically analyse an autonomous levelling system for a caravan
[bookmark: _Toc38889184]Objectives
· Survey literature review on self-levelling systems.
· Discuss hardware and software design ideas.
· Construct working prototypes for Tilt sense and Tilt rectification modules.
· Using Lego technics construct a scaled version of a single axle caravan chassis.
· Create test criteria, record test and analyse the results.
· Design relevant PCB’s and cases.
 


[bookmark: _Toc38889185]Survey literature review
	Literature review was conducted on self-levelling mechanisms which then aided with main component choices with review being conducted on using an accelerometer for tilt angle measurement and what type of motor control to use for the tilt sense module, included is a personal observation of the procedure to level a caravan. 
[bookmark: _Toc38889186]Auto levelling systems
	Auto levelling systems fall under the term mechatronics which is defined as “to control a physical system by use of a complex decision-making algorithm” [1], there are three main components to a mechatronic system:
1. Actuators (outputs): Used to manoeuvre or position a physical structure on command.
2. Sensors (inputs): Used to detect variables such as pressure, angle, speed or distance.
3. Decision maker: Processes data inputted from sensors and outputs commands to the actuators, this could be a microcontroller, central processing unit or programmable logic controller.
[bookmark: _Toc38889187]High precision electro-hydraulic self-levelling system
	Geranmehr et al [2] presented a design process and control method for an electro-hydraulic self-levelling system that has three degrees of freedom, Figure 1 shows their system being modelled and simulated by three software packages, CATIA 3D modelling and assembly, ANSYS rigid body dynamics and MATLAB / Simscape. The design uses four double acting hydraulic cylinders positioned underneath each corner of the platform and position feedback from sensors are used for making the necessary angle corrections to the platform. 
[image: ]
[bookmark: _Ref37386052][bookmark: _Toc38889230]Figure 1 Model of an electro-hydraulic self-levelling system [2]
	Top left of Figure 1 shows the model created with CATIA 3D, top right is the model created with ANSYS and the bottom is MATLAB Simscape used for simulating their design.
[bookmark: _Toc38889188]Mobile self-levelling UAV platform (patent: US20190009925A1)
	Conyers et al [3] submitted a patent for a mobile self-levelling UAV platform seen in Figure 2 this uses four control arms positioned at each corner of the platform, each arm (130) has a motorised wheel (125) for ground contact and a pivot (145) point connected to the chassis of the platform, the hydraulic ram (135) pushes on the arm (130) forcing the wheel down which in turn raises the platform.
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[bookmark: _Ref37387085][bookmark: _Toc38889231]Figure 2 Mobile self-levelling platform [3]
An inclinometer is used to provide tilt angle data for the platform seen in Figure 2, the idea for this design is platform can be manoeuvred over rough terrain with the platform being made level which allows the UAV to land or take off safely.  
[bookmark: _Toc38889189]Autonomous self-levelling vehicle (patent: US20150168953A1)
	Smid [4] submitted a patent design for an “Autonomous self-levelling vehicle” in Figure 3 which uses three articulated legs, two at the front and one to the rear, each leg consists of two actuated joints and a motorised wheel, an autonomous controller houses a 3-axis accelerometer and a 3-axis magnetic sensor used to determine pitch roll and heading of the platform.
 
[image: ]
[bookmark: _Ref37390926][bookmark: _Toc38889232]Figure 3 Autonomous self-levelling vehicle [4]
	The patent design in Figure 3 is designed to aid the film industry where it could replace the tracks that cameras run on by allowing a camera to mounted on to the platform and a camera operator can control it remotely over rough terrain.
[bookmark: _Toc38889190]Tilt sensing method
	A method for detecting tilt is to measure the difference between acceleration of an object and the gravitational field that is acting upon it [5]. Too measure this electronically a type of microelectromechanical system(s) (MEMS) sensor can be used, this type of sensor contains miniaturised elements of electro and mechanical type [6].
	Some accelerometers are MEMS and for them to be able to measure tilt angle the only force that can be acting upon it is gravity, this is because it’s the projection of the gravitational vector acting on the axis of the accelerometer to where tilt sensing can be achieved [7].
	Figure 4 visualises the relationship between gravity and the angle of an axis of the accelerometer with respect to its horizon.

[image: ]
[bookmark: _Ref37457034][bookmark: _Toc38889233]Figure 4 Single axis representation[7]
	Referring to Figure 4 trigonometry can be applied where the sine of the angle of the X axis is equal to the accelerated output that the gravitational vector projects on the axis, if an ideal gravity value of 1g were acted upon it then the accelerated output would be “Ax out [g] = 1g x sin(θ)” [7].
	The change in output of the measured quantity which is acceleration (g) by the change in input angle (°) is the sensitivity of the measurement [8, p. 26] where the units in this instance is g / ° and for a single axis use the greater the angle the smaller the sensitivity of the output, Table 1 is an abstract of data that was populated in Excel which shows this.

[bookmark: _Ref38533681][bookmark: _Toc38889295]Table 1 Sensitivity of measurement (mg / °)
	Angle (°)
	Acceleration (g)
	Sensitivity (mg / °)

	5
	0.0872
	17.4312

	20
	0.4226
	16.9047

	40
	0.6428
	16.0697

	60
	0.8660
	14.4338

	80
	0.9848
	12.3101

	100
	0.9848
	9.8481


 
	To create the data seen in Table 1 two columns were created in Excel, where column one had angle in degrees ranging from -100 to 100 in steps of five and column two used the formula ‘1g x sin(θ)’, this then gave the calculated acceleration in g for each angle, a third column was added which calculates the sensitivity of the measurement and a final conversion to mg was applied to give sensitivity in mg /  °. The table shows the greater the angle the smaller the sensitivity of measurement. This data was also graphed as shown in Figure 5 

[bookmark: _Ref38880671][bookmark: _Toc38889234]Figure 5 Graph showing sensitivity of measurement
	Although the data shown in Table 1 and information found in literature suggest non linearity with respect to sensitivity of measurement the graph in Figure 5 shows it to be so small that it looks linear, if the system being designed was critical then this non linearity may need to be accounted for.
[bookmark: _Toc38889191]ADXL-335 accelerometer from Analog Devices
	The ADXL-335 produced by “Analog Devices” is a low power (typical 35 mA) 3 axis accelerometer, it incorporates signal conditioning which produces an analog voltage output per X, Y and Z axis. The device is simple to use with the only configuration needed is the selection of bandwidth per axis, it is capable of measuring both dynamic and static acceleration, the datasheet [9] shows when an axis has 0g applied to it the nominally voltage output is equal to the ‘supply voltage (Vs) / 2’ where the Vs range is from 1.8v to 3.6v, the lower the Vs the higher the density of noise, e.g. if Vs = 3.6v typical noise density is 120µg per √Hz  where as if Vs = 2v it is 270 µg/√Hz. The sensitivity is ratiometric for example if Vs is 3.6v then typical sensitivity is 360mV/g or if Vs is 2v typical sensitivity is 200 mV/g the datasheet parameters table gives Vs of 3v with a typical sensitivity of 300 mV/g but a tolerance of 270 mV/g minimum and 330 mV/g maximum.
[bookmark: _Ref38537045][bookmark: _Toc38889192]Motor control
	Open loop and closed loop are the two main types of motor control systems, a closed loop system has some form of feedback that monitors the output of the motor such as speed and position, this feedback is then used to automatically adjust the motor depending on the requirements of that system, closed loop is used more in systems where precision is needed such as controlling the movement of a robotic arm. Open loop refers to a system that does not involve feedback from the motors output, essentially it is a manual system where a motor does not need to be controlled with precision, an example would be a fan where it either needs to be on or off [10, p. 234].
	Stepper motors are capable of being controlled by microcontrollers and other logical processors, when a command pulse is sent to a stepper motor it rotates by one step where one step is a fixed angle specific to that motor, multiple pulses cause the motor to rotate further, this approach makes stepper motors ideal for open loop control [11, p. 376] and although it is open loop control angular rotation and therefore speed can be determined, the following equations show this:

	Angular rotation = number of steps x angle per step		eq1.
	RPM = 60 seconds x (angular rotation / 360)			eq2.

	Stepper motor construction electronically determines if it is Unipolar or Bipolar, both Unipolar and Bipolar consist of two separate but identical coils the difference is that Unipolar have centre taps and Bipolar does not [12], Figure 6 shows Unipolar centre tap configurations.

[image: ]
[bookmark: _Ref37539575][bookmark: _Toc38889235]Figure 6 Unipolar stepper motor windings [13]
	Figure 6 shows Unipolar centre tap configurations, these can be 5, 6 or 8 wire, electrically they operate in the same way, rotation of the motor is done by energising and deenergising each coil in a certain sequence, the centre tap arrangement ensures reversal of polarity is not needed, Figure 7 is a Bipolar winding configuration.

[image: ]
[bookmark: _Ref37539751][bookmark: _Toc38889236]Figure 7 Bi-polar stepper motor winding [13]
	The Bipolar configuration seen in Figure 7 shows it to be 4 wire, rotation here is done by alternating the polarity at each winding this can be done by use of a H-bridge configuration [12].
	There are three modes that can drive Unipolar stepper motors, “one-phase full step, two-phase full step, and two-phase half-step” [14, p. 598]. Figure 8 shows the windings taken from the datasheet [15] of the 28BYJ-48 5V stepper motor.

[image: ]
[bookmark: _Ref37550376][bookmark: _Toc38889237]Figure 8 Unipolar windings from 28BYJ 5v stepper motor [15]
	The 5 wire configuration seen in Figure 8 is being used to illustrate the various step sequence modes that can be used to drive a Unipolar stepper motor, Figure 9 shows the drive sequences for each mode.

[image: ]
[bookmark: _Ref37551245][bookmark: _Toc38889238]Figure 9 Unipolar step drive sequences
	In Figure 9 the highlighted cells represent which coil is energised at each step sequence, one-phase full step has one coil energised per step, two-phase full step has two coils energised per step and two-phase half step alternates between two-phase and one-phase per step, each have their own differences, such as torque, power consumption and angular resolution.
[bookmark: _Toc38889193]Caravan levelling procedure
	Observations made from personal experiences has shown that there is a misconception amongst non or inexperienced caravan users that the four corner legs are used to level a caravan, these corner legs are known as “corner steady’s” or “stay’s” and although a corner steady such as the one in Figure 10 has a load bearing of 800 Kg maximum [16] they are mounted to a non-load bearing section of the floor. The sole purpose of “corner steady’s” is to provide stability for the caravan by preventing rocking or tipping whilst the occupants are moving around inside.
 
[image: ]
[bookmark: _Ref37358816][bookmark: _Toc38889239]Figure 10 Caravan corner steady [16]
	Figure 10 above shows a corner steady for a caravan.
	Too level the caravan safely the axle and the A frame need to be manipulated, a common approach to this is using levelling ramps or a jack for the axle and the jockey wheel for the A frame, one procedure is to put a manual small spirit level such as the one seen in Figure 11 on the area to be levelled usually the kitchen workspace, starting with the roll of the caravan proceed to level the side which needs to be raised, once this is level the jockey wheel is used to level the pitch, this procedure may need to be repeated multiple times until both pitch and roll are level, during this method the operator needs to transverse between the spirit level and the area outside the caravan multiple times making corrections until the caravan is pitched level, this process can be time consuming. 

[image: ]
[bookmark: _Ref37384662][bookmark: _Toc38889240]Figure 11 Two axis spirit level - MP835B [17]
	Figure 11 shows a commonly used two-axis spirit level for caravans, it is cheap, small, lightweight and can be used either by placing it on the surface to be levelled or finding a permanent placement and utilising the fixing hole to secure it.


[bookmark: _Toc38889194]Survey of caravan levelling products (electronically)
	Pitchperfect.co.uk supply various types of electronic levelling systems, these are designed to replace a spirit level but require the user to manually alter the level of the caravan, Figure 12 shows show’s their LED level product. 
	
