








Figure C-3. Front and back view of main PCB layout.
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Figure D-1. Power management circuit board schematics.
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Figure D-2. Front and back view of power management PCB layout.
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APPENDIX E

BILL OF MATERIALS - ELECTRONIC COMPONENTS

Table E-1. Bill of materials for the main circuit board.

Bill of Materials: Main Circuit Board

Reference Qry Part Number Description Supplier P:::i:g Total Cost
MAIN PCB 1 |Main PCB Main PCB OSH Park | $21.33 $21.33
C1<>C3, C5<>C14, .

C16, C18 15 |SR295E104MAR CAP CER 0.1pF 50V +20% RADIAL Digi-Key $0.24 $3.60
C4, C15, C17, C19 4 |UPM1H100MDD CAP ALUM 10uF 50V £20% RADIAL Digi-Key $0.24 $0.96
D1 1 |TL4050A25IDBZR IC VREF SHUNT PREC 2.5V +0.1% Digi-Key $2.07 $2.07
IC1 1 |PIC32MX795F512H-80I/PT |IC MCU 32BIT 512KB FLASH Digi-Key $10.50 $10.50
IC2 1 |MCP2551-1/P IC TRANSCEIVER CAN HI-SPD Digi-Key $1.22 $1.22
IC3, I1C4 2 [MCP3903-1/SS IC AFE 24BIT 64KSPS Digi-Key $5.12 $10.24
IC5, IC6 2 |AD8220ARMZ IC AMP INST JFET R-R 15MA Digi-Key $6.17 $12.34
IC7,1C8, 1C9 3 |LM6134BIM/NOPB IC OP AMP QUAD H SPEED LP Digi-Key $3.78 $11.34
LED1<>LED12 13 |SLR-56MG3F LED GREEN DIFFUSED Vf =2.1V, i = 10mA Digi-Key $0.53 $6.89
P1<>P5 (Male) 6 |B4B-XH-A(LF)(SN) CONN HEADER JST Shrouded Digi-Key $0.20 $1.20
P1<>P5 (Female) 6 [XHP-4 CONN HOUSING JST Shrouded Digi-Key $0.10 $0.60
P6<>P11 (Male) 6 |B2B-XH-A (LF)(SN)(P) CONN HEADER JST Shrouded Digi-Key $0.14 $0.84
P6<>P11(Female) | 6 |XHP-2 CONN HOUSING JST Shrouded Digi-Key $0.09 $0.54
P12<>P14 (Male) 3 |B6B-XH-A(LF)(SN) CONN HEADER JST Shrouded Digi-Key $0.26 $0.78
P12<>P14 3 |XHP-6 CONN HOUSING JST Shrouded Digi-Key $0.14 $0.42
(Female)
P15 (Male) 1 |B5B-XH-A(LF)(SN) CONN HEADER JST Shrouded Digi-Key $0.24 $0.24
P15 (Female) 1 |XHP-5 CONN HOUSING JST Shrouded Digi-Key $0.12 $0.12
P16 (Male) 1 |B10B-XADSS-N(LF)(SN) CONN HEADER JST Shrouded [PWRSPLY] Digi-Key $0.59 $0.59
P16 (Female) 1 |XADRP-10V(P) CONN HOUSING JST Shrouded [PWRSPLY] Digi-Key $0.32 $0.32
P17 (Male) 1 |BO7B-PASK(LF)(SN) CONN HEADER JST Shrouded [ADIS16300] Digi-Key $0.44 $0.44
P17 (Female) 1 |PAP-07V-S CONN HOUSING JST Shrouded [ADIS16300] Digi-Key $0.17 $0.17
P18 (Male) 1 |9-146274-0 CONN HEADER BREAKAWAY 40POS [CLKO] | Digi-Key | $2.55 $2.55
P1<>P17 (Crimp) 8 [SXH-001T-P0.6 CONN Terminal Crimp XH 22-28 AWG Digi-Key $0.06 $0.48
R1<>R5 5 |MFR-25FBF5210K RES Metal Film 10kQ 1/4W +1% AXIAL Digi-Key $0.10 $0.50
R6, R8, RY, R12, . .

