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1.0 Introduction
1.1 Problem Definition

This report describes the design of a fuzzy logic controller-based two-legged self-balancing system. The mechanical unit (the “robot”) consists of two legs (each having two wheels), a hip, and a torso. When the system starts falling, the controller must dictate to a motor controller how the wheels should turn to counteract the fall.

1.2 Project Scope
The scope of this project spans from the investigation into fuzzy logic as applied to the inverted pendulum problem to constructing a real-time one-dimensional self-balancing system using a fuzzy logic controller.

1.3 Project Background

This project serves as a prelude to a master’s project to be started in May 2005. The project, entitled the Mechanical Legs, is a self-balancing system consisting of two legs and a representative upper body mass above them connected by way of a hip joint.
1.4 Project Goals

· Investigate the use of the fuzzy logic toolbox of MATLAB 7 for an engineering application

· Produce a fuzzy logic control system and communication interface for the “robot” unit previously mentioned

· Tune the fuzzy membership functions and fuzzy sets to the hardware being used

· Demonstrate final working balancing system

1.5 System Overview

This system is to mimic the human body in simplistic form. The real trick is to keep the center of mass balanced above the legs. This problem is classically referred to as the inverted pendulum problem. The system should be able to respond to small perturbations, such as lightly pushing the body in a particular direction with a finger, by rebalancing itself.  A host computer running a fuzzy logic controller will serve as the brains of the system.
1.5.1 System Block Diagram

The block diagram of the overall robot balancing system is shown below:


[image: image1]
Figure 1.  System block diagram.
1.5.2 System Path: Sequential Process Outline

1. Tilt Sensor – Outputs a voltage corresponding to the tilt sensed

2. A-to-D Conversion (ADC) – Analog to digital conversion performed on tilt sensor voltage on PIC microprocessor.  This value is then saved into memory and output to the LED display via Port C on the PIC.
3. PIC Serial Communication – PIC generates bit stream containing tilt sensor value in 8N1 format at 9600 baud
4. MC1488 Line Driver – converts the TTL bit stream from (3) to an equivalent RS232 bit stream in real time
5. Serial Communication Link – A serial cable transmits the bit stream from the MC1488 line driver to the input buffer of the host computer
6. Matlab Reads Input Buffer – Matlab code reads the next available byte representing a tilt sensed

7. Fuzzy Inference System (FIS) Evaluation – The FIS establishes the initial conditions of the membership functions based on the tilt value read, creates a union of fuzzy consequents by firing all fuzzy rules in parallel, and outputs a motor duty cycle produced by the centroid defuzzification process.

8. Matlab Sends Motor Duty Cycle Data Packet  - Using the write binary string  function, Matlab is used to output the resultant motor duty cycle value received from the fuzzy logic controller to the serial cable.
9. Serial Communication Link – The motor duty cycle data packet is sent over the serial cable to be converted by the MC1489 receiver from RS232 to TTL levels

10. PIC Interrupt Detection – The PIC detects a falling edge on its external interrupt pin of Port B and pauses in its current operation to jump to the interrupt handler where it updates the motor duty cycle saved in memory on the PIC.

11. PIC Motor Control Signals – The PIC decides which motor control signals to output depending on which direction the unit is to move in and sets the duty cycle of the pulse width modulated signal controlling the motor current.
12. Motor Output Stage – The MOSFETs of the motor controller H-bridge are pulsed on and off as directed by the motor control signals the PIC sends them.  The motor then responds according to the voltage and current generated from the H-bridge.

13. The process repeats itself

1.5.3 System Hardware

· Tilt sensor (see section 2.0)
· Microchip PIC16F76 microcontroller (see section 3.0)
· MC1488 Line Driver (TTL to RS232) (see section 4.0)
· Standard serial cable

· Computer system running Matlab 7 with Fuzzy Logic Toolbox (see section 5.0)
· MC1489 Receiver (RS232 to TTL) (see section 4.0)
· Motor controller (4 BJTs driving 4 MOSFETs in H-bridge configuration, see section 6.0)
· Motor (see section 6.0)

· Robot assembly (see section 7.0)
A circuit diagram is provided below illustrating the PIC microcontroller and the components that interact with it.
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Figure 2.  Schematic of the PIC microcontroller and the components that interact with it.

1.5.4 System Software

Matlab 7 Release 14
Microchip MPLab 

1.5.5 Supporting Software

Simulink 6

2.0 Tilt Sensor
The tilt sensor CXTA01 by Crossbow Technology Inc. has a fully conditioned, absolute analog output voltage that ranges between 0 and 5V corresponding to a 1-D (single axis) tilt angle (see Figure 3), with 2.5V corresponding to an angle of 0˚. The sensor is small and rugged and has rapid response [X]. 

The analog output signal is the feedback signal that is digitized by the microcontroller (see Section 3.0). The corresponding angle is calculated as follows:
Ø = sin-1 
[image: image3.wmf]ú

û

ù

ê

ë

é

-

y

Sensitivit

oltage

ZeroAngleV

V

out



where,

Zero Angle Voltage = the output voltage of the sensor on a level surface (zero tilt) measured at the factory on the day of the calibration (= 2.512 V)

Sensitivity = the sensor’s sensitivity (= 35.144 mV/˚)
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Figure 3: Tilt Sensor Operation

Figure 4 displays the specified linear region of the tilt sensor output signal. This is the primary range in which we expect the balancing system to operate in. The tilt sensor has a specified tilt range of ± 20˚.
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Figure 4: Linear Tilt Region
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Figure 5: Tilt Sensor Configuration*

*Note: The CXTA01 is single axis so there is no Yout.

3.0 Microchip PIC Microcontroller

The Microchip PIC family of microcontrollers are excellent low cost general purpose microcontrollers that support 4, 8, 16 and 20 MHz crystal oscillator speeds.  The PIC16F76 was selected as the microcontroller for this project as it was readily available, it has three I/O ports of eight pins each, it contains more than enough analog to digital conversion inputs and it has been used by the PIC programmer in previous project work so the learning curve is relatively non-existent.  
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Figure 6.  Pinout of the PIC16F76.

The PIC16F76 is a 28 pin 8-bit CMOS flash microcontroller containing a RISC-based CPU.  Direct assembly level programming was done as this is the best method to ensure tightly optimized code and because the PIC programmer is well versed in programming assembly, particularly in PICs.
The PIC was used to convert the analog voltage received from the tilt sensor into a digital value.  This value was saved into memory and also displayed on the LED display connected to Port C.  The PIC was then used to generate a binary stream containing the tilt’s digital value to the MC1488 line driver where it would be converted to RS232 in real time.  As the updated tilt value only required to be transmitted so often, a continuous code loop was created where this process was only conducted once every 25th cycle.  The other 24 cycles were used to constantly output the motor controller signals in the output loop.
The first pin of Port B, RB0, was used as an external interrupt falling-edge detector.  As soon as a falling edge event occurs on this pin, it will cause the PIC code loop mentioned above to pause in its current operation and jump to the interrupt handler.  The interrupt handler reads in the binary data stream received from the host computer via the MC1489 receiver and stores the byte representing the motor duty cycle into a variable.  This variable is constantly read by the output loop to determine which motor controller signals to send the motor controller and at what duty cycle to set the PWM signal.
4.0 Serial Communication
Serial communication was used to transmit the value of the tilt sensor from the PIC microcontroller to the host computer (com port 1) and again to return the resultant motor duty cycle computed by the host computer to the PIC microcontroller.