[image: ]
[bookmark: _Ref37552063][bookmark: _Toc38889241]Figure 12 LED level from pitch perfect [18]
	To operate the single axis level seen in Figure 12 the user switches it on and places it on the surface to be levelled, both LED’s light when level, it is portable and simple to use and does have various attachments for mounting to other surfaces such as windows or external walls.
	another product is their integrated LED level Figure 13, this product is permanently mounted to the floor underneath and uses fibre optics for light transmission.

[image: ]
[bookmark: _Ref37619467][bookmark: _Toc38889242]Figure 13 Integrated LED level [19]
	In Figure 13 the integrated LED level looks like an extension to the first LED level, the idea is to mount it underneath the caravan and have the fibre optics run to the front where the four lights representing pitch and roll can be seen.
	
	A wireless product called the U-Level is shown in Figure 14, this appears to be a small portable device designed to replace a manual spirit level. 
 
[image: ]
[bookmark: _Ref37620998][bookmark: _Toc38889243]Figure 14 U-Level [20]
	The way the U-Level in Figure 14 works is one device is the level detector which also houses a transmitter, this then transmits the level to the other device which is the receiver,  both devices have led’s to indicate state of level.
 



[bookmark: _Toc38889195]System design specification
	The system contains two main modules known as “Tilt sense” and “Tilt rectification”.
1. Tilt sense module is capable of measuring angular rotation about its ‘X’ (pitch) & ‘Y’ (roll) axis, the measured data is displayed to the user by use of a display and communicated to the “Tilt rectification” module hardwired using TTL RS232 protocol.
2. Tilt rectification module is primarily a motor controller where it receives data from the “Tilt sense” module and in turn controls linear actuated jacks.
	Having two separate modules simulates usage in a live environment where the Tilt rectification module would be fixed within the caravan and power source would be from the caravans own battery, the “Tilt sense” module would be portable and powered by a smaller battery, the RS232 link could then be replaced by Bluetooth modules enabling the system to be wireless.
[bookmark: _Toc38889196]Tilt sensing prototype requirements
	The “Tilt sense” module has an 8bit microcontroller from Microchip, a three axis accelerometer with analog outputs, a 128 x 64 GLCD, three buttons for the user to operate various features, power supply by use of a 9 Volt battery (PP3), UART connection for communicating with the “Tilt rectification” module, ICD connection for in circuit programming, an EEPROM to store graphics for the GLCD and a main power switch to isolate power supply when not in use.
[bookmark: _Toc38889197]Tilt rectification prototype requirements
	The “Tilt rectification” module has an 8bit microcontroller from Microchip,  three stepper motors, Three  switches for the motor end stops, external power supply connection to simulate connection to caravan battery, switch to isolate power supply, LED for visual operation status, two  UART connections for connecting to “Tilt sense” module and an external serial debugger.


[bookmark: _Toc38889198]Electronic design, Tilt sense module
[bookmark: _Toc38889199]Circuit block diagram, Tilt sense
	Figure 15 shows the circuit block diagram used for the “Tilt sense” module.

[image: ]
[bookmark: _Ref37626195][bookmark: _Toc38889244]Figure 15 Tilt sense, circuit block diagram
	Looking at Figure 15 the microcontroller has three user switches, a battery level connection and an accelerometer interfaced as inputs, for the outputs a 128 x 64 GLCD is connected in parallel, UART1 is the connection for “Tilt rectification” module, UART2 is for debugging, EEPROM to store graphics, ICD connection for in circuit programming and a power supply circuit.
[bookmark: _Toc38889200]Proteus simulation, Tilt sense
	Proteus VSM was used as a method to test and debug the application software, Figure 16 shows the minimum circuitry used to accomplish this.  
[image: ]
[bookmark: _Ref37626499][bookmark: _Toc38889245]Figure 16 Tilt sense, Proteus simulation circuit

	The circuit in Figure 16 has been broken down into multiple blocks: 
· Microcontroller U1: is a PIC18F45K22, this has been used as it is currently in stock.
· Battery level: RV3 potentiometer will simulate battery voltage level, R5 and R6 potential divider to bring battery level down to safe level for MCU.
· Accelerometer: Potentiometers RV1 and RV2 are used to simulate the analog output from the accelerometer.
· User switches: Three momentary switches pull the lines low when pressed, R2 – R4 are pull ups. 
· Virtual terminals: Used to simulate connection to the “Tilt rectification” module and for debugging.
· I2C Debugger: Shows data on the I2C lines.
· EEPROM I2C: A “24C08” EEPROM with 8Kb of memory is used to store graphics for the GLCD, R7 and R8 are standard I2C pull ups for the clock and data lines.
· LCD1: Is a 128x64 graphical LCD which uses KS107 & KS108 display drivers.
[bookmark: _Toc38889201]Tilt sense full schematic
	For breadboard and PCB design a separate schematic was created in Proteus, Figure 17 shows the circuit split into multiple blocks.
 
[image: ]
[bookmark: _Ref37628254][bookmark: _Toc38889246]Figure 17 Tilt sense full schematic
	The schematic in Figure 17 utilises through hole components with each section split into multiple blocks:
· Power supply: J3 is the 9 V battery holder, SW1 is the switch that isolates the battery, U2 is a 5v regulator needed as the GLCD is 5v, U3 is a 3.3 V regulator needed as the accelerometer maximum supply voltage is 3.6 V
· Accelerometer: This is a 6 pin header that takes an ADXL 335 evaluation module, C5 is a 0.1µF decouple capacitor recommended in the datasheet [21].
· Battery Level: Is a simple resistor potential divider which outputs 3.28v when the battery voltage is 9v. Note Pin 5 of the MCU is used as a +Vref for the ADC.
· UART 2: Is a header for connecting a serial debugger.
· EEPROM I2C: Is an 8 pin DIP connection for the EEPROM, C8 is 10nF decouple capacitor, R7 and R8 are 4K7Ω pull ups for the I2C lines.
· GLCD 128 x 64: J2 is a 20-pin header that the GLCD can plug directly in to, R1 is a recommended 10Ω current limiting resistor for the backlight LED and the POT is a 10KΩ potentiometer for adjusting the GLCD contrast.
· UART 1: Is a 4-pin header used to connect to the tilt rectification module and ready for testing Bluetooth in future.
· USER SWITCHES: Three tactile momentary switches which pull the line low when pressed, R2 3 & 4 hold the lines high.
· ICD / TAG: The ICD cable used is an TC2030-MCP this has a small PCB footprint, R9 is used to pull up the MCU VPP pin.
· MCU: U1 is a PIC18FK22 DIP, C6 and C7 are recommended 0.1µF decoupling capacitors.
[bookmark: _Toc38889202]Tilt sense breadboard
	Figure 18 shows the “Tilt sense” constructed on a breadboard, off the breadboard to the top left is a ribbon cable used to connect to the programmer the smaller yellow breadboard is mounted on some Lego technics for mounting to caravan chassis prototype and holds the ADXL-335 breakout board, this made it easier for testing. 

[image: ]
[bookmark: _Ref38160505][bookmark: _Toc38889247]Figure 18 Tilt sense breadboard
	Still looking at Figure 18 the GLCD is mounted to the bottom right, on the main breadboard at the top left is a 3.3v regulator, this is used to power the ADXL-335 accelerometer and feed the +VREF of the microcontroller, top right is the 5v regulator this is needed for the GLCD and used to power the microcontroller and EEPROM, in the middle three momentary tactile switches are positioned to the lower left quarter and a 10 KΩ potentiometer for the GLCD contrast is at the bottom.
[bookmark: _Toc38889203]Tilt sense PCB prototype
	The “Tilt sense” design uses a 128 x 64 GLCD which is large measuring 90 x 70 mm couple that with the pp3 battery holder, the ADXL 335 breakout board and other through hole components the overall PCB measures 150 x 75 mm, Figure 19 shows the design populated with the components and copper tracks routed.
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[bookmark: _Ref37631955][bookmark: _Toc38889248]Figure 19 Tilt sense PCB design (GLCD)
		
	Wanting to mount all components on to the PCB has meant the overall size of the PCB is large in Figure 19 the 9v battery holder, the on / off power switch, the ICD programming header and the potentiometer all sit to the right hand side of the PCB enabling easy access when the GLCD is mounted, the same goes for the three switches and the header for TTL rs232 to the left hand side, all other components placed within the centre do not need to be accessed when the module is in use and are covered by the GLCD. Figure 20 is a top down view of the PCB in the 3D view Proteus, this gives a visual representation of what the finished populated PCB would look like.
[image: ]
[bookmark: _Ref38161266][bookmark: _Toc38889249]Figure 20 Tilt sense PCB 3D view (GLCD)
	Figure 20 above is Proteus 3D version of the PCB, some components did not have readily available CAD drawings and thus are not included, Figure 21 shows the physical PCB soldered up with all components. 
	Note: The PCB manufacture used resides in China and as there is a global crisis during this project it was a rush to get some PCB’s ordered hence the actual manufactured PCB may be slightly different to what has been shown above.
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[bookmark: _Ref38542024][bookmark: _Toc38889250]Figure 21 Tilt sense PCB completed
	Figure 21 shows the PCB populated with components minus the GLCD, the red PCB is the ADXL-335 evaluation module which includes decouple capacitor for its power pins and bandwidth capacitors for each axis output, the 8-pin socket (U4) is ready for the EEPROM. In Figure 22 the GLCD has been added which fits directly into the female header at the bottom of the PCB along with a 9v battery. 
	
[image: ]
[bookmark: _Ref38542848][bookmark: _Toc38889251]Figure 22 Tilt sense PCB with GLCD mounted
	Figure 22 Shows a preliminary test code has been successfully flashed to the microcontroller, the GLCD is operating as intended along with the accelerometer, this ensures that the PCB is soldered up correctly and is functional.


[bookmark: _Toc38889204]Electronic design, Tilt rectification module
	The “Tilt rectification” module is using small 5v stepper motors which are not suitable for use on a full-scale caravan, to achieve that the design would need larger motors coupled with a bigger drive board to generate the power and lift. This section of the design involves a simulation in Proteus and a breadboard prototype resulting in proof of concept and for algorithm testing.   
[bookmark: _Toc38889205]Circuit block diagram, Tilt rectification
	Figure 23 shows the circuit block diagram used for the “Tilt rectification” module.
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[bookmark: _Ref37683477][bookmark: _Toc38889252]Figure 23 Tilt rectification, circuit block diagram
	Following the block diagram in Figure 23 the microcontroller has three motor end-stop switches for inputs, the outputs are connected to three stepper motors, an LED, there is two UART connections where one connects to “Tilt sense” module and other used for debugging via a terminal also an ICD for in circuit programming has been included.
[bookmark: _Ref38368953][bookmark: _Ref38368982][bookmark: _Toc38889206]Proteus simulation, Tilt rectification
	As with the Tilt sense module a separate simulation has been created for the Tilt rectification module, Figure 24 shows the circuit used for this.
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[bookmark: _Ref37684482][bookmark: _Toc38889253]Figure 24 Tilt rectification simulation
	The minimum circuitry used to get a working simulation is seen in Figure 24 each section has been split into multiple blocks:
· Microcontroller U1: Is a PIC18F45K22 which is currently in stock.
· Status LED: Used to indicate various states of the controller, e.g. running.
· Virtual terminal: Virtual terminal 1 to simulate communication with Tilt sense” module, virtual terminal 2 used for debugging.
· Motors: U2 and U3 Darlington array transistor IC’s these are needed to drive the stepper motors, SW1, 2 and 3 are to simulate end stops for each motor.
[bookmark: _Toc38889207]Tilt rectification breadboard
	Figure 25 shows the “Tilt rectification” module constructed on a breadboard, the schematic from the above Proteus simulation was referred to whilst constructing, to complete the build capacitors, voltage regulation and an ICD connection were included.
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[bookmark: _Ref38368268][bookmark: _Toc38889254]Figure 25 Tilt rectification breadboard
	The top left of the breadboard in Figure 25 is the LM 7805 voltage regulator it has a minimum input of 7v and a maximum of 30v with a 1.5 amp output current, although a decoupling capacitor has been used on the input it may not be needed as the power source is from a battery with a short lead length, to the bottom of this is a two pin header used to connect the power source, just to the right of the two pin header is a clear lens blue LED with a the forward voltage of 3.3v and current needed to illuminate is 20mA using ohms law and the formula for calculating the current limiting resistor: (5v – 3.3v) / 0.02A = 85Ω, a 100Ω resistor was used instead as it was the closet value in stock, the two small IC’s are ULN2803 Darlington array transistors used to drive the stepper motors, these have 0.1µF decouple capacitors. A PIC 18F45K22 microcontroller has been used due to being in stock, this also has 0.1µF decoupling capacitors on its power and ground pins, a 6-pin header for the ICD connection is seen just to bottom left of microcontroller and a 10KΩ pull up resistor is used on pin 1 (bottom left), three 10KΩ resistors above the microcontroller are pull ups for the three end stop switches which can be seen in Figure 33, above the breadboard are the three stepper motors used for this prototype.