14 |RNMF14FTC120R RES Metal Film 120Q 1/4W +1% AXIAL Digi-Key $0.14 $1.96
R13, R32<>R40
R7 1 |RNMF14FTC4K70 RES Metal Film 4.7kQ 1/4W £1% AXIAL Digi-Key $0.14 $0.14
R10, R11 2 [3362P-1-103LF TRIMMER 10kQ 0.5W +10% PC PIN Digi-Key $0.98 $1.96
R14, R16, R22, R23 | 4 |MFR-25FBF5210R RES Metal Film 10Q 1/4W +1% AXIAL Digi-Key $0.10 $0.40
R15, R17<>R21, ) .
R24<>R31 14 |MFR-25FBF52100R RES Metal Film 100Q 1/4W 1% AXIAL Digi-Key $0.10 $1.40
R41, R42 2 |MFR-25FBF5220K RES Metal Film 20kQ 1/4W +1% AXIAL Digi-Key $0.10 $0.20
R43, R44 2 |MFR-25FBF52499R RES Metal Film 499Q 1/4W +1% AXIAL Digi-Key $0.10 $0.20
R45<>R50 6 [MFR-25FBF521K RES Metal Film 1kQ 1/4W +1% AXIAL Digi-Key $0.10 $0.60
R51 1 |MFR-25FBF52165R RES Metal Film 165Q 1/4W +1% AXIAL Digi-Key $0.10 $0.10
S1,S2 2 |B3F-1000 SWITCH TACTILE SPST-NO 0.05A 24V Digi-Key $0.35 $0.70

Grand Total: $97.94
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Table E-2. Bill of materials for the power management circuit board.

Bill of Materials: Power Management Circuit Board

Reference Qry Part Number Description Supplier Pz:i:g Total Cost
POWER PCB 1 |Power PCB Power Management PCB OSH Park | $10.13 $10.13
Cc1 1 |TVA1311.5 CAP ALUM 200uF 50V +20% AXIAL Mouser $3.80 $3.80
c2 1 |TVA1209 CAP ALUM 500uF 25V +20% AXIAL Mouser $4.51 $4.51
c3 1 |C317C103K5R5TA CAP CER 0.01uF 50V +10% RADIAL Digi-Key $0.24 $0.24
C4,C5 2 [32SEPF68M CAP ALUM 68uF 32V 25mQ +20% Digi-Key $1.23 $2.46
D1 1 |BZX84-A18,215 DIODE ZENER 18V 1/4W +1% Mouser $0.41 $0.41
D2 1 |MBR340G DIODE Schottky Barrier Rectifier 40V 3A Digi-Key $0.55 $0.55
IC1 1 |LT1076CT#PBF IC LDO Volt. Regulator Adjustable Output Digi-Key $6.78 $6.78
o) 1 |LT1529CT-3.3#PBF IC LDO Volt. Regulator 3.3V 3A Digi-Key | $6.78 $6.78
IC3 1 |[LT1529CT-5#PBF IC LDO Volt. Regulator 5V 3A Digi-Key $6.78 $6.78
IC4 1 |OPA2137PA High Power Supply Dual Op Amp Digi-Key $2.23 $2.23
L1 1 [PE-92102NL INDUCTOR Power Toroid 100uH Mouser $2.46 $2.46
LED1<>LED3 3 [SLR-56MG3F LED GREEN DIFFUSED Vf =2.1V, i =10mA Digi-Key $0.53 $1.59
P1(Male) 1 [B2B-XH-A (LF)(SN)(P) CONN HEADER JST Shrouded [Battery] Digi-Key $0.14 $0.14
P1(Female) 1 |XHP-2 CONN HOUSING JST Shrouded [Battery] Digi-Key $0.09 $0.09
P2 (Male) 1 [B6B-XH-A(LF)(SN) CONN HEADER JST Shrouded [MasterPIC] Digi-Key $0.26 $0.26
P2 (Female) 1 [XHP-6 CONN HOUSING JST Shrouded [MasterPIC] | Digi-Key $0.14 $0.14
P1, P2 (Crimp) 8 [SXH-001T-P0.6 CONN Terminal Crimp XH 22-28 AWG Digi-Key $0.06 $0.48
R1 1 |RNMF14FTC2K70 RES Metal Film 2.7kQ 1/4W +1% AXIAL Digi-Key $0.14 $0.14
R2 1 |3362P-1-103LF TRIMMER 10kQ 0.5W +10% PC PIN Digi-Key $0.98 $0.98
R3<>R6 4 |MFR-25FBF5215K RES Metal Film 15kQ 1/4W +1% AXIAL Digi-Key $0.10 $0.40
R7 1 |RNMF14FTC24KO0 RES Metal Film 24kQ 1/4W +1% AXIAL Digi-Key $0.14 $0.14
R8 1 |MFR-25FBF5220K RES Metal Film 20kQ 1/4W £1% AXIAL Digi-Key $0.10 $0.10
R9 1 |SFR16S0002371FR500 RES Metal Film 2.37kQ 1/2W +1% AXIAL Digi-Key $0.29 $0.29
R10 1 |RNMF14FTC330R RES Metal Film 330Q 1/4W +1% AXIAL Digi-Key $0.14 $0.14
R11 1 |RNMF14FTC120R RES Metal Film 120Q 1/4W +1% AXIAL Digi-Key $0.14 $0.14
R12 1 |RNF18FTD3K83 RES Metal Film 3.83kQ 1/8W +1% AXIAL Digi-Key $0.15 $0.15
R13 1 |MFR-25FBF522K21 RES Metal Film 2.21kQ 1/4W +1% AXIAL Digi-Key $0.10 $0.10