The default transmission rate for the com port used was 9600 baud, or 9600 bits per second.  Testing at this data rate proved to be sufficient and so it was maintained through the course of this project.
As the PIC microcontroller uses only TTL levels and the serial port of the host computer uses RS232 levels, a converter would be required.  Recalling from a previous data communications lab at BCIT where the ICs MC1488 and MC1489 were used for this purpose, they were then selected to be implemented in this project as well.  The MC1488 line driver converts TTL levels into corresponding RS232 levels, while the MC1489 receiver does the opposite.
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Figure 7.  Left: MC1488 line driver pinout.  Right: MC1489 receiver pinout.
The table below summarizes the difference in voltage levels that represent the binary logic states for TTL and RS232 standards.

	Logic
	TTL
	RS232

	0
	< 1.2V
	> +3V

	1
	> 3.3V
	< -3V


Table 1.  TTL and RS232 voltages criteria for logic levels 0 and 1.

A basic diagram outlining how the MC1488 and MC1489 were used to create a serial communication link is shown below.
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Figure 8.  Using the MC1488 and MC1489 to establish a serial communication link.

The default transmission properties of the computer com port were used, namely 8N1, resulting in a 10 bit data packet being transmitted for each byte.  This is due to the extra two bit overhead added by the start and stop bits.  The 8N1 description refers to the number of data bits per packet, the parity bit used (if any), and the number of stop bits.  Therefore, 8 data bits are being transmitted per data packet, no (N) parity is being used, and one stop bit is being transmitted at the end of each data packet.
4.1 RS232 – Recommended Standard number 232

This standard was produced by the Telecommunications Industry Association.  The standard dictates:

1. The maximum bit transfer rate and cable length 

2. The names, electrical characteristics, and functions of signals 

3. The mechanical connections and pin assignments

Primary communication is accomplished using three pins: 

1. Transmit Data pin

2. Receive Data pin

3. Ground pin
A typical data packet transmission over an RS232 serial cable is show below:

[image: image11]
Figure 9.  RS232 data packet transmission.
Matlab communication commands used:

	s = serial('COM1'); 
	Creates a com port object called ‘s’

	Instrfind
	Causes a summary of com ports detected to be displayed

	set(s,'BaudRate',9600,'DataBits',8);
	Set communication properties of object ‘s’

	fopen(s);
	Open the connection to object ‘s’

	fwrite(s,motor_duty*100)
	Binary write the motor duty cycle in % to object ‘s’

	fclose(s)
	Close communication object ‘s’


4.2 RF Modules

The RF04 and CM02 wireless transceiver pair were investigated for potential use as the communication interface, but the development time required to learn and develop an I2C interface over a simple serial cable interface posed too great an investment in time.  There is the potential that this interface could be used in the future.  The following information was collected in the investigation of these devices.
The wireless pair operates at 902-920 MHz with 1mW of output power.

[image: image12.jpg]



Figure 10: RF Tranceiver Pair

The RF04 transceiver module (on the left of Figure 10) resides on the host computer end and is directly connected to the USB port of the host computer using a USB A/B cable. 

The heart of this module is the FTDI FT232BM USB chip and the LPRS EasyRadio 

 HYPERLINK "http://www.lprs.co.uk/main/product.info.php?productid=154" transceiver. Virtual COM Port (VCP) Drivers can be found on the FTDI website. These drivers appear to the system as an extra COM Port (in addition to any existing hardware COM Ports). Application software accesses the USB device in the same way as it would access a standard Windows COM Port. 

After installing the drivers, and plugging in the RF04 module to a spare USB port, the COM port which the RF04 has been assigned to can be found from the Device Manager in Windows. The COM port should be set up under Properties / Port Settings for 19200 baud, 8 data bits, no parity and one stop bit [X].

At 19200 baud and the settings mentioned previously, 
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The CM02 transceiver module (on the right of Figure 10) resides on the body. The CM02 communicates with the microcontroller using the I2C communication protocol. There are four I2C connectors on the CM02, but it is not limited to four I2C devices. In practice, one connector can be used and the I2C bus can be routed to each module. Bit rate on the I2C bus is approximately 100 KHz. A 5v regulator on board supplies the CM02 and other modules. The regulator can supply 1 A, but in practice this is limited more by the power dissipation, which will be worse, the higher the battery voltage used. 

The connector pins are shown in Figure 11. Battery voltage can be from 6 to 12 V, the SDA and SDL pins are used for I2C communication, and the antenna should be a straight piece of solid wire 8 cm in length.
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Figure 11: CM02 Transceiver Module Pinout

Software pertaining to use of the transceiver pair can be found in Appendix D.
5.0 Fuzzy Logic and Controller Design
5.1 Fuzzy Inference System (FIS)

As stated in the Matlab documentation: “fuzzy inference is the process of formulating the mapping from a given input to an output using fuzzy logic.”  A Fuzzy Inference System, or FIS, is therefore a system that makes use of such a process.  Two types of fuzzy inference methodologies exist within the Fuzzy Logic Toolbox of Matlab 7.  The first of which is the Mamdani type (the most common), originally proposed by Ebrahim Mamdani, where input membership functions (MFs) generate output membership functions in the form of fuzzy sets.  The second methodology is the Sugeno type in which input MFs generate output MFs that are either linear or constant.
5.2 Fuzzy Inference System Design
Relevant demo projects were investigated; most notably the cart and pole demo of the Fuzzy Logic Toolbox available with Matlab 7.  The cart and pole simulation is an example of an FIS model auto-generated by the Fuzzy Logic Controller block and can be run using the command “slcp” from the Matlab command line.  While this will cause a Simulink simulation window to load, the fuzzy logic controller embedded in the simulation model can be viewed using the “look under mask” command available in Simulink.
Two fuzzy inference system solutions were developed.  The Mamdani type methodology was used for both solutions as it is the most commonly seen type and was already familiar to the FIS developer of this project.  Each fuzzy system was built with the following three basic steps:
1. Identify the nouns or variables (both input and output) of the system

2. Identify fuzzy sets for the variables used to generate the membership functions and their shape
3. Identify the fuzzy rules

Both systems used the centroid method for the defuzzification process as it is simple, it is the default method used by Mamdani systems in Matlab, and also because it was already familiar to the FIS developer.

5.2.1 FIS Design #1

The first FIS design was based upon a proposed solution for the “Classical Fuzzy Control Problem: Inverted Pendulum” found in the text “Fuzzy Logic With Engineering Applications” by Timothy J. Ross (Ref).  The proposed solution suggested using two input variables; namely tilt, measured in degrees taking from the vertical (90 degrees), and the change in tilt with time, measured in degrees per second.  A single tilt sensor could potentially be used to generate both inputs as the change in tilt over time could be created from a continuously saved set of tilt samples in the memory of a microcontroller.
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Figure 12.  Overall system block diagram of FIS design #1.

The universe of discourse, or the range of values that any variable can take, was then established for each variable.  The tilt sensor is rated for, and operates in a linear region of, ±20°.  This then becomes its universe of discourse.  The change in tilt per second was set to ±10°/s.  The output motor duty cycle can range from 0%, representing full forward, to 100% which represents full reverse.  The mid value of 50% represents no motion in either direction.  
The membership functions of each input were to evaluate whether the tilt, or change in tilt, where in the forward falling (negative) region, the zero tilt/change region, or if they were in the backward falling (positive) region.

The fuzzy sets to be used in the development of the input membership functions were:

· P – Positive

· Z – Zero

· N – Negative

Membership functions using the above values were then created in a FIS model in Matlab.
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Figure 13.  Left: membership functions of the input variable “tilt”. Right: membership functions of the input variable “change in tilt”.
The following Fuzzy Associated Memory (FAM) table was constructed based upon the two inputs.  The combination of the fuzzy sets of the input variables dictate a corresponding output fuzzy set.
	