[bookmark: _Toc38889208]Software design
[bookmark: _Toc38889209]	Tilt sense module Pseudo-code
	At minimum the “Tilt sense” needs to read the accelerometer X and Y axis and display it to the GLCD as well as communicating it to the “Tilt rectification” module. The following Pseudo-code was used before converting to C programming language.

/******* Interrupt Service Routines (ISR) *********/
ISR INT0:				// Ready for user switch 1
ISR INT1:				// Ready for user switch 2
ISR INT2:				// Ready for user switch 3
ISR INT TIMER 2:			// Used for setting flags at certain times
	Counter++;
	Counter_2++;
	IF counter == 1 sec 		// Send ready command to tilt rectification module
		Set flag;
		Reset counter;
	IF counter_2 == 10 mins
		Set flag_2;		// For battery level
		Reset counter_2;
ISR RS232:				// RS232 interrupt saves polling for data
	IF data received
		Store data;
		Set RS232 flag

/******* Functions *********/
Function ANGLE:			// Function to calculate angle based on the accelerometer
	Read adc for one axis on accelerometer;
	Convert adc value into voltage (mV);
	Calculate the difference from centre; 	// centre 0g is half supply voltage
	Convert the result into g by dividing it by the accelerometer sensitivity (mv / g);
	Apply formula sin-1(angle);	 	// answer is in radians
	Convert to degrees radians *(180/pi);
	Return angle in degrees;

Function UART:					// Handles data for RS232 RX/TX
	Send commands to tilt rectification module;
	Receive data from rs232;

Function BATTERY LEVEL:			// Handles battery level reading
	Read adc for battery level;
	Convert adc value into voltage level;
	Update GLCD with battery voltage;

Function INIT MCU:			// Used to initialise the MCU
	Setup ADC ports for accelerometer & battery level;
	Enable interrupts for timer 2, 3 buttons & uart;
 	Initialise GLCD;
	Call BATTERY LEVEL;
	Call ANGLE for roll axis;			// Get initial angle for roll
	Call ANGLE for pitch axis;		// get initial angle for pitch
	Update GLCD with splash screen;	

/******* Main *********/
Function MAIN:
	Call INIT MCU;
	IF 1 second flag and NOT ready from tilt rectification
		Call UART and send ready to tilt rectification;
	While ready is received from tilt rectification
		While roll is not level	
			Call angle for roll axis;
			Update GLCD with roll angle;
			Call UART send command to tilt rectification to alter roll angle;
			Loop until roll is level;
		While pitch is not level
			Call angle for pitch axis;
			Update GLCD with pitch angle;
			Call UART send command to tilt rectification to alter pitch angle;
			Loop until pitch is level;
		IF battery level flag;
			Call BATTERY LEVEL;
			Update GLCD with battery level;
	IF RS232 flag
		Check what data has been received;
	Loop MAIN;	
[bookmark: _Toc38889210]Tilt sense C code
	Snippets of some of the C code has been included here, Figure 26 shows the function created which reads the ADC channel from the accelerometer and calculates the tilt angle.
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[bookmark: _Ref38868004][bookmark: _Toc38889255]Figure 26 Fetch angle function
	In Figure 26 two ADC inputs are used, either for pitch or roll so the function takes and argument “int x” this selects the channel to read, the code commented out was used to test if it would cure fluctuations in the readings this is explained in section 9.3.1, the function returns angle in degrees. A function to update the display is seen in Figure 27 this is used to update the cross symbol seen in Figure 36 of section 9.2.
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[bookmark: _Ref38868586][bookmark: _Toc38889256]Figure 27 Angle display update function
	Only the first part of function in Figure 27 is seen as it repeats, two arguments are received “angle” and a “char”, the char selects either roll or pitch, the function has been written in a way to make it easy to scale the data shown on the display. In Figure 28 a snip of code from the main function is shown.
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[bookmark: _Ref38869236][bookmark: _Toc38889257]Figure 28 Operate right motor
	The code in Figure 28 shows a loop used to control the right motor, when this loop is entered it reads the angle by calling the “fetch_angle()” function, updates the display by calling the “angle_display_update()” function, using the angle value it determines which way the motor needs to be operated and sends a command via RS232 to the “Tilt rectification” module, single letters have been used to make it quicker and easier to use.
	Appendices section 14.1 shows the full C code.   
[bookmark: _Toc38889211]Tilt rectification Pseudo-code
	The “Tilt rectification” module when first powered up needs to home all motors before acting on any commands from the “Tilt sense” module, this safety feature is needed as it relies on step count to know what position the jacks are. To assist with writing the program in C the Pseudo-code below was referred to.

/******* Interrupt Service Routines (ISR) *********/
ISR INT0:	// Ready for end stop switch 1
ISR INT1:	// Ready for end stop switch 2
ISR INT2:	// Ready for end stop switch 3
ISR INT TIMER 2:	// Used as timer for setting flags
	Counter++;
	IF counter == 1 sec		// Flag to send ready command to tilt sense module
		Set flag;
		Toggle status LED;		// Shows module is running
		Reset counter;
ISR RS232:		// RS232 interrupt saves polling for data
	IF data received
		Store data;
		Set RS232 flag;
	
/******* Functions *********/
Function for MOTOR X: 	// Function to drive each motor
	IF clockwise command && end stop is NOT set		// Put jack up
		Turn motor clockwise;
		Step count--;
	IF anticlockwise command && Step count is < 4096	// Put jack down only if step   									 // count is less than 4096
		Turn motor anticlockwise;
		Step count++;
	IF end stop
		Reset step count to zero; 

Function for UART:				// Handles data relating to RS232
	send commands to tilt sense module;   
	receive data from tilt sense module;

Function HOME MOTORS:			// Handles homing for motors
	IF end stops NOT set 
		Call MOTOR X to wind jacks up;
	Else motors are home set flag;

Function INIT MCU:				// Used to initialise the MCU
	enable interrupts for timer 2, 3 buttons & uart;
	Call HOME MOTORS; 			// Ensure motors are home
	Call UART and send ready to tilt sense module

/******* Main *********/
Function MAIN:
	call INIT MCU;	
	IF 1 second flag && tilt sense NOT ready;
		Call UART to send ready to tilt sense;
	IF RS232 flag set				// Use the stored data for the IF statements
		IF motor X up
			Call MOTOR X with up;		// Tell motor x to wind jack up
				IF motor is up 
					Call UART to tell tilt sense motor;
		Else IF motor x down
			Call MOTOR X with down;		// Tell motor x to wind jack down
				IF motor is all the way down
					Call UART to tell tilt sense motor
					
	loop MAIN;			// Return to start of MAIN
[bookmark: _Toc38889212]Tilt rectification C code
	The C code for the “Tilt rectification” module was split between two files where one was the main code which then included a separate motor_control.c file, Figure 29 shows a snippet from the main function.
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[bookmark: _Ref38870595][bookmark: _Toc38889258]Figure 29 Tilt rectification main code
	In Figure 29 if a char has been received then the while(rxFlag) is set ‘r’ means the “Tilt sense” module is ready ‘w’ means the “Tilt sense” has asked the “Tilt rectification” to wait, line 138 fprintf() is a debugging line for serial monitor connection, the case statement is used to determine what action the “Tilt sense” as commanded. A snippet from the motor control code is seen in Figure 30.
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[bookmark: _Ref38871847][bookmark: _Toc38889259]Figure 30 Function from motor control
	The motor control.c file has three main functions in it where each one controls one of the motors, the function receives an “int” which determines whether the motor raises or lowers the jack, line 23 IF statement only allows the jack to be raised if the end stop is not pressed, line 33 IF statement only allows the jack to be lowered if a predetermined amount of steps has not been reached. Figure 31 shows the sequence used to control each motor.

[image: ]
[bookmark: _Ref38872313][bookmark: _Toc38889260]Figure 31 Motor control sequence
	Line 9 and 10 in Figure 31 is the sequence to control the front and right motor these both turn in the same direction for raising or lowering the jack and are connected to the lower half byte of a port on the microcontroller, they use the same one phase full step sequence, the left motor is inverted and is on the upper half of a byte hence different bit’s are utilised
	Full C code can be found in appendices chapter 14.2.




[bookmark: _Toc38889213]Scaled caravan chassis
	Lego technics was used to create a scaled version of a caravan chassis, Figure 32 shows a single axle prototype with the motors attached.
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[bookmark: _Ref38153078][bookmark: _Toc38889261]Figure 32 Prototype chassis from Lego Technics

	In Figure 32 three linear jacks were built using open source 3D printed design [22] which the stepper motors are fixed to, these are mounted to the caravan chassis where one is on the A frame representing the jockey wheel and the other two are mounted near the axle. Three end stops are positioned at the top of the jacks which get activated when the jacks are up. A battery box is also mounted replicating a battery found in a caravan. Figure 33 below shows a close view of one linear jack.
[image: ]
[bookmark: _Ref38153725][bookmark: _Toc38889262]Figure 33 Close up of linear jack
	To build the jack seen in Figure 33 the open source design included a cog to fit the motor shaft, a toothed legged to serve as the lifting leg and a casing to mount the stepper motor, once assembled it was fixed to the chassis, a micro switch was then mounted to the top of the structure as the end stop.  



[bookmark: _Toc38889214]Testing and analysis
[bookmark: _Toc38889215]Manual test bench with kitchen items
	A test bench in Figure 34 was constructed using a protractor and wood, various items found in a kitchen were placed upon it one at a time, the board was then lifted slowly to see at what angle each item would fall off.
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[bookmark: _Ref38501141][bookmark: _Toc38889263]Figure 34 Test bench
	The spirit level in Figure 34 shows the levels to be with in the tolerances used when levelling a caravan, this was then removed and each of the items in Table 2 were put on to the middle of the board, the board was raised slowly until the item fell off, the angle shown on the protractor was then recorded.