Grand Total: $52.41
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Table E-3. Bill of materials for the hardware, electronic components, and other electrical

accessories.
Bill of Materials: Hardware, Electronic Components, and Other Electrical Accessories
Reference Qry Part Number Description Supplier P:::i:g Total Cost
BLDC MOTOR 2 |HT03002-X0X Brushless DC Motor Barrett N/A N/A
PUCK 2 |Puck Servo Electronics Module Barrett N/A N/A
IMU 1 [ADIS16300AMLZ Four Degrees of Freedom Inertial Sensor Digi-Key | $116.99 | $116.99
LCD 1 |LCD-09351 Serial Graphic LCD 128x64 sparkfun | $36.95 $36.95
PIC2USB CABLE 1 |TTL-232R-3V3 CABLE USB EMBD UART 3.3V 0.1"HDR Digi-Key | $20.00 $20.00
TQ201-1k 1 |TQ201-1k Reaction Torque Load Cell 1000 in-1b Omega $795.00 | $795.00
TQ202-250 1 |[TQ202-250 Reaction Torque Load Cell 250in-1b Omega $795.00 | $795.00
LIPO BATTERY 2 [TP2700-4SPP25 2700 mAh 4 Cell 14.8V G8 Pro Lite+ 25C LiPo TPRC $78.99 | $157.98
FSR1<>FSR6 1 |30-61710 SENSOR FSR408 24" STRIP W/TAB Digi-Key | $14.70 $14.70
LIPO MONITOR 2 |LIPO VOLTAGE MONITOR |1-8s LiPo Battery Low Voltage Buzzer Alarm | Amazon $4.97 $9.94
WIRE HARNESS 1 |EC3 WIRE HARNESS EC3 Battery Series Wire Harness amain $8.25 $8.25
EC3 CONN 3 [EC3 CONNECTOR M/F EC3 Battery Connector 1xMale/1xFemale amain $3.69 $11.07
FUSE1 1 10498040.M FUSE 40A 32VDC MIDI BOLT-ON SLOW Digi-Key $2.52 $2.52
FUSEIHOLDER 1 |04980900ZXT FUSE BLOCK MIDI 200A Digi-Key | $13.31 $13.31
FUSE2 1 [021702.5HXP FUSE 250V IEC FA 5X20 2.5A Digi-Key $0.35 $0.35
FUSE2HOLDER 1 |FX0385 FUSEHOLDER 5X20 IN LINE SEALED Digi-Key $5.55 $5.55
SWITCH 1 |S821 SWITCH TOGGLE DPST 30A 125V Digi-Key $22.35 $22.35
DIP-24 ADAPTER 1 |DR127D254P24F 2x12 1.27mm F.Header to DIP-24 Adapter ProtoAdv | $10.49 $10.49
CBLASM 24P0OS 1 |FFSD-12-D-05.00-01-N 5"L 2x12 Double Ended Cable Assembly Newark $12.58 $12.58
R/A SHRD HDR 1 |M50-4801245 CONN HEADER SHRD 1.27mm R/A 24P0OS Digi-Key $3.25 $3.25
V/A USHRD HDR 1 |M50-3501242 CONN HEADER USHRD 1.27mm VERT 24POS | Digi-Key $1.76 $1.76