	
	Change in tilt with time

	
	
	Positive (P)
	Zero (Z)
	Negative (N)

	Tilt
	Positive (P)
	PB
	P
	Z

	
	Zero (Z)
	P
	Z
	N

	
	Negative (N)
	Z
	N
	NB


Where PB and NB are short for Positive Big and Negative Big respectfully.

From this table comes the fuzzy sets for use in the membership functions of the output variable motor duty cycle as seen in Figure ? and also the nine rules that shall govern how the input variables are associated to the output variable as seen in Figure ?.
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Figure 14.  Membership functions of the output variable “motor duty cycle”.
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Figure 15.  The nine fuzzy rules governing the FIS of design #1.
Two test cases were used to test the operation of the FIS created.  The first test case assumes the unit is tilting forward and falling forward.
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Figure 16.  Firing of the fuzzy rules in the first test case.

It can be seen from figure 16 that given a forward tilt of 2 degrees from the vertical and a forward falling motion of 2 degrees per second a resultant forward motor duty cycle of 43.7% is computed.  While this result seems reasonable it is highly likely that the membership functions would require adjustment in order to drive the physical device correctly.  In fact, more than half the time a FIS designer spends their time tuning the membership functions and fuzzy sets.
In the second test case a backwards tilt of 10 degrees is assumed along with a change in tilt of 2 degrees per second in a forward direction.  
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Figure 17.  Firing of the fuzzy rules in the second test case.
From figure 17 it can be seen that the resultant motor duty cycle output is slightly in the backwards direction.  This indicates that despite a small forward change in tilt the unit is leaning too far backwards for the current change in tilt rate to return the unit to an upright position.  This too seems like a reasonable result, but as with the first test case, only serves as an indication that the design is functioning correctly.  The FIS must be tested in conjunction with the hardware to be used and then fuzzy set tuning must be done to match said hardware.

5.2.2 FIS Design #2
While design #1 displayed good promise, an alternate solution was developed for comparison.  If an entire loop of input to output could be performed quickly enough, there may not be need for a change in tilt variable.  Tilt alone may be sufficient enough to dictate the motion of the wheels for upright balance.  At any rate, a system that did not make use of a secondary input of change in tilt would serve as a good comparison to the first design that did include it.
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Figure 18.  Overall block diagram of the FIS design #2.

The same basic process used to create the first FIS design was also used to create the second FIS design.

The fuzzy sets used for the input variable tilt are:

· Tilted forward

· Slightly forward

· Just right

· Slightly backward

· Tilted backward

The fuzzy sets used for the output variable motor duty cycle are:

· Full forward
· Half forward

· Stop

· Half reverse

· Full reverse

The Matlab FIS file created for this system can be found in Appendix A.

The membership functions for the input and output variables are shown below.  In this design the middle triangle representing the membership function for tilt at or near 90 degrees was shaped more narrowly than the other triangles representing the other membership functions.  This was done purposely to allow for a finer control around the desired balance point.  Generally speaking, the widest sets are the least important as they give only rough control.  Thin sets offer a finer control as there is a smaller change in the variable over an equal range of membership as compared to a wider set.  Conversely, the wide sets of more extreme angles will provide for a faster response, which is desired when the unit nears the critical angles.  Therefore, in summary, the wide sets move the unit quickly towards the center set where a finer response is expected to zoom in on a balance point of just right.  This also helps avoid the overshoot and undershoot of “black-and-white” controllers.
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Figure 19.  Left: membership functions for the input variable “tilt”.  Right: membership functions for the output variable “motor duty cycle”.
Five rules are used to associate each of the five input fuzzy sets to their corresponding output fuzzy set.
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Figure 20.  The five rules governing the second FIS design.

A test case was developed in the rule viewer to observe the response of this system.  The unit is assumed to be slightly tilted forward (3 degrees forward from the vertical) resulting in a relatively low motor duty cycle (close to 50% stopped condition) that would be expected for a minor forward tilt adjustment.  

[image: image26.png]tit =87

™

110

a5





Figure 21.  Firing of the rules for the second FIS design.

As this FIS also produces reasonable results based upon expectations of how the system should function, it will serve as a good basis to begin testing with the robot hardware, at which time, tuning of the fuzzy membership functions and fuzzy sets to the particular hardware can be carried out.  
Matlab fuzzy logic toolbox commands used:

	robot = readfis('Fuzzy499.fis')
	Load the FIS “Fuzzy499” into memory variable “robot”

	fuzzy(robot)
	Load the FIS editor for FIS stored in variable “robot”

	motor_duty = evalfis([tilt],robot)
	Use the FIS stored in variable “robot” to evaluate input variable “tilt” and store defuzzified result to variable “motor_duty”

	showrule(robot,1)
	Write the first rule of FIS stored in variable “robot” to the command line


Simulink commands used:

	Fuzblock
	Load the fuzzy simulation model editor


6.0 Motor and Motor Controller

6.1 Motor

The motor is the deciding factor for required specifications of most of the other hardware. A 12V electric drill permanent magnet brushed dc motor was chosen because of its cost, size, and speed and torque ratings. Also, the motor has a gearbox attached. The motor is appropriate for the body size and will meet or exceed the torque requirements. Furthermore, the motor has a permanent magnet instead of a field winding so the motor speed is only proportional to the input voltage to the armature.

The motor ratings are as follows:

	Voltage
	12V

	RPM
	0-550 rpm

	Torque
	104 lb/in.

	Reversible
	Yes


The required torque of the motor is calculated at static equilibrium in the assumed worst case condition of 30˚ tilt. The weight M located at the center of mass was assumed to be 9.1 kg (20 lbs). Figure X shows the force diagram at worst case tilt, where

FN is normal force,

FM is force that must be exerted by the motor,

Fg is the force of gravity,

W is the wheel, and

M is the mass.


[image: image27.emf]text

Fg

M

F

Fn

F

Fm

W

r


Figure 22: Force Diagram of Body

FG = 9.1kg • 9.81kgm/s2 = 98 N

FN = FGcos30˚ = 85 N
FM = FNcos60˚ = 42.5 N

Torquerequired = FM • r = 42.5 • 0.0325 = 1.38 N-m

Torquemotor = 11.75 N-m
If dynamic motion is taken into consideration, then referring to the inverted pendulum problem (assuming the mass of the motor is much less than the mass of the body) the equations to use are:
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Where,

Td is torque developed by motor,

F is the force transmitted to the ground by the motor,

H is the force in horizontal direction,

Xp is the x-coordinate of motor (positive means to the right),

Xcg is the x-coordinate of the center of gravity,
M is mass of the cart (motor in this case),

m is mass of pendulum,

Bc is viscous damping of cart (motor in this case),
Im is inertia of the motor,

r is the radius of the wheel,

Bm is viscous damping of motor, which is same as Bc in this case,

Φ is motor shaft angle.

Since the required torque calculated in the static case is much less than that offered by the motor, the dynamic calculations were not made.
6.2 Motor Controller

The action of a dc chopper is to apply a train of unidirectional voltage pulses to the load. By regulating the duty cycle of the conduction pulses the average load voltage can be controlled and consequently the speed of the motor (the load) changes accordingly.