[bookmark: _Ref38502070][bookmark: _Toc38889296]Table 2 Test results for kitchen item with protractor
	Object
	Angle °

	Kitchen roll, stood upright.
	15

	Packet of Noodles, laid down.
	15

	Apple, bottom down.
	20

	Tin of beans, stood upright.
	10

	Cutlery, knife and fork.
	17

	Pencil, hexagon shaped.
	14

	Plastic beaker, empty 11cm tall
	15


	
	The objects in Table 2 are typical items found in a kitchen and also used within a caravan, the spirit level seen in Figure 34 is the one used when manually levelling a caravan and shows the test bench to be within the accepted tolerances. The plastic protractor is a typical one found in a cheap stationary set which has an accuracy of 1°, the wooden board does have a smooth to touch surface like a kitchen work surface found in a caravan. The kitchen roll was positioned in the middle of the board in an upright position and reached a maximum angle of 15° before it fell over, the apple reached a maximum of 20° before it rolled off the test bench, the rest of the items reached their maximum angle as per Table 2 before sliding off the bench, it is believed the tin of beans only reached 10° due to the design of the bottom which gives it less contact surface area, the Apple having a flat bottom and lower centre of gravity enabled it to reached 20°, the Kitchen roll although it is light weight and had a greater surface area when compared to some of the other items it does have a higher centre of gravity causing it to fall over at 15°, the shape of the pencil enabled it to reach 14° before the shift of its centre of gravity caused it to roll off. The nature of the materials of the other objects coupled with their centre of gravity caused them to slide off as per angle shown in Table 2.
[bookmark: _Toc38889216]Manual test bench kitchen items conclusion
	All items tested reached a minimum of 10° degrees before either sliding off or falling over, a 10° incline of any surface could be classed as a slight hill, when levelling a caravan it is thought that having the level under 10° would be sufficient enough to stop these commonly found items from falling off the worktop, it is not known if this degree of elevation would ensure a pleasant and safe environment for the occupants as there is a chance of persons falling over or being in discomfort whilst sitting or lying down.  
	Due to the test area being on a work bench surrounded by electrical items it was deemed un safe to test anything that involved holding unsealed liquid such as a saucepan or kettle, many factors would be involved if one of these items were used such as contact surface area where a larger surface area coupled with its weight would have a higher friction and the probability of it holding still would most likely be similar to the items used in this test, a more important factor would be the level of liquid within the item as such that the item when level could safely hold more liquid than if it was on any sort of incline, due to this factor it is suggested that the level of caravan should be as close to zero degrees as possible.         

[bookmark: _Ref38868768][bookmark: _Toc38889217]Tilt sense test bench
	The “Tilt sense” PCB module was placed in the middle of the test bench with the orientation as such that when the board is lifted the pitch is the angle of interest, white tac was used to hold it to the board and as a mechanism to calibrate it with the spirit level, Figure 35 shows the setup.
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[bookmark: _Ref38708465][bookmark: _Toc38889264]Figure 35 Tilt sense setup
	The white ribbon cable in Figure 35 is the programming cable which can be removed from the PCB but for ease of use it was easier to disconnect from the programmer, to ensure there is no power supply issues whilst testing a cable has been constructed enabling the bench power supply to be used. The white tac that is behind the spirit level is there to ensure it does not slide off when lifting the board. Figure 36 shows a close view of the setup. 
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[bookmark: _Ref38708856][bookmark: _Toc38889265]Figure 36 Tilt sense level

	The 2-axis spirit level in Figure 36 was used to calibrate the Tilt sense module, it can be seen that the pitch on the spirit level is just off centre hence the GLCD shows pitch at 1.40° and the bar in the cross symbol is just north of centre, the roll on the spirit level is dead centre with the GLCD showing roll at 0.84° and the bar in the cross is at centre.
	During testing trigonometry was also used to determine the accuracy of the data being shown by the protractor and the “Tilt sense” module, Figure 37 shows the triangle imposed on to the test bench picture.
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[bookmark: _Ref38716012][bookmark: _Toc38889266]Figure 37 Test bench showing triangle
	In Figure 37 the angle θ of interest is marked in “Red”, the outline of the triangle is marked in “Black”, the yellow text represents each side of the triangle with ‘H’ for hypotenuse, ‘O’ for opposite and ‘A’ for adjacent, to calculate the angle θ a trigonometric ratio is used and in this instance knowing ‘H’ = 497 mm and ‘O’ will be a variable that can be easily measured then the ratio “sin(θ) = O / H” [23, p. 249] is used, re arranging this formula for angle θ gives “θ = sin-1(O / H)”.
	Eight tests were conducted where objects of various heights were placed under the test bench to create various sized angles, at each individual height data was logged in Excel, Table 3 below the following images shows the results. Figure 38 is test 1 where the height of ‘O’ was 28 mm, the calculated angle was 3.23°, the protractor showed 3° and the “Tilt sense” module shows 4.76°.
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[bookmark: _Ref38720305][bookmark: _Toc38889267]Figure 38 Test bench 1
	Whilst completing this test phase separate test code seen in Figure 43 was placed within the main software, this involved displaying actual values in degrees as well as using the code that display’s and populates the cross on the GLCD, Figure 38 shows that the pitch has been elevated to approximately 4°, Figure 39 is from test 3 where the board has been elevated more. 
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[bookmark: _Ref38721255][bookmark: _Toc38889268]Figure 39 Test bench 3
	In Figure 39 the board is elevated as such that the ‘O’ side measures 83 mm, the GLCD shows the Pitch is at 10.98° and the cross has been filled some more. Figure 40 shows the result from test 8 where ‘O’ was elevated to a height of 241 mm resulting in the pitch showing 30.87°. 
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[bookmark: _Ref38721601][bookmark: _Toc38889269]Figure 40 Test bench 8
	In Figure 40 the code used for populating the cross during this testing phase has purposely been capped to 25° hence the bar shows it to be at full pitch. As mentioned earlier in the chapter the data was logged in Excel with Table 3 showing the results.
[bookmark: _Ref38720691][bookmark: _Toc38889297]Table 3 Tilt sense pitch bench test
	Test number
	Manual tool 
Angle°
	Tilt sense module 
Angle°
	Opposite (mm)
	Calculated angle °
sin-1(O/H)

	1
	3
	4.76
	28
	3.229641245

	2
	5
	7.01
	46
	5.310630623

	3
	9
	10.98
	83
	9.613555215

	4
	12
	13.28
	114
	13.26035221

	5
	15
	17.93
	139
	16.24099177

	6
	21
	22.71
	179
	21.11008181

	7
	24
	26.4
	207
	24.6137508

	8
	29
	30.87
	241
	29.00654043



	Table 3 shows the results from testing the Pitch of the “Tilt sense” module, eight tests were conducted with a maximum angle of approximately 31° as this system is for caravans then ideally if the location of the caravan causes it to tilt at 30° or more then it would be advised to move it to another more suitable location, column two “manual tool angle°” is data manually inputted from the protractor this was done to the nearest degree, column three ”Tilt sense angle°” is data manually inputted from the display on the “Tilt sense” module, column four “Opposite (mm)” is manually entered data that was read from the metal ruler this is to the nearest mm. Column five “Calculated angle” uses the formula “=SUM ASIN(O/497) * 180 / PI()” where ASIN is the inverse sin function, O/497 is opposite / hypotenuse and as this answer is in radians then *180/PI() is used to convert into degrees.
	Analysing the data in Table 3 shows column two data from the protractor and column five data calculations are within 0.61 degrees, the exception is test 4 and test 5 where maximum deviation is 1.26 degrees, data in column three which is from the “Tilt sense” module shows the results to be above both the protractor (column two) and calculated angles (column five) with a maximum deviation from the calculated angle column of 1.86 degrees except for test 8 and test 4 only showing 0.02 degrees of deviation. The results in Table 3 were used to plot a scatter graph seen in Figure 41.

 

[bookmark: _Ref38725698][bookmark: _Toc38889270]Figure 41 Tilt sense test bench results graph
	The graph in Figure 41 shows test number on the bottom axis with angle in degrees on the vertical axis, the blue line showing the manually entered data from the protractor closely follows the grey line from the calculated angle apart from test 4 and 5, the orange line showing the “Tilt sense” data is clearly above both manual tool and calculated angle data.
	When setting up the test bench the protractor was fitted as such that the 0° was in-line with the base of the board, but whilst setting up the tilt sense module as seen in Figure 36 it was calibrated to match what the spirit level was showing resulting in the tilt sense module starting at 1.4° for pitch, in Table 4 column three “Tilt sense” module angle has had -1.40° added to each input cell bringing the results closer to the manual tool and calculated angle. 

[bookmark: _Ref38790841][bookmark: _Toc38889298]Table 4 Tilt sense pitch test bench (-1.40°)
	Test number
	Manual tool 
Angle°
	Tilt sense module 
Angle°
	Opposite (mm)
	Calculated angle °

	1
	3
	3.36
	28
	3.2296412

	2
	5
	5.61
	46
	5.3106306

	3
	9
	9.58
	83
	9.6135552

	4
	12
	11.88
	114
	13.260352

	5
	15
	16.53
	139
	16.240992

	6
	21
	21.31
	179
	21.110082

	7
	24
	25
	207
	24.613751

	8
	29
	29.47
	241
	29.00654



	Looking at Table 4 the revised data inputted for the Tilt sense module now shows the results to be closer to the manual tool column as well as calculated angle column, test 4 has a deviation of 1.38° from the calculated angle with the rest of the results varying from 0.03° to 0.46° the data from Table 4 was used to plot another scatter graph seen in Figure 42 which is similar to the graph in Figure 41. 
 

[bookmark: _Ref38793001][bookmark: _Ref38793008][bookmark: _Toc38889271]Figure 42 Tilt sense test bench results graph (-1.40 °)
	
	In Figure 42 the orange Tilt sense module line now closely follows the manual tool and calculated angle data the exception appears to be around test four and five where the biggest deviations occur this is most likely due to the following reasons.
1. The plastic protractor used was a cheap tool that came bundled with other stationary and thus has most probably not gone through a stringent calibration process that a more professional tool may do, it’s accuracy when looking at the scaling is to one degree whilst testing at times it did fall in between the one degree scale and thus the reading was rounded up to the nearest degree
2. The metal ruler used to measure the opposite side of the triangle again it was not an expensive tool and therefore it may not have gone through stringent calibration process, the scaling for the first 100 mm is as low as 0.5 mm but above 100 mm it is 1 mm so the nearest 1 mm was used which resulted in some rounding up.
3. The triangle shown in Figure 37 was measured using a builders style retractable tape measure, again stringent calibration may not have been used when the tool was manufactured, the scaling is down to 1 mm and by design the claw at the beginning moves 1 – 2 mm which could have resulted in the triangle measurements being off by 1 – 2 mm.
4. The ADXL 335 accelerometer datasheet Table 1 [9] shows a number of parameter tolerances and at what test conditions these parameters were tested too, some parameters of interest are:
· “Nonlinearity” is ±0.3% of full scale, suggesting a small percentage of the reading could deviate slightly from the expected trendline.
· “Cross-Axis Sensitivity” has a typical value of ±1%, this is where there could be coupling between two axis, suggesting slight interference could be imposed onto the axis of interest by another axis.
· “Sensitivity” when Vs is 3v shows the range between min and max to be 60mV / g this coupled with the actual readings by the microcontroller and possibly any electrical noise / interference not accounted for on the ADC channel could impose slightly inaccurate but tolerable readings. 
· “Sensitivity change due to temperature” this has a typical value of 0.01 % / °C, ambient temperature was not taken or controlled during this test phase but for this application the 0.01 % could most probably be disregarded in this instance.
· “Bandwidth” although the datasheet shows and suggests different capacitor values for bandwidth the evaluation board comes preinstalled with 0.1µF capacitors [24] which gives a bandwidth of 50 Hz this implementation of low pass filtering helps reduce noise and antialiasing, during this test phase the test bench was fixed to a stable worktop and at each measurement a minimum of 5 seconds was left before noting the readings, this ensured any noise that may have been imposed during the movement of the board had settled or been filtered out.
5. Human error, the human eye was used to collect and record data from the protractor and the metal ruler this involved moving the eye between the two areas of the test bench doing so could have meant the eye was not looking at the tools at the exact same level resulting in one or two measurements being out by an approximate value of ±1.	
[bookmark: _Toc38889218]Tilt sense test bench conclusion	
	This test bench was conducted on the X axis of the accelerometer, according to the datasheet the Y axis when used in the same way should behave in a similar manner, as the application for this module is not critical then it is assumed the results would be the same.
	In general the results have been positive, three different methods were used to collect angle data with 90% of the results falling within one degree of each other the application for this module is to give tilt angle data for the pitch and roll of a caravan and although having a level caravan does contribute to the safety of the occupants being off by as much as two or three degrees would not disregard their safety, this can be seen by looking at Figure 36 the manual spirit level has two black lines which indicates if the bubble is in between then the caravan is of a safe level, the tilt sense module was calibrated to this and thus showed 1.40° of positive pitch, personal experience has shown that having the bubbles within the black lines of the spirit level is sufficient for the occupants to have a safe and pleasant experience. Figure 43 shows the piece of test code used for this test bench.	        
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[bookmark: _Ref38725600][bookmark: _Ref38725589][bookmark: _Toc38889272]Figure 43 Snippet of test bench code
	To conduct this test phase it was best to create a while loop within the main program and thus only do what was needed for this instance referring to Figure 43 much of the code is the same as the in the main program for reading the accelerometer, calculating the actual angle and updating the cross symbol shown on the GLCD, the extra code implemented ensures the calculated angle could be displayed in decimal format, for this to happen “line 247 char angleDegrees[5]” array was needed which enabled “line 258 & 264 glcd_text57()” function to display the values, as the calculated angle uses a float data type “line 257 & 263 sprintf (angleDegrees, “%f”, pitchAngle / rollAngle);” function was used, this converts the float data type from pitchAngle / rollAngle into char data type and places it into the “angleDegrees” array before being displayed on the GLCD in decimal format, “line 266  delay_ms(3000)” is a three second delay included to slow the program down to a comfortable level for data collection.   
[bookmark: _Toc38889219]Tilt rectification test bench 
	To test the “Tilt rectification” module the breadboard prototype was mounted to the front of the Lego technics caravan chassis with the “Tilt sense” prototype PCB mounted to the rear, the manual spirit level was mounted on top centre. Figure 44 shows the overall setup of the structure.
.
[image: ]
[bookmark: _Ref38832752][bookmark: _Toc38889273]Figure 44 System test on Lego technics chassis
	The Lego technics caravan chassis seen in Figure 44 was sufficient enough to hold the breadboard Tilt rectification module and a 7.2 volt battery pack mounted to the front, at the rear is the “Tilt sense” module PCB prototype with the spirit level at the centre, the programming cables have been left connected to aid with any software alterations needed and the power source for the “Tilt sense” has been left connected to the bench power supply. A top down view of the system can be seen in Figure 45.