R/A USHRD HDR 1 |[M50-3901242 CONN HEADER USHRD 1.27mm R/A 24P0S Digi-Key $2.57 $2.57
V/A BOX HDR 1 |3220-24-0200-00 BOX HEADER 1.27mm R/A 24 POS Digi-Key $1.29 $1.29
HSNG 12POS 2 [WM5341-ND CONN HOUSING 12POS 0.100" MOLEX Digi-Key $0.94 $1.88
HSNG 2POS 2 [WM2800-ND CONN HOUSING 2POS 0.100" MOLEX Digi-Key $0.47 $0.94
HEATSINK1TO220 [ 3 |V5629G HEATSINK ALUM Black Anodized Bolt-on Digi-Key $0.94 $2.82
HEATSINK2 TO220 | 3 |581002B00000 HEATSINK TO-220 4.3W H=1.0 BLK Digi-Key $1.37 $4.11
MOUNTING KIT 3 |4880G MOUTING KIT for HS300-ND Heatsink Digi-Key $2.52 $7.56
TERMINALKIT 1 |76650-0040 RING/SPADE/BUTT TERMINALKIT + TOOL Digi-Key | $19.24 $19.24
POWER WIRE, Vcc | 1 |7587k951 Stranded Single-Cond. Wire, Black 18A McMaster| $4.32 $4.32
POWER WIRE, Vss | 1 |7587k952 Stranded Single-Cond. Wire, Red 18A McMaster| $4.32 $4.32
STANDOFFS 1 |Standoff and Screw Kit M3 Standoff and Phillips Head Screw Kit Amazon $8.87 $8.87
Grand Total: $2,095.96
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APPENDIX F

FIRMWARE AND SOFTWARE

F-1: main.c

/
Name: main.c

Creation Date: 09/12/2013

Author: Airton R. da Silva Jr.

Comments: Main file for TWIP control algorithm.

/

#include <p32xxxx.h> // Include p32MX795F512H header file

#include <plib.h> // Include peripheral library master header file

#include <sys/kmem.h> // Include kernel memory allocator

#include <peripheral/system.h> // Include system configuration functions

#include <GenericTypeDefs.h> // Include generic type definitions

#include "math.h" // Include math library

#include "support.h" // Include variable declarations and function prototypes

// Configuration bits for clock initialization parameters

#pragma config FNOSC = FRCPLL // Enable Internal Fast RC Oscillator (8 MHz) w/ PLL

#pragma config FSOSCEN = OFF // Disable Secondary Oscillator

#pragma config OSCIOFNC = ON // Enable CLKO Output on the OSCO Pin

#pragma config FCKSM = CSECMD // Enable Clock Switching & Fail-Safe Clock Monitor (FSCM)