If  D is defined as the duty cycle, then the output voltage, Vo, is given by

Vo = D • Vin
An H-bridge dc chopper circuit (see Figure X) was chosen because it is the most appropriate for this application. It is simple, can be driven by TTL control signals, and provides the option of controlling the motor in reverse, forward, braking, or stopping. It allows for operation in all four quadrants of the output voltage output current plane. For this application the H-bridge is used such that for each motor direction the chopper is very similar to a basic class A chopper circuit because the forward and reverse regeneration quadrants are not used.

The PIC microcontroller drives the MOSFET switchers of the H-bridge circuit and its operation is as follows:

	FORWARD
	
	
	

	MOSFET
	State
	MOSFET
	State

	M4
	ON
	M2
	OFF

	M1
	PWM
	M3
	OFF

	
	
	
	

	REVERSE
	
	
	

	MOSFET
	State
	MOSFET
	State

	M3
	ON
	M1
	OFF

	M2
	PWM
	M4
	OFF


Using the duty cycle that is given by the FLC (see Section XXX), the PIC microcontroller outputs a Pulse Width Modulated (PWM) signal to the MOSFETs in the motor controller to change the direction and speed of the motor. The direction of the motor is changed by switching the polarity of the armature (by switching on the corresponding MOSFETs, namely, M4 and M1 to M3 and M2). 

MOSFET switchers were chosen because they can take large currents, are fast switchers, have low switching losses (low RDS(on)), and have high input impedance.
Although a low switching frequency may result in a high-ripple current waveform, a 1 kHz frequency is used for the reason that MOSFET switching times are easier to condition (so that the voltage supply is not shorted). The specifications for the motor do not give the motor inductance; therefore, whether the motor is operating in continuous conduction or discontinuous conduction mode cannot be determined by calculation, it must be measured. 
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Figure 23: H-bridge Motor Speed Controller Schematic

The 7404 inverter inverts the input signal to make up for the inversion by Q1 to Q4. The purpose of Q1 to Q4 is to drive the MOSFETs at a high enough gate voltage so that they are in the saturation region. The 7404 output current is limited to 4mA and we choose the saturation collector current to be 30-50mA, well within the saturation region (from datasheet). Since hFE=100, the base current is 3-5mA, and

IB = 
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Therefore, we make the base resistor, RB, even smaller than 860 Ω to ensure saturation. As a result, the MOSFET gate voltage is nearly 12V (since the specified VCE(sat) of the 2N3904 is 0.2V), which is much greater than the specified gate threshold voltage of 4V. Also, it is greater than the typical VGS(sat) of 10V and still below the specified VGS(max) of 20V. Since the collector resistor RC = 220 Ω, and the collector current is 50mA, the resistor must have a power rating of 0.55 W.
The loaded current of the motor was measured to be around 4A, which is much less than the specified maximum of 8A. If we choose TJ(hot) to be 120 ˚C then RDS(on) can be found by: 

RDS(on)HOT = RDS(on)SPEC[1 + 0.005(TJ(HOT) - TSPEC)] = 0.2[1 + 0.005(120 – 25)] = 0.295Ω
Where,

RDS(on)HOT  is the suspected drain-to-source resistance at steady-state operation temperature, 
RDS(on)SPEC  is the specified drain-to-source resistance,
TSPEC  is the specified temperature at which RDS(on)SPEC is measured, and  
TJ(HOT)  is the suspected steady-state operation junction temperature of the MOSFET.

Neglecting switching losses, the MOSFET power dissipation is:

Pdis(max) = Imax2 • RDS(on)HOT = 42 • 0.295 = 4.72W 

The maximum power dissipation is much less than the specified maximum of 27 W. To find out whether a heat-sink is required, the specified maximum junction to ambient thermal resistance (RJA(max)) is found to be 65˚C/W and the maximum allowed junction temperature (TJ(max)) is found to be 175˚C. Using our calculated value for maximum power dissipation we find that:

RJA = 
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Since TJ(max) < TJ, we need a heat-sink for each MOSFET. Hence, the required junction to ambient thermal resistance is:

RJA(max) = 
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Also,
RJA(max) = RJC(SPEC) + RCS + RSA ( RCS + RSA =  RJA(max)-RJC(SPEC)  = 31.8–5.5 = 26.3˚C/W
Since the thermal resistance of heat-sink compound is very small, RCS can be neglected; therefore, we need a heat-sink that has a thermal resistance (RSA) of less than 26.3˚C/W.

Due to electrical noise from the motor, the motor supply is kept separate from the microcontroller supply. Some of the electrical noise is reduced by the capacitors C1 and C2, and the zener diode Z1. The zener will clip positive voltage spikes and the capacitors will suppress some noise.

7.0 Mechanics and Robot Assembly

7.1 Design Decisions

7.1.1 Mounting of the motors

There were two possible solutions for mounting the motors: it could be mounted either vertically or horizontally. Both options had advantages and disadvantages. If the motor was to be mounted horizontally, there would be no need for extra gearing: the output shaft of the motor would already be turning on the right plane. However, the length of the motor + gearbox assembly was too long and would require a wheelbase that was too wide. 

The vertical option was then investigated. In this case, the motor would be mounted vertically along the leg, and a set of gear would have to be used to transmit the torque to the wheels. This seemed like a convenient and aesthetically pleasant option.

A set of bevel gears was chosen with a 3 to 1 reduction ratio. The top speed of the motor is 550 rpm. With the bevel gears, it becomes 183 rpm maximum, which is still high enough for our application.

7.1.2 Choice of wheels

The choice of the wheels was an important decision to make. Indeed they would dictate the speed at which the robot is supposed to go.  A set of four wheels of diameter 2.35 in was selected. This translated into a speed of 3 km/hour, which appeared to be a good trade off between speed and torque for our application.

 Another criteria of selection was their attachment method. The wheels chosen had a hex shape cut in the inside of the rim, which would make it easy to attach to a nut. This is shown in the picture below, which is a model of the wheel bought.
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Figure 24 - Model of the wheel

7.1.3 Material choice

Several materials could be used for the body of the robot. Three different material were considered:

· Steel

· Aluminum

· Plastic

Steel is very strong and easy to weld. It is a fairly inexpensive material and is easily accessible. However, it is heavy, and harder to machine than other materials. Strength was not a major design factor since the system is fairly light and small, so steel was ruled out.

Aluminum is light and easy to work with. However it is expensive. It was decided that aluminum parts could be used but should be limited to a minimum.  Plastic has the great advantage of being transparent, giving people the ability to see what the system is made out of. It is very light. It is easy to work with and can be glued, as opposed to welded. It was decided that all parts of the body of the system would be made out of plastic, i.e. the legs, hip and torso, and that the parts connecting the motor to the wheels would be machined out of aluminum.
7.2 3D Model

A 3D model was developed using SolidWorks. SolidWorks is a 3D CAD program that allows modelling and simulating part interactions. This program was used because it is the one the designer had the most experience with. Each part is described in the appendices.
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Figure 25 - Model of the system
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Figure 26 - The wheel assembly

7.3 Machining

All the machining was done in the machining facility of the Physics department. The machining was done in seven steps described below:

· Disassembling the drills to get the motors

· Connecting the gear to the motor

· Machining the shafts

· Attaching the shafts to the gear

· Attaching the wheels to the shafts

· Shaping and attaching the plastic

· Lining up the tilt sensor

7.3.1 Disassembling the drills to get the motors and gearboxes

The motors were taken out of a JobmateTM cordless drill shown below.
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Figure 27.  Jobmate drill used for parts.

The disassembly of the drill was fairly straightforward except for separating the chuck from the rest of the motors. The drill came with instructions on how to remove the chuck. The instructions are below. Figure (whatever) below shows several parts that make up the inside of a drill. Part 8 is the chuck, part 22 is the motor. Parts 11 to 21 are part of the gearbox in the JobmateTM drill.
INSERT SCAN OF INSTRUCTIONS.