[image: ]
[bookmark: _Ref38833279][bookmark: _Toc38889274]Figure 45 Top view of whole system
	The top down view in Figure 45 shows the spirit level and the display on the Tilt sense module showing roughly the same level, the test bench used in the “Tilt sense” test area is the same board as what this prototype is rested on.
	When both modules first power up the “Tilt rectification” module does a homing of all motors, this safety feature ensures the motors are in a known position as the end stops would confirm it, the “Tilt sense” module will be in an idle state. Figure 46 and Figure 47 show the front motor and right motor homing 
[image: ]
[bookmark: _Ref38861948][bookmark: _Toc38889275]Figure 46 Front motor homing
	Figure 46 the front motor is being operated to home as it is not touching the end stop switch, Figure 47 shows the right motor is nearly home.
[image: ]
[bookmark: _Ref38861955][bookmark: _Toc38889276]Figure 47 Right motor nearly home
	In Figure 47 the right motor is nearly home. The “Tilt sense” is seen in Figure 48.
[image: ]
[bookmark: _Ref38862168][bookmark: _Toc38889277]Figure 48 Tilt sense waiting for ready command
		Looking at Figure 48 the “Tilt sense” module is waiting for the Tilt rectification module to home it’s motors. During this test an object has been placed under the right wheel causing the roll to be higher on that side and the pitch is nose down. The cross on the display can be seen in Figure 48 and Figure 49
[image: ]
[bookmark: _Ref38862432][bookmark: _Toc38889278]Figure 49 Tilt sense module in running mode
	Now the “Tilt sense” module is in running mode this is shown on the display in Figure 49 and as the roll is right side up the left motor is being operated to compensate for this. The code has been set to level the caravan chassis to less than 1 degree Figure 50 shows this.
[image: ]
[bookmark: _Ref38862978][bookmark: _Toc38889279]Figure 50 Pitch and roll level to one degree’s
	In Figure 50 the cross on the GLCD and the spirit level show the caravan chassis to be close to level. Figure 51 shows the jacks have extended.
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[bookmark: _Ref38863200][bookmark: _Toc38889280]Figure 51 Shows the jacks extended
	The front and left jacks have been extended to try and compensate for the chassis being un level this is seen in Figure 51.
[bookmark: _Ref38868382][bookmark: _Toc38889220]Tilt rectification test bench conclusion
	This test phase shows that whilst the “Tilt rectification” module was homing the motors the “Tilt sense” module was at idle and waiting for a ready command, once the ready command was received it then moved into its running mode where it read the data from the accelerometer and proceeded to command the “Tilt rectification” module, firstly it operated the left motor to bring the chassis level on the left side then it operated the front motor to bring the nose up, the code at current was set to level if the values were above one degree also the code continues in a loop to keep it level, on a live caravan this loop would need to be exited otherwise the “Tilt rectification” module would continuously make corrections to the level of the caravan, an issue noticed whilst testing is the data from the accelerometer was slightly erratic by approximately ±1° causing the chassis to oscillate, further investigation would be needed to establish if this is caused by code or noise imposed on the ADC channel. In its current state the accuracy of the system is ±2°.     
 



[bookmark: _Toc38889221]Further work
	The prototype caravan chassis involved using small motors and therefore the “Tilt rectification” module utilised small drivers, further work to this would be to investigate appropriate lifting jacks with motors for a full size caravan and once these have been established an appropriately sized controller could be designed.
	To create a viable working system ideally the communication channel between the “Tilt sense” and “Tilt rectification” modules would need to be wireless, Bluetooth at current is the protocol of choice, the added advantage of this is smart devices in general such as smart phones have Bluetooth as standard this then could open up further work where an app could be developed to either supplement the display of the “Tilt sense” module or have control of the complete system such as controlling the jacks.
	As seen in testing the accuracy of the system is ±2° further work is needed to establish if this is caused by electrical noise or a logical error in the code resulting in the erratic readings. The end user software also needs updating to make use of the buttons to allow more control such as a menu system, start and stop or manually controlling each jack. 
[bookmark: _Toc38889222]Updated version of Tilt sense module
	The Tilt sense prototype involved uses a large GLCD coupled with other PCB mounted components produced a large overall design. Version 2 of the Tilt sense module has begun which involves using and OLED for the display, this type of display still has a resolution of 128 x 64 pixels but the technology used makes the overall physical dimension as small as 28 x 28 mm, all other components where possible are surface mount and for the 9v battery a snap connector with wires has been used, doing so has created a PCB dimension of 35 x 55 mm which is significantly smaller than the GLCD version. Figure 52 shows the schematic in Proteus.
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[bookmark: _Ref38809471][bookmark: _Toc38889281]Figure 52 Tilt sense OLED schematic
	The schematic in Figure 52 was created to build a version of the Tilt sense module with smaller components, the key differences in this version is a smaller microcontroller, this is due to the OLED as it works using I2C protocol and thus only requires two pins on the microcontroller, these same pins are also used by the EEPROM, removal of the second UART connection as debugging features can be done either using the OLED or through UART1, UART1 has been designed as such that the HC-06 Bluetooth module can fit straight in, the ADXL 335 accelerometer is surface mount so the need for a separate header has been eliminated this has also meant more control of the bandwidth which is set to 1Hz, the battery connection has been swapped for a two-pin header enabling the battery to be mounted separately saving on PCB space, a fuse and diode has been include with the power supply to ensure protection from short circuit and reversal of battery polarity.
	With the schematic completed a PCB layout was created this is seen in Figure 53. 

[image: ]
[bookmark: _Ref38813552][bookmark: _Toc38889282]Figure 53 Tilt sense PCB layout for OLED
	The PCB layout in Figure 53 has an external board of 35 x 55 mm, the accelerometer (U6) has been positioned to the top right, the EEPROM (U3) is to the top left, the header J1 is for the OLED where the display when fitted covers the PCB down as far the header J4, the microcontroller (U1) is positioned under the OLED, header J4, ICD (J8), header J2 and the three switches (SW1 – 3) have been positioned in a way that they can be accessible even when the display is mounted, the placement of the components also allow the orientation of the module to be in line with the surface to be levelled adding to the user experience. Utilising Proteus 3D visualiser Figure 54 shows what the PCB would look like with all components populated.
[image: ]
[bookmark: _Ref38814385][bookmark: _Toc38889283]Figure 54 Tilt sense OLED 3D view
	Figure 54 gives a good idea of what the PCB would look like, included in this design is six mounting holes the top four have been spaced out to match four holes found on the OLED display and another two have been positioned at the bottom these will be utilised for mounting fixtures when a case is to be designed.
	Again, as this was created during a global crisis with uncertainty of when receipt of a manufactured PCB would occur the actual received PCB may be slightly different to what has been shown so far. Figure 55 shows the OLED design as with the display next to the PCB.
[image: ]
[bookmark: _Ref38815586][bookmark: _Toc38889284]Figure 55 Tilt sense OLED removed
	The PCB in Figure 55 was personally constructed by using a hot air gun and solder specific to surface mount components, the 9v snap connector shows the true scale of the size of this module. Some test code was written just to ensure the integrity of the soldered components, Figure 56 shows the module powered up and the display is working.

[image: ]
[bookmark: _Ref38817263][bookmark: _Toc38889285]Figure 56 Tilt sense OLED in place
	As mentioned the design of this version of the Tilt sense is such that the buttons seen in Figure 56 can easily be accessed this is the same for the header when implementing Bluetooth, the test code just displays a string onto the OLED. 
	Further work to this version of the module would be the design of a housing as such making it usable as an independent level module where further testing could be done on a live caravan. 



[bookmark: _Toc38889223]Conclusion
	Research into self-levelling platforms concluded with various design ideas for mechanical actuators with some being patents, within those patents were references made towards types of electronic control and sensor components, key information gained from this was the mention of using an accelerometer for measuring tilt angle and implementing wireless. 
	The ADXL 335 accelerometer was chosen due to low cost, having a high sensitivity typical 300mV/g when compared to others researched but not listed and being available complete as an evaluation board ensured during testing there was a high probability that any errors during design phase were not down to faulty construction of the component.
	Stepper motors 28BYJ-48 5v were chosen for this prototype again due to low cost and although not as easy to control when compared to a regular DC motor its main advantages are having a sensor less open loop control by counting step phases and only one end stop switch was needed for a safety feature.
	Products already at market that aid with levelling of a caravan did not include much technical information with regards to electronic design but gave an idea of various mounting points used and possible ideas for case design.
	Testing of just the “Tilt sense” module GLCD prototype was a success with the readings being within a degree when compared to the protractor and calculated results, but during testing of the whole system there appears to be an issue with the measured data being erratic this may be down to noise being imposed on the whole system as both modules are hardwired or possibly having the three second delay in the small test code was enough to filter and stabilise the readings, further work will investigate this.
	The software that has been written so far may not seem like much but a lot of time was invested to get to the stage it was at, various technical issues arose of which at first thought it was software related but later diagnosed to be hardware, an example was using two levels of voltages 3.3v and 5v where many configurations were used such as running the “Tilt sense” microcontroller from 3.3v, but as the GLCD used 5v it would impose 200mV fluctuation on the ADC channel resulting in extremely erratic accelerometer readings. 
	The biggest challenge with the software was the communication between the microcontrollers, one way to think of it is similar to artificial intelligence where each one needs to think by itself and also talk to each other, a lot of time was spent trying to get a basic communication link where using just one character per command was found best, this in turn also helped with the speed of the link, future versions would need to be more complex as more features are planned to be added.    