#pragma config FWDTEN = OFF // Disable Watchdog Timer (WDT)

#pragma config ICESEL = ICS_PGx1 // Set ICE/ICD Communication Channel to PGC1/PGD1

// Global variable definitions

unsigned char CANmsgReceived = FALSE; // TRUE if CAN1 FIFOl received a message (updated in CAN1ISR)

unsigned char resetEncoderCount = FALSE;// TRUE if user presses Button 2 to reset Puck (see Puck.c)

unsigned char IMUinitialized = FALSE; // TRUE if get_IMUgyro has executed at least once (see IMU.c)

unsigned char PuckLWinitialized = FALSE;// TRUE if posnDatalLW[] contains n-points (see Puck.c)

unsigned char PuckRWinitialized = FALSE;// TRUE if posnDataRW[] contains n-points (see Puck.c)

unsigned int run_time = 0; // 1 msec increments, resets at 2716 msec

unsigned int sysCLK = 80000000; // Clock frequency is set to 80 MHz

unsigned int wait_flag = 0; // Signals the end of 1 millisecond sample period

long jointPosition[2]; // Puck.c: used in parseCANmsgPuck(Q

// Assign enough memory for 2 channels, each with 2 message buffers

unsigned int CANmsgBuffersFIFO[16]; // Assign buffer area to be used by the CAN module

// Structure Definitions

CANRxMessageBuffer rxCANmsg; // Structure used to store received CAN messages inside RAM

PUCKmsgID PUCKdataSI[2]; // Structure used to store processed Puck messages inside RAM in SI units

PUCKconvFactorsID PUCKconvFactors[”]; // Structure used to store Puck conversion factors

IMUmsgID IMUdataSl ; // Structure used to store processed IMU messages inside RAM in Sl units

int mainQ

/* *

Prototype: unsigned int SYSTEMConfigPerformance(unsigned int sys_clock)

Arguments: sys_clock system clock in Hz

Descrptn.: This macro sets flash wait states, PBCLK divider and DRM wait states based on the specified
lock frequency. It also turns on the cache mode if avaialble. Based on the current frequency,
the PBCLK divider will be set at 1:2. This knowledge is required to correctly set UART baud
rate, timer reload value and other time sensitive setting.

Prototype: void INTConfigureSystem(INT_SYSTEM_CONFIG config)

Arguments: config The interrupt configuration to set.

Descrptn.: This routine configures the core to receive interrupt requests and configures the Interrupt
module for Multi-vectored or Single Vectored mode.

Prototype: unsigned int INTEnablelnterrupts(Q);

Descrptn.: This routine enables the core to handle any pending interrupt requests.

Returns: The previous state of the CPO register Status.IE bit.

* */

// Configure oscillator clock source
config_clock();

// Configure the device for maximum performance at 80 MHz
SYSTEMConfigPerformance(sysCLK);

// Configure the system for single vectored interrupts
INTConfigureSystem(INT_SYSTEM_CONFIG_MULT_VECTOR) ;

// Enable the core to handle any pending interrupt requests
INTEnablelnterruptsQ);

137



// Standard Initialization Routine
config_pinsQ); // Configure pins
init_samptime(); /7 Ini ize sample time (1ms)

init_Timer4(Q); // Initialize Timer4/5 as a 32-bit counter

// CAN FIFO Initialization Routine

init_CAN1Q); // Initialize CAN1 FIFO (used by Pucks)

// SPI1 Initialization Routine

init_SPI3master(); // Initialize SPI3 Master Mode (used by ADC1, ADC2)
init_SPl4master(); // Initialize SP14 Master Mode (used by IMU)

// Motor Driver (Puck) Initialization Routine

config_pucks(MODE_TORQUE) ; // Wake up pucks and configure them to TORQUE mode
getConversionFactorsPuck(L_WHEEL_ID);

getConversionFactorsPuck(R_WHEEL_ID);

//setDefaultProperty(); // Set default puck properties
//setSafetyLimitsQ);