[image: image41.emf]
Figure 28 - http://home.comcast.net/~jaswensen/machines/drill/drill.html

However, despite several attempts, the chuck was impossible to part from the rest of the assembly. The only solution left was to cut the chuck off with a hacksaw. This worked well except that it left only a little bit of material to work with: the part that was cut is part 10 on the diagram, and it was needed to attach the gear to it. 

7.3.2 Connecting the gear to the motor

Once the chuck was cut from the motor assembly, the gear had to be attached to the motor. The shaft from the drill had to be machined flat, and a hole was drilled in it. A piece of steel rod was machined on the mill for it to have two flat faces and to fit in the gear. The steel rod was then fitted in the hole of the shaft and welded in place.

The weld was used only to prevent the rod from turning inside the hole, hence losing torque. The welding operation had to be done twice for one of the rods. Indeed, the rods were very small compared to the shaft, and it took a lot longer to heat up the rod than to heat up the shafts. The first try, the rod became so hot while trying to weld it that it bend and was hence unusable. The weld had to be grinded off in order to remove the rod. Another rod had to be machined. Fortunately, the second and third time, the welding operation succeeded.
7.3.3 Machining the shafts

The two shafts, machined out of aluminum, were turned on the lathe. It was a fairly straightforward operation. The only places were the tolerance was high was were the bearings would rest. The ¼ inch left handed thread were made with a left handed die that had to be borrowed from another shop in the chemistry department. Indeed, left-handed taps and die are not as common as right-handed ones.
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7.3.4 Attaching the shafts to the gear

Once both shafts were machined, a method had to be thought of to attach the shafts to the gear. It is very important that the shafts are centered with the gear: if not, the wheels will be off center and wobbling. 

A hole was drilled in the center of each shaft. The hole was then tapped using a #8-32 tap. The center of the gear was drilled to exactly ¼ inch. A sleeve was machined that had an inside diameter of 0.1640 inch, which is the size of a #8-32 screw. The outside diameter of the sleeve was machined to be ¼ inch. A piece of 8-32 threaded rod was then used to attach all the pieces together. 
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Figure 29 - Attachment system for the shafts and gear

Now that the pieces are all attached together and centered, there needs to be a system to prevent the shafts from unscrewing themselves, to prevent them from turning. 
The whole assembly was put in the mill, and a 3/16th hole was drilled through both shafts and the gear. A spring pin was put into the hole. A spring pin is a hollow, longitudinally split pin that holds itself in place by spring tension.
7.3.5 Attaching the wheels to the shafts

Four left-handed hex nuts had to be machined. The dimensions of the wheels didn’t correspond to any existing nuts dimensions so they had to be made from aluminum stock.

The aluminum stock was first turned in the lathe to be drilled and tap. Afterwards, the mill was used to cut the hex shape. Then the piece was put back in the lathe to part off four different nuts.  Once the nuts were made, the parts were easy to assemble.

7.3.6 Shaping and attaching the plastic

Shaping the plastic proved to be a challenge. Indeed, acrylic is hard to machine because it breaks. The rounded shapes had to be cut by hand, using a Dremel, and then sanded to shape.

The plastic parts were glued together. Two levels were used to make sure the legs and torso were aligned. Mounting the tilt sensor was also a careful operation: if the tilt sensor wasn’t lined up properly, the readings wouldn’t be accurate. 

8.0 Discussion
The goal of this project was to implement a fuzzy logic controller for the purpose of balancing a robot in an upright position and preventing it from falling over due to the influence of gravity on its body and to recover from small perturbations applied to it.  The project was essentially an application of the classical inverted pendulum system which has served as an interesting case in control theory for years.  The robot unit was originally drawn up as a two-legged table making use of a counterweight mechanism to balance itself but the unit transformed into a two-wheeled robot by midterm.  The system was to make use of a tilt sensor placed on the robot which would serve as the primary input to a fuzzy logic controller and in turn then produce the motor controller duty cycle required to drive the wheels of the robot in order to maintain an upright position.
The system was constructed and tested in a piecewise fashion.  The tilt sensor was easily tested by applying power to it and then placing a digital multimeter (DMM) across its output wire and common.  The sensor was then tilted through its range of motion and the resultant values displayed on the DMM were observed.  The proper operation of the PIC microcontroller was ensured through the use of a DMM for the analog to digital conversion (ADC) and motor controller signal production, the use of an LED display to view the resultant output values, and a digital oscilloscope (DSO) was used to observe the input and output streams of serial communication.  The fuzzy inference system (FIS), and therefore operation of the fuzzy logic controller, was tested initially in the Matlab environment with the use of the fuzzy logic toolbox rule viewer.  Test case values were input into the controller and the resultant output values were observed.  Serial communication signal conversion was then tested with the use of the MC1488 line driver and MC1489 receiver which converted the data stream from TTL to RS232 and from RS232 to TTL respectively.  Serial communication between the computer and PIC processor was then tested one command at a time by issuing commands via the Matlab command line.  Test case values were then replaced with real time tilt sensor input data packets sent from the PIC microcontroller to the computer and corresponding motor duty cycle output data packets were received by the PIC microcontroller from the computer.
A Matlab file was created to produce a function that would automate the following tasks:
· Create a com port object for serial communication purposes

· Read in and evaluate the value for tilt being experienced by the tilt sensor on the robot using a binary string read function
· Load the desired fuzzy inference system into a variable in memory
· Use the FIS to evaluate the consequents (tilt value in degrees) with the fuzzy logic controller and produce a defuzzified result (motor duty cycle decimal percentage)
· Use the binary write command to output the motor duty cycle as a binary string to the com port object
The contents of this file are included in Appendix B.

The following section of code was used to repeatedly loop thru reading in tilt sensor values stored in the input buffer, running the value through the FIS solution developed in Matlab, and then outputting the resultant motor controller duty cycle as a bit stream using the Matlab file developed:
counter = 0

while counter < 100

    