     


[bookmark: _Toc38889224]Personal reflection
	When I initially thought of the project the end vision was to have a complete working system designed and fitted to my caravan, this would of involved a final version of the Tilt sense module with Bluetooth, appropriate jacking method for the caravan with the Tilt rectification module constructed as such to deliver the power needed to control these jacks, this too would have had Bluetooth, also once this was accomplished start to design an app for my smart phone to give another form of control of the system.
	Unfortunately, shortly into this project and into the first few months of the school year family issues arose resulting in a loss of approximately 5 weeks’ worth of time which at the time I did not realise the impact it was going to have moving forward, airing my concerns with my supervisor who has always had faith in me, he would give me appropriate guidance and the much appreciated confidence for me do the best I could, as a result certain areas of the project were adjusted to suit what could be achieved given the time frame left. It was just unfortunate that a global crisis has also occurred weeks before the deadline resulting in some more lost time adding to the pressure to get something finished.
	What could I have done differently? Ignoring the lost time issue there was a number of times where I felt like things were taking too long, one example would be spending approximately 4 hours trying to get some code working at 2 am before calling it a night only to fix it within 20 minutes the following day, for me personally my brain functions best after a good night’s rest and between the hours of 9 am and 3pm so trying to keep to those hours for any mentally challenging work is advised, also I have a tendency to go over the top and do work that is not necessarily needed or asked for.     
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[bookmark: _Toc38889226]Appendices
[bookmark: _Ref38870241][bookmark: _Toc38889227]Tilt sense module C code
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[bookmark: _Toc38889286]Figure 57 Tilt sense C code lines 1-98
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[bookmark: _Toc38889287]Figure 58 Tilt sense C code lines 99-197
[image: ]
[bookmark: _Toc38889288]Figure 59 Tilt sense C code lines 198-298
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[bookmark: _Toc38889289]Figure 60 Tilt sense C code lines 299-394
[bookmark: _Ref38873190][bookmark: _Toc38889228]Tilt rectification module C code
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[bookmark: _Toc38889290]Figure 61 Tilt rectification C code lines 1-94
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[bookmark: _Toc38889291]Figure 62 Tilt rectification C code lines 95-165
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[bookmark: _Toc38889292]Figure 63 Motor control C code lines 1-99
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[bookmark: _Toc38889293]Figure 64 Motor control C code lines 100-112
[bookmark: _Toc38889229]Tilt sense GLCD & OLED comparison
	Figure 65 shows the two main versions of the Tilt sense module.
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[bookmark: _Ref38818563][bookmark: _Toc38889294]Figure 65 Tilt sense GLCD & OLED PCB
[bookmark: _GoBack]	In Figure 65 the smaller OLED version of the Tilt sense module is roughly 1/5 of the GLCD version.
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Test bench results for Pitch

Manual tool 
Angle° 	1	2	3	4	5	6	7	8	3	5	9	12	15	21	24	29	Tiltsense module 
Angle°	1	2	3	4	5	6	7	8	4.76	7.01	10.98	13.28	17.93	22.71	26.4	30.87	Calculated angle °	1	2	3	4	5	6	7	8	3.2296412450059901	5.3106306230173672	9.6135552146813072	13.260352213247803	16.240991771076171	21.110081811099079	24.613750799793198	29.006540432029759	Test number
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Test bench results for pitch (-1.40°)

Manual tool 
Angle° 	1	2	3	4	5	6	7	8	3	5	9	12	15	21	24	29	Tiltsense module 
Angle°	1	2	3	4	5	6	7	8	3.36	5.6099999999999994	9.58	11.879999999999999	16.53	21.310000000000002	25	29.470000000000002	Calculated angle °	1	2	3	4	5	6	7	8	3.2296412450059901	5.3106306230173672	9.6135552146813072	13.260352213247803	16.240991771076171	21.110081811099079	24.613750799793198	29.006540432029759	Test number
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107 | /* Reads adc values from accelerometer and converts to angle in degrees (int x) selects ADC channel*/
168 |1 float fetch_angle(int x)

109 [ {

110 Float angle = 0;

111 #loat accelsupply = 3300; /1 ADXL337 supply (nV)

112 £loat accelaDCMiliVolts = (accelsupply / 1023); /1 ADC 10 bit mV per step

113 #£loat acceloutputsensitivity = accelsupply / 10 /1 ADXL337 sensitivity (mV/g) ratiometric with supply

114 £loat centrevolts = accelsupply / 2; /1 Walf ADXL337 supply voltage is eg

115 set_ade_channel(x); 11 Pitch is ch (6), Roll is ch (1)

116 delay_us(10);

17 angle = read_ade();

118

119 |61 /*for(int 1 = 0; i<3; i+4) /1 Average out ADC value

120 {

121 tmp = read_ade();

122 angle = angle + tmp;

123 }

124 angle = angle / 3; */

125

126 angle = angle * accelaDCMilivolts; 1/ Convert ADC value in to mv

127 angle = angle - centrevolts; /1 Caleulate difference in my from centre (8g) of ADXL supply, angle is in (mV)
128 angle = angle / acceloutputsensitivity; // Calculate accel output in gravity, angle is in (g)

129 angle = asin(angle); /7 angle in radians

138 angle = angle *(180/pi); /1 Convert radians to degrees

131 angle = angle *(-1); // Tnvert values as the ADXL board is rotated 186 degrees on GLCD PCB
132 return angle; /1 angle is in degrees

133 | [ 1
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Updates the cross on the display (char c) selects either roll ('r') or pitch ('p") */

El void angle_display_update(float angle, char c)

int pixelsiengthQuarter = (1+1) - (w'2);
float maxAngle = 25;

float degreesPixel
int centerBuffer

(Float)pixelstengthouarter / (maxangle);

gled_rect(x-(w-1), y-(w-1), x+(w-1), y+(w-1), yes, on);
if (= 'r)
+

/7 Number of pixels per quarter of level indicator

// Maximum degrees wanted on level indicator

/1 Degrees per pixel for half axis length in pixels

// BuFfer in degrees around level

/I Clear centre of cross, may move this

7/ select roll axis

/* Define boundaries for clearing y axis left and right quadrants */

int xivleftstart = x - (wrl);
int xlYLeftFinish = xlvleftStart - pixelslengthQuarter;
int xIYRightStart = x + (wH);

int xLYRightFinish = xIYRightStart + pixelslengthQuarter;
int x2;

gled_rect(xavLeftstart, y-(w-1), xI¥LeftFinish, y+(w-1), yes, off);
gled_rect(xavRightstart, y-(w-1), xIYRightFinish, y+(w-1), yes, off);

if (angle > centerBuffer)

X
if (angle > maxingle) angle = maxAngle;
X2 = angle * degreesPixel;
X2 = x¥Leftstart - x2;
gled_rect(xivLeftstart, y-(w-1), X2, y+(w-1), yes, on);
3
else if (angle < centerBuffer*(-1))
X
if (angle < maxAngle*(-1)) angle = maxAngle*(-1);
X2 = angle * degreesPixel;
X2 = xIYRightStart - x2;
gled_rect(xIYRightstart, y-(w-1), x2, y+(w-1), yes, on);
3
else
X
) gled_rect(x-(w-1), y-(w-1), x+(w-1), y+(w-1), yes, on);

¥

SRS

FE R R ik

Start left quadrant
End left quadrant

Start right quadrant

End right quadrant

7/ Used in gled_rect()

/1 Clears Roll axis bar left
/1 Clears Roll axis bar right

/7 Roll right positive (left up)

// Caps upper ADC value (bug Fix)
/1 pifference calculation
// (tmp / ratio) Scale value for x2
// Fill Roll up to value of x2

/1 Caps upper ADC value (bug Fix)
/1 Difference calculation

7/ Fill centre of cross roll is level
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&

while(righttotor && !rxFlag)

{

pitchangle = fetch_angle(0);
angle_display_update(pitchangle, '
rollangle = fetch_angle(1);
angle_display_update(Rollingle, 'r');

(Signed long) (rollangle * 100); /7 Maths used to scale angle by a factor of 10 for IF statements
R: %Ld\r\n”,pitchLevel,rolllevel); /1 Debugging

rolltevel
//fprintF(UART2,"P: %Ld
if(rolllevel > level)

&
¥

else if(rolllevel < (level*(-1)))

&
¥

send_char('d",0);

send_char('c’,0);

else

&

pitch = 1;

send_char('s",0);

rollRight
rightiotor

1!
o

// Only operate right motor

/7 Update the cross on the display

puts right motor down

/1 Maths to make level a negative number

// *c’ puts right motor up

// set flag for Pitch loop
/1 's* stops motors
// Used as memory for next iteration
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{

[ while(TRUE)

while (rxFlag)
{

i (cRX
{

3

else if (cRX

{

3
Fprintf(UART2, "RX: %c\r\n", cRX);
rxFlag =

* || tmpRunFlag)

runFlag

w)

runFlag

3

while(runFlag 8& IrxFlag)
{
send_char ('r",0}
suitch (cRX)

{

motor_control_front(1); 1
break;
case 'b':  motor_control_front(2);
break;
motor_control_right(1); 1
break;
case 'd':  motor_control_right(2);
break;
motor_control_left(1); 1
break;
motor_control_left(2);
break;
case 'h':  motor_home();
break;
motor_stop();
break;
default:  cRX = 's';
break;

otor up
/1 votor down
otor up
/1 votor down

otor up
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a5
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ont motor /
El void motor_control_front(int F)

i

int 1;

Hif (F
{
& for(i = 05 1 < 45 it4)

1

188 input(es1))

motorStep = motorStepSequenceC[i];
output_a(motorStep) ;
delay_ms(MOTORSPEED) ;

stepsFotor-

¥
3
Hoif (R
{
& for(i = 05 1 < 45 it4)

1

2 88 stepsFiiotor < MAXSTEPSF)

motorStep = motorStepSequenceCC[i];
output_a(motorStep) ;
delay_ms(MOTORSPEED) ;

stepsFiotor++;

¥
3
Hif (linput(Es1))
{

3

/1 fprintf(uaRT2,"

stepsFiiotor = 0;

%u int: %\
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char motorStepSequenceCW[4] = {3,6,12,9};

char motorStepSequenceCC[4]
char motorStepSequenceCL[4]
R it SES tapk i TS ()

9,12,6,3};
{144,192,96,48};
{48,96,192,144};

/7 Front & right motor up Full wave CW as you look at it
/1 Front & right motor down Full wave CC as you look at it

// Left motor down Full wave CW as you look at it {144,192,96,48
P Lt mobir e L s 0 = vow TS at i
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{

FEEESS Test ares eeeeeer)

£l while (TEST)

char angleDegrees[s];
char p[1] = {"P'}, r[1] = {'R'}
gled_text57(15, 15,p , 1, on);
gled_text57(15, 25, r, 1, on);
gled_rect(21, 14, 77, 40, yes, off);

pitchangle = fetch_angle(0);
pitchangle = pitchangle * (-1);
angle_display_update (pitchangle, 'p');
sprintf(angleDegrees, "¥", pitchangle);
gled_texts7(25, 15, angleDegrees, 1, on);

rollangle = fetch_angle(1);
rollangle = rollingle * (-1);
angle_display_update (rollingle, 'r');
sprintf(angleDegrees, "¥", rollingle);
gled_texts7(25, 25, angleDegrees, 1, on);

delay_ms(3000);

weees End Test area wreereereeeee)

/7

Array to store angle values
P = Pitch, R = Roll

Display symbol P for pitch
Display symbol R for roll
Clears old values

Fetch pitch angle
Invert angle as ADXL 335 evaluation board
Update the cross on the display for pitch
Converts float value to text and put’s in
Display pitch angle

Fetch roll angle
Invert angle as ADXL 335 evaluation board
Updates the cross on the display for roll
Converts float to text

is rotated 180 on PCB
angle
to angleDegrees array

is rotated 180 on PCB
angle




image42.jpeg




image43.jpg




image44.jpeg




image45.jpeg




image46.jpeg




image47.jpeg




image48.jpeg




image49.jpeg




image50.jpeg
9V Batt connection Power supply.