// IMU Initialization Routine
config_IMUQ; // Configure IMU"s sampling rate, gyroscope, and Bartlett filter

// UART Initialization Routine
init_UART3(); // Initialize UART3 (used by LCD, MATLAB)

// LCD Initialization Routine
config_LCDQ);

// ADC Initialization Routine
init_MasterClockADC(4000000,50); // Configure OC1 to output a 4 MHz signal
config_ADCQ);

// Improper Device Configuration Check
improperConfigCheck();

// Loop infinitely

while (1)

{
// Execute LQR algorithm
LQRO;

// 1T Button 2 is pressed, reset current and cumulative encoder counters of each Puck
if(readButton2() == 1) {resetPucks();}

while(wait_flag == 0) {}; // Wait for end of sample time
wait_flag = 0; // Reset wait flag
} 7/ end while(1)

return 0O;
} /7 end main
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F-2: ADC.c

/

Name: ADC.c

Creation Date: 09/12/2013

Author: Airton R. da Silva Jr.

Comments: Functions used for ADC (MCP3903) operation through SPI13.
Relevant Hardware:

MCP3903 six channel delta sigma analog-to-digital converter.
AD8220 instrumental amplifier used to amplify the pitchy/yaw LC outputs by a gain of 100.
TQ201-1k load cell used to measure torque about the pitch axis of the vehicle.

TQ202-250 load cell used to measure torque about the yaw axis of the vehicle.

#include <p32xxxx.h>
#include "‘support.h”

// The following definitions are used in multiple functions throughout this file
static short ADC_OSR = OSR_256; // Set Delta Sigma ADC oversampling ratio to 256
static short ADC_WIDTH = WIDTH_24bit; // Set CHO-CH5 output data word width to 24-bit mode

void config_ADC(void)

int PHASEbits = 0;
int GAINbits =
int COMbits = 0;

int CONFIGbits = 03

LATDbits.LATD4 = 1; // Raise Master Reset Logic to allow communication w/ all SPI3 slaves
delay_ms(10); // Wait for the ADC module to start-up before initializing communication

// Configure phase delay register

PHASEbits |= ADC_PHASEC(0Ob0O0000000); // Set CH4 relative to CH5 phase delay to O
PHASEbits |= ADC_PHASEB(0Ob0O0000000); // Set CH2 relative to CH3 phase delay to O
PHASEbits |= ADC_PHASEA(ObO0O000000); // Set CHO relative to CH1 phase delay to O

setPropertyADC(ADC1_ID,1,ADC_PHASE,PHASEbits);
setPropertyADC(ADC2_1D,1,ADC_PHASE,PHASEbi ts);
delay_ms(50);

// Configure Programmable Gain Amplifier (PGA) gain register

GAINbits |= PGA_CHN(PGA_GAIN_1,0); / Set CHO PGA gain to 1

GAINbits |= PGA_CHN(PGA_GAIN_1,1); // Set CH1 PGA gain to 1

GAINbits |= PGA_CHN(PGA_GAIN_1,2); // Set CH2 PGA gain to 1

GAINbits |= PGA_CHN(PGA_GAIN_1,3); // Set CH3 PGA gain to 1

GAINbits |= PGA_CHN(PGA_GAIN_1,4); // Set CH4 PGA gain to 1

GAINbits |= PGA_CHN(PGA_GAIN_1,5); // Set CH5 PGA gain to 1

GAINbits |= BOOST_CH(BOOST_NORM,0); // Set CHO"s current scaling to NORMAL

GAINbits |= BOOST_CH(BOOST_NORM,1); // Set CH1"s current scaling to NORMAL

GAINbits |= BOOST_CH(BOOST_NORM,?2); // Set CH2"s current scaling to NORMAL

GAINbits |= BOOST_CH(BOOST_NORM,3); // Set CH3"s current scaling to NORMAL

GAINbits |= BOOST_CH(BOOST_NORM,4); // Set CH4"s current scaling to NORMAL

GAINbits |= BOOST_CH(BOOST_NORM,5); // Set CH5"s current scaling to NORMAL
setPropertyADC(ADC1_1D,1,ADC_GAIN,GAINbits);

setPropertyADC(ADC2_1D,1,ADC_GAIN,GAINbits);

delay_ms(50);