robserial


% Call the function robserial
   

counter = counter + 1

end
The output duty cycle received from the computer was processed by the PIC microcontroller to produce the four required signals of the motor controller transistor inputs.  Standard small-signal NPN transistors (3904s) were used to switch high power MOSFETs in an H-bridge motor controller configuration.  Two signals are used to turn off the currently undesired path (and therefore one direction of motion of the motor) of the H-bridge, while the remaining two signals would be used to deliver the PWM signal to the path controlling the desired direction of motion. While the approach is a common one in motor controller design, overheating of the active MOSFETs occurred resulting in the loss of one direction (reverse) during the demonstration.  This may be an indication that the MOSFETs were not being operating in the saturation region, but rather in the liner region and were dissipating a great deal of power.  Unfortunately, due to the incomplete nature of the hardware, the fuzzy membership functions and fuzzy sets could not be tuned to the equipment before the demonstration.  
While the unit failed to balance itself, a successful operation of input tilt to output motor speed was achieved.  The signal processing and communication interface of the system function correctly.  If two fully functional motor controllers were available and further testing be carried out on the robot unit, the fuzzy membership functions and fuzzy sets could be tuned to match the hardware.  The gear reduction ratio at the wheels may have to be decreased to a 1:1 ratio as opposed to the current 3:1 ratio as it is not certain that enough speed can be delivered to the wheels.  
In conclusion, this project was originally developed as an investigation into the use of fuzzy logic for an engineering application with the potential to be used in a future masters project.  The system did display a successful proof of concept and there is no doubt that full intended operation of this unit can be achieved with more work.  The potential of such a control system warrants its inclusion in the development of the aforementioned master project.
9.0 Recommendations
Increase serial communication rate.  A serial communication rate of 9600 baud was selected for simplicity at first as it is the default transmission rate of the com port on the computer system being used and the com port objects of Matlab.  While 9600 baud, or 9600 bits per second, appeared to be sufficient for the operation of this system, in all fairness the system was not running at its top rate.  A great deal of overhead was generated by constantly writing results of the robserial function with every cycle.  This was for the benefit of those operating the system in that the tilt in degrees and corresponding motor duty cycle output were viewable on the computer display.  This was also done for the benefit of demonstrating the system in that the visible command executions constantly being output to the computer monitor provided a nice visual aid to direct curious onlookers.  For the purpose of decreasing processing delays though, removal of the visible command line executions of the function would increase read times of the input buffer and overall processing speeds.  Furthermore, with improved efficiency in only outputting tilt sensor values of significant changes, a transmission rate of 9600 baud may be found to no longer be sufficient.  An increased data rate of 19.2 Kbps would then perhaps be more appropriate.  This data rate could be achieved by simply adjusting the delays used to generate the high and low times of the serial communication bit streams.  Even higher transmission rates are possible by reducing these delay times further or by replacing the timing crystal used to set the system clock of the PIC processor itself.  It should be noted that the crystal used was a 4 MHz crystal; the slowest value (but most commonly used value) available to the 16 series PIC processors.  Crystals of 8 MHz, 16 MHz, and 20 MHz are also available.  It should also be noted that only low power versions of PIC processors can be used at the 16 MHz and 20 MHz oscillation rates.
Membership Function and Fuzzy Set Tuning.  The MFs and fuzzy sets were never tuned to the hardware as the hardware was not complete until the time of the demonstration or even available until the term end making tuning impossible.  As mentioned earlier, reshaping the membership functions and redefining fuzzy sets to match the hardware being used is usually where a FIS developer spends at least half, if not more, of their time in the FIS development.  It takes some effort and time in doing and is of an absolute necessity to create a successful device.

Possible use of RF Link. RF modules would allow for the body to be isolated from the controller (wireless operation).

Speed Controller. The current continuity of the motor should be measured; if the current is discontinuous, an inductance should be added to the speed controller in series with the armature. The effect of discontinuous current is that the output voltage of the MOSFET rises, and the motor speed goes higher. In open loop operation (such as ours, where there is no feedback from the motor) discontinuous current operation results in poorly regulated speed.

Some possible speed controller modifications are as follows: 

· Modify for two inputs instead of four 

· Isolate low power side from the high power side using optoisolators 

· Remove diodes that are across MOSFETs because the internal body diode can withstand 8A. Or, add an additional diode to cancel the internal diode [see Figure X].

· Replace MOSFETs by ones that can be driven by TTL levels; this way the BJTs can be removed from the circuit.
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Figure 30: Body Diode Cancellation

Even with heatsinks, the MOSFETs were warming up too much. This is because we were using a heatsink with thermal resistance of 32˚C/W and according to calculations we should use a heatsink that has a thermal resistance of less than 26.3˚C/W. Furthermore, since we were experiencing problems with the MOSFETs, it would be a good idea to install a voltage snubber circuit such as that shown in Figure X (a diode can also be placed in parallel to the 100 Ω resistor, with anode on the +Vss side to induce faster charging of the cap). To insure reliable performance of an H-bridge drive circuit, the designer must insure that the device operates within the maximum ratings of the device(s) used in the circuit. One of the critical parameters to consider is the maximum voltage capability of the devices. To maintain the reliability, the voltage transients due to switching inductive loads must be maintained within the ratings of the device. A voltage snubber circuit limits the rate of change of the voltage across the motor.
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Figure 31: Voltage Snubber Circuit

Motor. A motor with less resistance to starting would result in greater sensitivity. For example, with DC shunt motors, the speed adjustment can be provided without steps homogeneously. Due to the feedback from a tacho generator during load changes, high sensitivity can be provided in revolution. Thus stable line speeds are provided. 
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Appendix A: Matlab Fuzzy Inference System File

[System]

Name='Fuzzy499'

Type='mamdani'

Version=2.0

NumInputs=1

NumOutputs=1

NumRules=5

AndMethod='min'

OrMethod='max'

ImpMethod='min'

AggMethod='max'

DefuzzMethod='centroid'

[Input1]

Name='tilt'

Range=[70 110]

NumMFs=5

MF1='titled_forward':'trimf',[65 70 75]

MF2='slightly_foward':'trimf',[70 80 90]

MF3='titled_backward':'trimf',[105 110 115]

MF4='just right':'trimf',[85 90 95]

MF5='slightly backward':'trimf',[90 100 110]

[Output1]

Name='motor_duty'

Range=[0 1]

NumMFs=5

MF1='full_fwd':'trimf',[-0.25 0 0.25]

MF2='half_fwd':'trimf',[0 0.25 0.5]

MF3='stop':'trimf',[0.4 0.5 0.6]

MF4='half_rev':'trimf',[0.5 0.75 1]

MF5='full_rev':'trimf',[0.75 1 1.25]

[Rules]

1, 1 (1) : 1

2, 2 (1) : 1

4, 3 (1) : 1

5, 4 (1) : 1

3, 5 (1) : 1
Appendix B : Matlab Function File
function robserial

% Created By:       
Robert Prinz

% Created For:      
UVATT and ELEC499 Project

% Date Created: 
March 25, 2005

% Last Modified: 
March 31, 2005

% 

% Comment: First attempt at serial communication via Matlab

% This function establishes a com port connection, reads the tilt sensor

% value, calculates the equivalent value in degrees

% Create com port object

s = serial('COM1');

% Initialize com port connection object attributes

% 9600 baud (bits/s) with 8N1 - 8 data bits, 

set(s,'BaudRate',9600,'DataBits',8);

% Establish connection

fopen(s)

% Use the binary string read command to read in the value of the tilt

% sensor received from the PIC processor

tilt = fread(s,1)

% Divide by a constant conversion factor to get the value of the voltage

% corresponding to the received A2D value of tilt

vtilt = tilt / 51

% To get true degrees: subtract zero point offset voltage at 90 degrees, divide by 

% the sensitivity of the sensor (V/degree) and add the default state offset

% of 90 degrees

degrees = (vtilt - 2.5) / 0.035 + 90

% Load the desired Fuzzy Inference System (FIS) into a variable in memory

robot = readfis('Fuzzy499.fis')

% Use the FIS to evalute the consequents (tilt value in degrees) with the fuzzy

% logic controller and produce a defuzzified result (motor duty cycle decimal percentage)

motor_duty = evalfis([degrees],robot)

% Use the binary write command to output the motor duty cycle (as an

% integer) as a binary string to the com port object

fwrite(s,motor_duty*100)

% Close the com port connection and free up memory used

fclose(s)

delete(s)

clear s
Appendix C: PIC Microcontroller Code

;---------------------------------------------------------------------------------------------

; Created By:

Robert Prinz

; Created For:

UVATT and ELEC499 Project

; Date Created: 

March 25, 2005

; Last Modified: 
March 31, 2005

;---------------------------------------------------------------------------------------------


LIST
    P=16F76, r=DEC


#INCLUDE
"p16f76.inc"


ERRORLEVEL  1


__CONFIG    _WDT_OFF & _XT_OSC




; Program Code Protection off by default




; Watch Dog Timer off




; XT crystal - 4 MHz

;---------------------------------------------------------------------------------------------