ICDTAG

- us
T
ey USERSWITCHES gy
1 WCPITIETINEE cB c2 = J
TAJATOSKO25RNS TAJAT0SKO25RN mcu
v —{ <o
u1 our
i | WerRveeRes e PGD
x¥0s B2 Ragnocizme- 3
] AN
s B eveerrcane REUEIOANIIE D
5 B RmRER I RELANSIC
5 B Rmogerour
el 1] VDICzouT REUNTIANIDCIZNG PIC
Eakm ) W S
=] SSticuanar EEE
o 2 oo
] Rsmiosomse RerDT 5 R
- 2 reimiosiceez HES ™
sr—2] = Fin oS00 12
3 o RodsDison [a<r> son
& TR S0
BATTERY LEVEL gy il EEPROM 12C
souzrece
R6 RS us
ol A B a0
o W
= RT[1R8 G
miszaseTia
Yo | |w % Vee  ned
A e
: 80 saL





image51.jpg




image52.jpg
- i

5
! |
B R
L= ¥





image53.jpeg




image54.jpeg




image55.jpg
| B ¥ Aehhchadi e it st it ket chdhchih g e ik dach e h dachat ch i cochg e ik it it kit o
2 Author: Nicholas Jones

3 Date: April 2020

4 Program name: Tilt sensing module

s Version: 1.1

5 Program description: MCU is PICIEF4SK22

7 Pitch and Roll data is gathered from accelerometer (ADXL335)

8 A 128x64 GLCD (KS0107 / 08 controller) is used for user interface
° Three switches for user interaction (Int@ - 2) not used in V1

10 EEPROM (I2C) used for Extra graphics. not used in V1

11 For Debug connect terminal to TX (C6) / RX (C7) pins

12 == NOTE: CS1 and CS2 for GLCD have been reveresed in Proteus simulation
e kR s

14 | #include <tilt_sense.h>

15
16
17
18

#include <2408.C>
#include "hdn6ags12.c”
#include <graphics.c>
#include <math.h>

7/ EEPROM Library

/1 Driver for 6LCD (Ks6107 / 08)

11 Graphics library
/1 vay not need this

19

26| short timer2Flagl=o, rollleft=0, rollRight=0, roll=0, rightiotor=0, leftiiotor=0, pitch=0;

21| short wait=1, rxFlag=0;
22| int x-103, y=38;

23| int

24| int level = 0.5 * 100;

25| signed long rolllevel=0, pitchLevel-0;
2

27| char *start[1] = {"Start = £"};
28| char cRX = 'z';

29

38 | char *waiting[1] = {"Waiting"};
31| char *running[1] = {"Running"};

32| float pitchangle, rollangle;
33

34| /% braw screen */
35 | Bl void page1()

36| [ ¢
37 char *U[1] = {"U"};

38 char *0[1] = {"0"};

39 char *E[1] = {"e"};

a0 char *title[1] = {"Tilt sense V1'};
a /% left side of screen */

a2 gled_line(13, 0, 13, 63, on);

a3 gled_line(o, 20, 12, 20, on);

aa gled_line(o, 43, 12, 43, on);

a5 gled_texts7(1, 4, *U, 2, on);

a6 gled_texts7(1, 25, *E, 2, on);

a7 gled_texts7(1, 48, *D, 2, on);

a8 7% Top of screen */

a9 gled_line(14, 13, 127, 13, on);

56 gled_texts7(15, 4, *title, 1, on);

B 7% Right of screen */

52 gled_line(78, 14, 78, 63, on);

53 7* Draw cross */

54 gled_rect(x-w, y-1, xtw, y+l, no, on);
55 gled_rect(x-1, y-w, x+1, y#w, no, on);
s6 || )

57

58 | #INT_RDA

59 |Elvoid RDA_isr(void)
L IS

61 //disable_interrupts(INT_RDA);

6 RX = fgetc(UARTL);

63 rxFlag = 1;

64 //Fprintf(UART2,"rx int exit\r\n");
&

66 ||}

67 | sInT_ext

68 |Elvoid EXT_isr(void)
e |

70

||y

72 | wINT_ex
73 |Elvoid EXTL isr(void)
7 ([ {

s (|1

76 | wINT_Ext2

77 |Elvoid  EXT2_isr(void)
7 ([ {

79

L g

81| #INT_TIMER2

82 |Elvoid TIMER2_isr(void)
8] ¢

84 int timer2Counter;

85 timer2Counter++;

86 |El if (timer2Counter > 80)
L {

88 tiner2Flagl

89 timer2Counter

- ¥

a1 ([}

%2

, 1-23; "w

/1 48 counts = 1 second, (> fixed bug when it was

/1 X8y of centre of cross, alter these to move cross
half width, 1 = half length of cross, odd numbers ensure symmetry, alter these to change dimens
/1 Degrees for level * 100 is maths scaling as angle is float and under 1 degrees is zero

/1 Pitch and Roll angle used in main()

/1 Used for GLCD_text

/1 Pitch axis border
/1 Roll axis border

// RS232 RX1 interrupt connected to tilt rectification

93 | /* This only sends a char over TX when it has changed */

94 |E void send_char(char cTX, int repeat)
s || ¢

% static char lastCTX;

97 |1 if(eTx

An

lastcTX || repeat || timer2Flagl)

/1 *static’ does not destroy variable

// Timer2 sets flag in main to s1
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¥

{

¥

{

fputc(cTX,UARTL);
lastcTx = eTx;

repeat = 0;
tiner2Flagl
Fprintf(UART2,

TX: SAr\n",€TX) 5
3

Reads adc values from accelerometer and converts to angle in degrees (int x) selects ADC channel®/

Bl float fetch_angle(int x)

Float angle = 0;

#loat accelsupply = 33005 /7 ADXL337 supply (mV)
#loat accelADCHilivolts = (accelSupply / 1023); // ADC 10 bit uV per step
#loat accelOutputsensitivity = accelSupply / 10 // ADX337 sensitivity (mV/g) ratiometric with supply
float centrevolts = accelsupply / 2; /1 Half ADXL337 supply voltage is 0g
set_ade_channel(x); /1 Pitch is ch (0), Roll is ch (1)
delay_us(10);
angle = read_ade();
[for(int 1 = 03 i3; i+4) /7 Average out ADC value
{
tnp = read_adc();
angle = angle + tup;
angle = angle / 3; */
angle = angle * acceladChiliVolts; /1 Convert ADC value in to aV
angle = angle - centreVolts; /1 Caleulate difference in mV from centre (0g) of ADXL supply, angle is in (aV)
angle = angle / accelOutputsensitivity; /1 Caleulate accel output in gravity, angle is in (g)
angle = asin(angle); /7 angle in radians
angle = angle *(180/pi); /7 Convert radians to degrees
angle = angle *(-1); // Tnvert values as the ADXL board is rotated 130 degrees on GLCD PCE

return angle; /7 angle is in degrees

Updates the cross on the display (char c) selects either roll ('r’) or pitch ('p’) */

Elvoid angle_display_update(float angle, char c)

int pixelsiengthQuarter = (1+1) - (w'2); /7 Number of pixels per quarter of level indicator
Float maxangle = 25; // Waximun degrees wanted on level indicator
#loat degreesixel = (float)pixelsLengthQuarter / (maxangle); /1 Degrees per pixel for half axis length in pixels

int centerBuffer = 1; /1" Buffer in degrees around level

gled_rect(x-(w-1), y-(w-1), x+(w-1), y+(w-1), yes, on); // Clear centre of cross, may move this
i (e == rt) 77 select roll axis
€
/* Define boundaries for clearing y axis left and right quadrants */
int xAVLeftstart = x - (w); /1 Start left quadrant
int X1YLeftFinish = xIYLeftStart - pixelsLengthQuarter; 7/ End 1eft quadrant
int xAVRightstart = x + (w1); 7/ start right quadrant
int xIYRightFinish = xIYRightStart + pixelslengthQuarter;  // End right quadrant
int x2; // Used in gled_rect()
gled_rect(xi¥LeftStart, y-(w-1), xiVLeftFinish, yh(w-1), yes, off); /7 Clears Roll axis bar left
glcd_rect (xiYRightStart, y-(w-1), xIYRightFinish, y+(w-1), yes, off); /7 Clears Roll axis bar right
if (angle > centerBuffer) /1 Roll right positive (left up)
€
if (angle > maxangle) angle = maxangle; /1 Caps upper ADC value (bug Fix)
X2 = angle * degreesPixel; 17 Difference calculation
X = xaYLeftstart - x2; // (tmp / ratio) Scale value for x2
gled_rect(xivLefestart, y-(w-1), x2, y+(w-1), yes, on); // Fill Roll up to value of x2
3
else if (angle < centerbuffer*(-1))
€
if (angle < maxangle*(-1)) angle = maxAngle*(-1);  // Caps upper ADC value (bug Fix)
2 = angle * degreesPixel; 17 Difference calculation
X2 = xIvRightstart - x2;
gled_rect(xivRightstart, y-(w-1), x2, y+(u-1), yes, on);
3
else
€
gled_rect(x-(w-1), y-(w-1), x+(w-1), yr(w-1), yes, on);  // Fill centre of cross roll is level
3
3
else if (c = 'p") /1 Select pitch axis
€

/* Define boundaries f
int y2XUpperStart
int y2XUpperFinish

clearing x axis upper and lower quadrants */
y - (w); /1 start upper quadrant

2XUpperstart - pixelsiengthQuarter;  // End upper quadrant

int y2XlowerStart = y + (wH); /1 start lower quadrant

int y2XLowerFinish = y2XLowerstart + pixelsiengthQuarter;  // End lower quadrant

int y2; /1 Used in 6LCO_rect()

gled_rect(x-(w-1), y2XUpperStart, x+(w-1), y2XUpperfinish, yes, off); /1 Clears pitch bar upper
gled_rect(x-(w-1), y2XLowerstart, x+(w-1), y2XLowerFinish, yes, off); /1 Clears pitch bar lower

if (angle > centerBuffer) /1 Pitch axis positive (nose up)
{
if (angle > maxangle) angle = maxangle; /1 Ensures pitchangle does not go above maximum level angle
y2 = angle * degreesPixel; /1 y2 co-ordinate start value
Y2 = y2XUpperstart - y2; /1 y2 start offset
gled_rect(x-(u-1), y2XUpperStart, x+(w-1), y2, yes, on); /7 Fill Pitch indicator up to value of y2

3}
else if (angle < centerBuffer*(-1) ) /1 Pitch axis negative (nose down), *-1 inverts centerBuffer
{
if (angle < (maxangle * (-1))) angle = maxangle*(-1); /1 Ensures pitchangle does not go below maximum level angle
y2 = angle * degreespixel; /1 y2 co-ordinate start value
T s G 17 55 kot Pl
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gled_rect(x-(w-1), y2XLowerStart, x+(w-1), y2, yes, on);

/1 Fill Pitch axis down to value of y2

-1), yes, on); /1 Fill centre of cross pitch is level

/1 1.9 ms overflow, 25.8 ms interrupt

Initialise GLCD
Clear screen buffer

¥
& else
{
gled_rect(x-(w-1), y-(w-1), x+(w-1), y+(w
¥
¥
¥
short TesT=0; 11 Test loop
/* Tnitialse MCU =/
£ void meu_init()
{
setup_adc_ports(sANG | sANL | sAN2 | sAN4);
Setup_adc_reference(VSS_VREF);
Setup_adc(ADC_CLOCK_INTERNAL);
setup_timer_2(T2_DIV_BY_16,240,13);
init_ext_eeprom();
enable_interrupts (INT_EXT);
enable_interrupts (INT_EXT1);
enable_interrupts (INT_EXT2);
enable_interrupts (INT_TTMER2);
enable_interrupts (INT_RDA);
enable_interrupts (GLOBAL)
gled_init(ON); /"
gled_fillscreen(off); 1%
send_char("h",0);
¥
£ void main()
{
meu_init(); // Tnitialise Mcy
page1(); 71 Draw sereen

pitchangle = fetch_angle(0);
angle_display_update (pitchangle, 'p');
pitchlevel = (signed long)(pitchangle * 100);
rollangle = fetch_angle(1);
angle_display_update(rollingle, 'r');
rolllevel = (signed long)(rollingle * 100)
delay_ms(1000);