// Configure status/communication register

COMbits |= COM_READ(0b00); // Address not incremented, continually read single register
COMbits |= COM_WMODE(1); // Static addressing Write Mode

COMbits |= COM_WIDTH_CHn(ADC_WIDTH); // Set CHO-CH5 output data word width to ADC_WIDTH
COMbits |= COM_DR_LTY(1); // Data ready pulses after 3 DRCCLK periods (DEFAULT)
COMbits |= COM_DR_HI1Z(0); // Pin state is logic LOW when data is NOT ready (DEFAULT)
COMbits |= COM_DR_LINK(0); // Data ready link turned OFF (DEFAULT)

COMbits |= COM_DRC_MODE(0Ob00); // Data ready pulses are output on DRC pin (DEFAULT)
COMbits |= COM_DRB_MODE(0Ob00); // Data ready pulses are output on DRB pin (DEFAULT)
COMbits |= COM_DRA_MODE(0Ob00); // Data ready pulses are output on DRA pin (DEFAULT)
setPropertyADC(ADCl_lD,l,ADC_COM,COMbits);

setPropertyADC(ADC2_1D,1,ADC_COM,COMbits);

delay_ms(50);

// Configure MCP3903"s configuration register

CONFIGbits |= CONFIG_RESET_CHn(0Ob0O00000); // Set CHO-CH5 reset mode to OFF (DEFAULT)
CONFIGbits |= CONFIG_SHUTDOWN_CHNn(0b000000); // Set CHO-CH5 shutdown mode to OFF (DEFAULT)
CONFIGbits |= CONFIG_DITHER_CHN(Ob111111); // Set CHO-CH5 dithering circuit to ON (DEFAULT)
CONFIGbits |= CONFIG_OSR(ADC_OSR); // Set oversampling ratio to ADC_OSR

CONFIGbits |= CONFIG_PRESCALE(0Ob00O); // Set master clock prescaler to 1:1 (DEFAULT)
CONFIGbits |= CONFIG_EXTVREF(0); // Enable internal voltage reference (DEFAULT)
CONFIGbits |= CONFIG_EXTCLK(1); // Master Clock (MCLK) generated by PIC32"s OC1 pin

setPropertyADC(ADC1_ID,1,ADC_CONFIG,CONFIGbits);
setPropertyADC(ADC2_1D,1,ADC_CONFIG,CONFIGbits);
delay_ms(50);

} 7/ end config_ADC

void init_MasterClockADC(int PWMfrequency, char dutyCycle)
{
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short PWMperiod = 0;
short PWMdutyCycle = 0;

PWMperiod = sysCLK/PWMfrequency;
PWMdutyCycle = PWMperiod * ((float) dutyCycle/100);

T3CONbits.ON = O3 // Disable timer
T3CONbits.TCKPS = 0O; // Timer3 input clock prescaler set to 1:1
TMR3 = 03 // Clear timer register
PR3 = PWMperiod - 1; // Set PWM period; PWM Period = (PRy + 1)
OC1CONbits.ON = 0O; // Disable Output Compare 1 module
OC1CONbits.0C32 = 0; // OCxR<15:0> and OCxRS<15:0> are used for comparisons to 16-bit timer
OC1CONbits.OCTSEL = 1; // Timer3 is the clock source for this Output Compare module
OC1CONbits.OCM = 0b110; // Configure OCl to PWM mode with Fault pin disabled
OC1R = PWMdutyCycle; // Initialize primary Compare register
OC1RS = PWMdutyCycle; // Set PWM duty cycle
T3CONbits.ON = 1; // Enable 16-bit Timer3
OC1CONbits.ON = 1; // Enable Output Compare 1 module
} /7 end init_MasterClockADC
/* *
setPropertyADC() writes a control byte followed by data bytes to a register inside the ADC.
Arguments:
device specifies which ADC microchip will be used, ADC1_ID or ADC2_ID.
dev_addr device address bits <7:6> (default device address bits are 01).
property register address bits <5:1>.
value 24-bit data that will be loaded into ADC address location specified by "property”.
Description:

This function writes an 8-bit wide control byte followed by 24-bit wide data bytes to a register

inside the MCP3903.