;
DEFINE CONSTANTS

;---------------------------------------------------------------------------------------------

#DEFINE DELAY_A2D
3
; 17 us delay

#DEFINE DELAY_HALFBIT
10

; 50 us delay

#DEFINE DELAY_BIT

22

; 100 us delay

;---------------------------------------------------------------------------------------------

;
RAM ALLOCATION:

;---------------------------------------------------------------------------------------------

cblock 0x20


vTilt

; Tilt sensor input


tiltOld

; previous sensor value


num_us

; Number of times to repeat delay loop


; Receive byte from computer


numbits


inByte

; var to store rxed byte from computer


inTemp



bitCounter
; loop counter for reading in a byte


; Output vars


highTime
; This holds the high time of the period for either direction


lowTime

; Of the period, this holds the low time


loopCounter

endc

;---------------------------------------------------------------------------------------------

;   BEGIN PROGRAM

;---------------------------------------------------------------------------------------------


org
0x00
; reset vector


goto Initialize


org 0x04


goto rx_int

;---------------------------------------------------------------------------------------------

;
Begin INITIALIZATION

;---------------------------------------------------------------------------------------------

Initialize



; ADCON0 resuls register


; bit 7,6 Conversion clock - default to 00 - Fosc / 2


; bits 5,4,3 Channel Select 000 - Chan 0 to 100 Chan 4


; bit 2, A2D GO/(DONE) status bit, set to 1 to start conversion and means busy, 0 if done


; bit 0 A2D on


MOVLW
0x41

; turn on A2D module and set Fosc / 8 for 4 MHz (5 MHz max at Fosc/8 setting)


MOVWF
ADCON0

; do not set the GO bit at the same time as turning the A2D on!


; PORTA for A/D inputs


CLRF
PORTA

;Initialize PORTA by clearing output data latches


; PORTB for general outputs


CLRF
PORTB

;Initialize PORTB by clearing output data latches


; PORTC for communication


CLRF
PORTC


;Bank1


BCF 
STATUS, RP1
;Need to set PORTA and PORTB data directions:


BSF 
STATUS, RP0
;Select Bank1 to access TRISA and TRISB resisters


; ADCON1 (bank 1) sets analog inputs and Vref


; 4 analog in and Vref = Ra3


;BSF

ADCON1,0


; TRISA defaults to all inputs




; So do nothing


; TRISB - Set PORTB pin directions


; Top nibble goes to motor controller


; bit 1 is send tilt byte to computer


; bit 0 external interrupt input and rx byte


MOVLW
0x05
; Need RB0 for interrupt detection


MOVWF
TRISB


; TRISC - Set PORTC


; 1 = Input, 0 = Output


; General purpose ouput port


MOVLW
0x00


MOVWF
TRISC


; Setup interrupts


; Want to detect falling edge of RB0/INT


BCF

OPTION_REG, INTEDG



;Bank0


BCF 
STATUS, RP1
;Return back to Bank0 after setting OPTION register values


BCF 
STATUS, RP0
;


; initialize send pin to 1


bsf
PORTB, 1


movlw 
50


movwf
inByte


;movlw
0


;movwf
tiltOld

;---------------------------------------------------------------------------------------------

;
End of INITIALIZATION

;---------------------------------------------------------------------------------------------

;---------------------------------------------------------------------------------------------

;
Analog to Digital conversion of Tilt sensor 1 on body

;---------------------------------------------------------------------------------------------

; *** Channel 0 ***

read_tilt


; Select Channel 0 for A2D conversion


bcf

ADCON0, CHS0


bcf

ADCON0, CHS1




bcf

ADCON0, CHS2


; Analog channel acquisition delay (about 16 us to 20 us)


; Load delay loop counter initial value


movlw
DELAY_A2D


movwf
num_us


call
Delay_us




; Begin A2D conversion


bsf

ADCON0, GO

waitOnA2D0

; Wait for A2D Done flag to clear to signal its done the conversion


btfsc
ADCON0, NOT_DONE


goto
waitOnA2D0


MOVF
ADRES, W
; read A2D result address and store value to W


; Shave off the last few twitchy bits


ANDLW
0xFC


; Store digital conversion of tilt sensor to tilt variable


MOVWF
vTilt


; Safe previous value for comparison


; *** For Testing Only ***


;goto
read_tilt


movwf
PORTC

;---------------------------------------------------------------------------------------------

;   Send data byte to computer

;---------------------------------------------------------------------------------------------

; Only send byte to computer if tilt value has changed


subwf
tiltOld, W

; vTilt - tiltOld


btfsc
STATUS, Z


goto
output


; Now that they're different, save new tilt to old tilt


movf
vTilt, W


movwf
tiltOld

sendByte


; send start bit


bcf

PORTB, 1


; delay for length of one bit


movlw
DELAY_BIT


movwf
num_us


call
Delay_us


movlw
0


movwf
bitCounter


; load the number of data bits per rxed byte


movlw
8


movwf
numbits


; If bitCounter is 8, leave loop

send_bit

movf
bitCounter, W


subwf
numbits, W

; numbits - bitCounter


btfsc
STATUS, Z


goto
done_sending


; send tilt value data bits, LSB first


btfss
vTilt,0


goto
send_low


; send a 1


bsf

PORTB, 1


goto
next_bit

send_low

bcf

PORTB, 1






next_bit
 
incf 
bitCounter, 1


; delay for one data bit duration


movlw
DELAY_BIT


movwf
num_us


call
Delay_us


; shift tilt byte one bit to the right


RRF

vTilt, F


goto 
send_bit

done_sending

; finished sending data bits


; send stop bit


BSF
PORTB, 1

reset_flag


BCF

INTCON, INTF
; Clear external interrupt flag


; Enable interrupts after byte send completed


BSF

INTCON, INTE
; External interrupt enable


BSF

INTCON, GIE

; Global interrupt enable

;---------------------------------------------------------------------------------------------

;   Output signals to motor controller

;---------------------------------------------------------------------------------------------

output
; Start with all transistors in off state to avoid shorting


bcf
PORTB, 4
; Q1


bcf
PORTB, 5
; Q2


bcf
PORTB, 6
; Q3


bcf
PORTB, 7
; Q4


; Check if 50/50


movlw
50


subwf
inByte, W
; inByte - 50


btfsc
STATUS, Z


goto
doneOut


; Check on which side of the 50% divide we're on, i.e. fwd or rev


movlw
51


subwf
inByte, W
; inByte - 51


; Check if we're being told to move forwards or backwards


btfsc
STATUS, C
; bit C of STATUS register is zero if the result is negative


goto
reverse

forward



; inByte is the low time, save this value


movf
inByte, W


movwf
lowTime


; Q1 is PWM output


; Q2 and Q3 remain off


bsf
PORTB, 7
; Q4 - On


; Determine how long to pulse the current to the motor


movf
inByte, W


sublw
50

; 50 - duty input is the high time


movwf
highTime


; Q1 high duty


bsf
PORTB, 4
; Q1 On

fwdHighLoop


; Delay 17 us


movlw
3


movwf
num_us


call
Delay_us


; Decrement the high time counter until its zero


decf
highTime, F


; Check if high time is now 0


btfss
STATUS, Z


goto
fwdHighLoop


; Q1 low duty


bcf
PORTB, 4
; Q1 Off


bcf
PORTB, 7
; Q4 - Off

fwdLowLoop


; Delay 17 us


movlw
3


movwf
num_us


call
Delay_us


; Decrement the speed counter until its zero


decf
lowTime, F


; Check if 


btfss
STATUS, Z


goto
fwdLowLoop


goto
doneOut

reverse


; Q2 is PWM output


; Q1 and Q4 remain off


bsf 
PORTB, 6


; Establish high time


movlw
50


subwf
inByte, W
; inByte - 50 = high time


movwf
highTime


; Determine how long to pulse the current to the motor


sublw
50

; 50 - high time = low time


movwf
lowTime


; Q2 - high duty


bsf

PORTB, 5

revHighLoop


; Delay 17 us


movlw
3


movwf
num_us


call
Delay_us


; Decrement the speed counter until its zero


decf
highTime, F


; Check if hightime is now 0


btfss
STATUS, Z


goto
revHighLoop


; Q2 - low duty


bcf
PORTB, 5

revLowLoop


; Delay 17 us


movlw
3


movwf
num_us


call
Delay_us


; Decrement the speed counter until its zero


decf
lowTime, F


; Check if 


btfss
STATUS, Z


goto
revLowLoop

doneOut 


incf
loopCounter, F


movf
loopCounter, W


; have we runt he output cycle at least 10 times?