/ Test area * /
£ while (TEsT)
€
char angleDegrees[s];
char p[1] = {'P'}, r[1] = {'R'};
gled_texts7(15, 15,p , 1, on);
gled_texts7(15, 25, r) 1, on);
gled rect(21, 14, 77, 40, yes, off);

pitchangle = fetch_angle(0);
angle_display_update (pitchangle, 'p');

sprintf(angleDegrees, "¥", pitchangle);
gled_texts7(25, 15, angleDegrees, 1, on);

rollangle = fetch_angle(1);
angle_display_update (rollingle, 'r');
sprintf(angleDegrees, "¥", rollingle);
gled_texts7(25, 25, angleDegrees, 1, on);

delay_ms(3000);

End Test area /

£l while (TRUE)

€
B while (rxFlag) /7 when a char is
{
c LF(cRX == w')
€
wait
3
& else if )
€
wait = 0
roll = 1;
gled_text57(16, 16, *waiting, 1, off);
gled_text57(16, 16, *running, 1, on);
3
& else if
€
wait = 1
roll = 0;
3
/FprintF(UART2, "RX: e\r\n®,cRX);
rxlag = 05

3

while(wait 8& IrxFlag)
{

pitchangle = fetch_angle(0);
angle_display_update (pitchangle, 'p');
pitchlevel
rollangle = fetch_angle(1);
angle_display_update(Rollingle, 'r');
rolllevel = (signed long)(rollingle * 100);
gled_texts7(16, 16, *waiting, 1, on);
Fprintf(UART2, "waiting\r\n");

o Raid Y6t B8

tch

e angle values

P = Pitch, R = Roll
Display symbol P for pitch
Display symbol R for roll
Clears old values

Fetch pitch angle
Update the cross on the display for pitch angle

Converts float value to text and put’s in to angleDegrees
Display pitch angle

Fetch roll angle
Updates the cross on the display for roll angle
Converts float to text

recieved this loop decides what to do with it

/1 vebugging

/1 vaiting for Tilt rectification module to confirm ready

(signed long) (pitchangle * 100);

/7 Debugging on UART2
17 Telk It rectificatice sodile ' vaade
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¥

B while(roll 8& IrxFlag)

5
= if(rolllevel > 0)

{
}

= else

{
¥

send_char('r",0);
roll = 0;

7

rightiotor

leftrotor = 1;

¥

£ while(righttiotor 8& IrxFlag)
5

11 on

pitchangle = fetch_angle(0);
angle_display_update(pitchangle, 'p');
rollangle = fetch_angle(1);
angle_display_update(Rollingle, 'r');
rolllevel = (signed long)(rollingle * 100);
//Fprintf(UART2,"P: %Ld R: 3Ld\r\n",pitchLev
= if(rolllevel > level)

{

}
= else if(rolllevel < (level*(-1)))

{
}

= else

{

send_char('d’,0);

send_char('c’,0);

pitch = 1;
send_char('s",0);
rollRight = 1;
rightiotor = 0;

¥
¥

B while(leftiotor 88 IrxFlag)
5
pitchangle = fetch_angle(0);
angle_display_update (pitchangle,
rollangle = fetch_angle(1);
angle_display_update(Rollingle, 'r');
rolllevel = (signed long)(rollingle * 100);
= if(rolllevel < (level*(-1)))
{

}

= clse if(rolllevel > level)

{
}

= else

{

N

send_char('',0);

send_char('e’,0);

pitch = 1;
send_char('s",0);
rollleft = 1;
leftiotor = 0;

¥
¥

B while(pitch 8& IrxFlag)
5
pitchangle = fetch_angle(0);
angle_display_update (pitchangle, 'p');
pitchlevel = (signed long)(pitchangle * 100);
rollangle = fetch_angle(1);
angle_display_update(RollAngle,
= if(pitchLevel < (level *(-1)))
{

}

= clse if (pitchievel > level )

{
}

= else

{

send_char('s",0);
= 1(rollRight)
{

3

= else

{

¥
pitch =

Bt

send_char('b’,0);

send_char('a’,0);

rightiotor = 1;

leftrotor

Determine which motor will be used for roll

y operate right motor

/1 Update the cross on the display

11 vaths
el,rolllevel);

used to scale angle by a factor of 108 for IF statements
1/ vebugging

/1 " puts right motor down

/1 Waths to make level a negative number

/1 "¢ puts right motor up

/1 set flag for Pitch loop
/1 's' stops motors
/1 Used as memory for next iteration

/1 only operate left motor

/1 'F* puts left motor down

/1 "e’ puts left motor up

stops motors
/1 Used as memory for next iteration

1 b' puts front motor down

/1 *a* puts front motor up

stops motors
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Author: Nicholas Jones
Date: May 2020

Program name: Tilt rectification module
Version: 1

Program description: MCU is PICISFSK22

Hardware rs232 stream=PORTL is RXL/TXL used to connect to Tilt sense module

Stream=PORT2 is RX2/TX2 used for debugging
Three stepper motors (28BYJ-48 5V)

10 Three end switches for motor home
1 LED for status

R e ——————
13

14 | sinclude <tilt_rectification.h>

15 | #include "motor_control.c”

16 | short TEST

17 | char cRX

18 | short homeflag = 0, runflag = 0, timer2flag = 0, rxflag = 0, tmpRunFlag = O;
19

20 | sINT_ToNeR2

21 |Bvoid TIMER2_isr(void)

2 |[¢

23 || int tiner2counter;

24 || timer2Counter++;

25 |0 iF (timer2Counter > 40) // 40 counts = 1 second, (> fixed bug when it was
%[ ¢

27 tiner2Flag = 15

2 timer2Counter = 0;

29 output_toggle(LED);

(| 3}

31y

2

33| wnr_ext

34| void EXT_isr(void){}

35 | sIT_exts

36 | void EXTIisr(void){}

37| smvr_ex2

38 | void EXT2_isr(void){}

39 | #InT_roa

48 | B void RDA_isr(void) // RS232 RXL interrupt connected to tilt sense
a (¢

42 || cRX = fgetc(UARTL);

a3 || rflag = 15

44 |0 if (runflag) 1/ Ensures while loop is exited
as |

5 runflag

27| tmpRunFlag

||

a9}

50 | #INT_RoA2

51| void RDA2_isr(void){}

52

53| /* This only sends a char over TX when it has changed */
54 |E1 void send_char(char cTX, int repeat)

ss [ ¢

56 static char lastCTX;

57

58 |0 SF(cTX 1= lastCTX || repeat || timer2flag
59 T

60 Fputc(cTX,UARTL);

61 TastcTx = eTX;

& repeat = 0;

6 tiner2Flag = 0

64 1/ Fprintf (UART2,"TX: %e\r\n",cTX)

o5 3

66 [}

67

68 |1 void motor_stop()

e |[ ¢

70 || output_a();

71| outputd(e);

72|y

73

74 |1 void motor_home()

s ([ ¢

76 || fprintf(UART2, "Sending motors home\r\n");
77 || send_char('h"1);

78 |0 while(input(Es1))

[ ¢

80 motor._control_front(1);

al|

82 |0 while(input(Es2))

s [ ¢

8 motor._control_right(1);

s (| 3y

86 |0 while(input(Es3))

= (I

88 motor._control_left(1);

s (| 3}

50

51| | homerlag = 1;

92 || runflag - 1;

93| | fprintF(UART2,"AL1 Motors are home\r\n®);
oa ||}
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Bl void mcu_init()

{
delay_ms(200);
//enable_interrupts(INT_EXT);
J/enable_interrupts(INT_EXT1);
J/enable_interrupts(INT_EXT2);
setup_timer_2(T2_DIV_BY_16,240,13);
enable_interrupts (INT_TIMER2) ;
enable_interrupts(INT_RDA) ;

/1 enable_interrupts (INT_RDA2);
enable_interrupts(GLOBAL) ;
/* Put motors at end stops */
motor_home() ;

¥

£l void main()

{

meu_init();

£l while(TEST)
{

//Fprintf(UART2, "TEST MODE\F\
send_char("h’,0);
motor_control_left(2);
//delay_ms(3000);
//motor_control_left(1);

3

£l while(TRUE)

{

B while (rxFlag)
{

& i (cRX
{

3

= else if (cRX

{

1
Fprintf(UART2, "RX: %c\r\n", cRX);
rxFlag = 0;

|| tmpRunFlag)

runFlag = 1;

')

runFlag = 0;

¥

B while(runFlag 8& IrxFlag)
{
send_char ('r’,0);
& suitch (cRX)
{

break;

break;

break;

case 'd
break;

break;

break;
motor_home() ;

break;
© motor_stop();
break;
RX
break;

motor_control_front(1); /"
motor_control_front(2);
motor_control_right(1); /"
motor_control_right(2);

motor_control_left(1); "

/1.9 ms overflow, 25.0 ms interrupt

/1 Test loop for debug purposes

Hotor up

/1 wotor down

Hotor up

/1 wotor dow

Hotor up

motor_control_left(2);
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®
void motor_control soox(int X) 1 brings motor up, 2

#define MOTORSPEED 12

#define MAXSTEPS 3000

#define MAXSTEPSF 4096

char motorStepSequenceC[4] = {3,6,12,9};

char motorStepSequenceCC[4] = {9,12,6,3};

char motorStepSequenceCL[4] = {144,192,96,48};
char motorStepSequenceCCHL[4] = {48,96,192,144};

int motorstep;
long stepsFiotor = 0, stepsRHotor = 0, stepsiHotor = 0;
//int rotationsFhotor = 6, rotationsRMotor =
Jrrnsssssses Front motor Seserikess
El void motor_control_front(int F)

{

int 15

Hif (F =
{
= For(i

{

188 input(es1))
05 i< 45 irh)

motorStep = motorStepSequenceC[i];
output_a(motorStep) ;

delay_ms (MOTORSPEED) ;
stepsFiiotor--;

¥
}
Hoif (R
{
= For(i

{

2 88 stepsFiiotor < MAXSTEPSF)
05 i< 45 irh)

motorStep = motorStepSequenceCC[i];
output_a(motorStep) ;

delay_ms (MOTORSPEED) ;

stepsFiiotort+;

¥
}
B if (linput(Es1))
{

3
/7 Fprintf(UART2, "Fh;

stepsFiiotor = 0;

%y
¥

Jrrsssssaess Right motor *rrrxrrzix
El void motor_control_right(int R)

int 15
B if (R =
{

= For(i = 0; i < 4; ith)

{

188 input(es2))

motorStep = motorStepSequenceC[i];
output_d(motorStep) ;

delay_ms (MOTORSPEED) ;

stepsRiotor-

3

B if (R =
{
= For(i = 0; i < 4; ith)

{

2 88 stepsRilotor < MAXSTEPS)

motorStep = motorStepSequencecC[i];
output_d(motorStep) ;
delay_ms (MOTORSPEED) ;
stepsRilotor++;
¥
3

B if (linput(Es2))
{

3

7

stepsRilotor = 0;

fprintf(UART2,

¥

[ads Left motor
£l void motor_control_left(int L)

int 15
Bif (L=
{

= For(i = 0; i < 4; ith)

{

188 input(es3)

1)

motorStep = motorStepSequenceCCHL[1];
output_a(motorStep) ;

delay_ms (MOTORSPEED) ;

stepsirotor-

¥
}
B i L
{

2 88 stepsLiotor < MAXSTEPS)

Pt il LR Bk

6, rotationsiiotor

%d\r\n", stepsRiiotor,

puts motor down

/1 Proteus

50, hardware 12 seems good faster and torque is lost
limit that motor can step, determined by length of jack

right motor up Full wave G as you look at it
right motor down Full wave CCH as you look at it

// Left motor down Full wave W as you look at it {144,192,96,48}
/1 Left motor up Full wave CO as you look at it

/1 2048 steps = 1 rotation )

o

int: %d\r\n®, stepsFhiotor, F);

R);
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1

motorStep = motorStepSequenceCiL[1];
output_a(motorstep) ;

delay_ms (MOTORSPEED) ;

stepsitotor++;

3
}
i (1input(es3))
{

3
/7 fprintf(UART2,"LM: %Lu

stepsLiotor = 0;
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