sublw
25
; 25 - loopCounter


btfss
STATUS, Z


goto
output


; reset loopcounter


movlw
0


movwf
loopCounter


goto  read_tilt ; This will eventually be returned to reading the tilt sensor again

;---------------------------------------------------------------------------------------------

;
DELAY in us

;---------------------------------------------------------------------------------------------

;Delays 4 x w + 5 cycles (including call,return, and movlw)

Delay_us
movf
num_us, 0

; move delay loop counter value to working register

Delay_loopA2D




addlw
-1  


; decrement loop counter



btfss
STATUS, Z 

; test if loop counter is zero yet



goto
Delay_loopA2D




return




; if counter is zero, return from subroutine

;---------------------------------------------------------------------------------------------

;
Interrupt Handler

;---------------------------------------------------------------------------------------------

rx_int

BCF

INTCON, INTE
; Disable external interrupts



BCF

INTCON, INTF
; Clear external interrupt flag



; Move into middle of bit by delaying for 50 us



movlw
DELAY_HALFBIT



movwf
num_us



call
Delay_us



; Skip start bit by delaying for 100 us



movlw
DELAY_BIT



movwf
num_us



call
Delay_us



movlw
0



movwf
bitCounter



; load the number of data bits per rxed byte



movlw
8



movwf
numbits



; If bitCounter is 8, leave loop
read_bit
movf
bitCounter,0



subwf
numbits,0



btfsc
STATUS, Z



goto
done_reading



; Testing



bsf

PORTB, 3



; shift inByte to the right



RRF

inByte, F





; Check if we rxed a 1 or a 0



btfss
PORTB, 0



goto
set_low



bsf

inByte, 7



goto
next_bit2

set_low

bcf

inByte, 7

next_bit2 
incf 
bitCounter, 1



bcf
PORTB, 3



; delay until next bit



movlw
DELAY_BIT



movwf
num_us



call
Delay_us



goto 
read_bit

done_reading



movf
inByte, W



;movwf
PORTC



;BCF

INTCON, INTF
; Clear external interrupt flag



retfie



end

Appendix D: MatLAB  to Virtual COM Port (USB)  Interface
The CM02 responds to commands sent to it over the radio link from the PC. There are two primary commands:

I2C_CMD (0x55) - Allows reading or writing as much as you wish to anything on the I2C bus.
CM02_CMD (0x5A) – Specifies a range of commands to the CM02 module, generally to improve selected communications.

The CM02 has a variety of commands that are specific to the module. They are always a four byte sequence starting with the CM02_CMD primary command and followed by the CM02 command itself. The two data bytes can be anything if not used, but they must be included to make up the 4 byte command sequence. The most relevant commands are specified below:

	CM02_CMD
	CM02 Command
	Data 1
	Data2

	 0x5A
	See below
	Command Specific
	Command Specific


	Hex
	Command
	Bytes returned
	Purpose

	0x01
	REVISION 
	1
	Returns the CM02 firmware revision number

	0x02
	NEW_ADDRESS
	1
	Changes SRF08 I2C address

	0x03
	BATTERY
	2
	High/Low bytes of battery voltage


BATTERY returns a two byte word (high byte first) indicating the battery voltage. This is the voltage you are supplying the CM02 with. It's a 10-bit number, but it is left justified and should be treated as a 16-bit number. The number is actually the output of the A/D converter in the PIC16F88 chip used on the CM02 module. The high byte can be used on its own and the battery voltage treated as a byte reading. The high byte is divided by 16.347 or the word by 4198 to get a direct reading of the battery voltage. 

As a test for communication between the CM02 and MatLAB, the voltage of the battery can be read from the CM02 module using the following code written in the MatLAB command window:

	s = serial('COM5'); 
% COM port number must agree with that shown in Device % Manager.

set(s,'BaudRate',19200,'DataBits',8, 'StopBits', 1);  
% Setting must agree with that







% shown in Device Manager.

fopen(s)


% Open serial port ‘s’

s.Status


% Check status of serial port ‘s’

ans = open

var1 = [90 3 0 0];

% Command is specified in decimal format

fwrite(s,var1)

            % Write command to port ‘s’

A = fread(s)

            % Read from port ‘s’

A =  101


% High byte

    64                                       % Low byte

voltage = A(1)/16.347
% High byte divided by 16.347

voltage =    6.1785


The voltage of the supply was measured as 6.19 V; therefore, correct communication was made with the CM02 module.

To write to an I2C device such as the PIC microcontroller the device address must be sent following the I2C_CMD. Then the devices internal register address you want to write to and the number of bytes you're writing must be specified. The maximum number of data bytes should not exceed 76 so as not to overflow the CM02's internal buffer. The command format is as follows:

	 
	Primary CM02 command
	Device I2C Address + Write Bit (0)
	Device internal register
	Number of data bytes to write
	The data bytes

	Byte Type
	I2C_CMD
	Addr + R/W
	Reg
	Byte Count
	Data

	Example
	0x55
	0xE0
	0x00
	0x01
	0x51


All 5 bytes should be sent to the CM02 in one sequence. After all bytes have been received, the CM02 performs the I2C write operation out to the specified device address and sends a single byte back to the PC. This returned byte will be 0x00 (zero) if the write command failed and non-zero if the write succeeded. The PC should wait for this byte to be returned (timing out after 500mS) before proceeding with the next transaction.

Reading from an I2C device is similar to writing, except that a 1 is added to the device address to make it an odd number. When the address goes out on the I2C bus, its the 1 in the lowest bit position that indicates a read cycle. The maximum number of data bytes requested should not exceed 76 so as not to overflow the CM02's internal buffer. Here is an example of the command format:

	
	I2C_CMD
	Device I2C address + Read Bit (1)
	Device Register
	Number of data bytes to read

	Example
	0x55
	0xC1
	0x02
	0x02


The CM02 will perform the read operation on the I2C bus and send two bytes back to the PC - high byte first. The PC should wait for both bytes to be returned (timing out after 500mS) before proceeding with the next transaction [X].

The CM02 acts as a master I2C device and because of this, according to the I2C protocol, the PIC microcontroller that is located on the body can only be an I2C slave device. The appropriate documentation regarding PIC I2C slave mode assembly code can be found by visiting the Microchip corporate website at www.microchip.com and searching for “AN734”, or by using the following link: 

http://www.microchip.com/stellent/idcplg?IdcService=SS_GET_PAGE&nodeId=1999&ty=&dty=&section=&NextRow=&ssUserText=an734&DesignDocSelect=&x=6&y=7
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