The "Write®" command bit is

*.

specified by setting the LSB in the control byte to 0 (0<<0).

void setPropertyADC(char device, char dev_addr, char property, int value)

{
char tx_dataC = 0;
char tx_dataH = 0;
char tx_dataM = 0;
char tx_dataL = 0;

// Control byte

// High byte of data value to be transmitted
// Middle byte of data value to be transmitted
// Low byte of data value to be transmitted

// Inserting device address, target register address, and "write® command bit into a 8-bit sequence
tx_dataC = (dev_addr << 6) | (property << 1) | (0<<0); // Control byte

// Distributing 24-bit data “value™ into three bytes
tx_dataH = (value & 0x00FFO000) >> 16;
tx_dataM = (value & 0x0000FFO0) >> 8;

tx_datalL

(value & 0x000000FF);

// Lower ADC1 or ADC2 slave select line to initiate data exchange
if(device == ADC1_ID) {LATDbits.LATD11 = 0;} // Lower ADC1 CS line
if(device == ADC2_ID) {LATDbits.LATD9 = 0;} // Lower ADC2 CS line

//delay_us(1);

// CS setup time (Minimum: 50 ns)

// Send first SPI message carrying control byte to ADC register specified by "property”

sendSPImsg(device, tx_dataC);

// Send 24-bit wide data value
sendSPImsg(device, tx_dataH);
sendSPImsg(device, tx_dataM);
sendSPImsg(device, tx_datal);

//delay_us(1);

to MCP3903

// CS hold time (Minimum: 100 ns)

// Raise ADC1 or ADC2 slave select line to terminate data exchange
if(device == ADC1_ID) {LATDbits.LATD11 = 1;} // Raise ADC1 CS line
if(device == ADC2_ID) {LATDbits.LATD9 = 1;} // Raise ADC2 CS line

//delay_us(1);
} /7 end setPropertyADC

// CS disable time (Minimum: 50 ns)

/*

getPropertyADC() writes a control byte to a register inside the ADC and reads returned message.

Description:

This function sends an 8-bit wide control byte to one of the ADC microchips requesting data, stores

the returned 24-bit value,
processing.

and converts the returned data into a 32-bit signed integer for further

At 200 Hz sampling rate, the PIC32 is unable execute fast enough to require the need to implement
delays during SPI transmission to satisfy MCP3903"s minimum CS setup time, CS hold time, and CS
disable time. Thus, these delays have been commented.

The "Read” command bit is specified by setting the LSB in the control byte to 1 (1<<0).

*.

void getPropertyADC(char device, char dev_addr, char property, int *reply)

{
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char tx_dataC = 0; // Control byte

char rx_dataH = 0; // High byte of data value received from MCP3903
char rx_dataM = 0; // Medium byte of data value received from MCP3903
char rx_dataL = 0; // Low byte of data value received from MCP3903

// Inserting device address, target register address, and "read” command bit into a 8-bit sequence
tx_dataC = (dev_addr << 6) | (property << 1) | (1<<0); // Control byte

// Lower ADC1l or ADC2 slave select line to initiate data exchange

if(device == ADC1_ID) {LATDbits.LATD11l = 0;} // Lower ADC1 CS line
if(device == ADC2_ID) {LATDbits.LATD9 = 0;} // Lower ADC2 CS line
//delay_us(1); // CS setup time (Minimum: 50 ns)

// Send first SPI message carrying control byte to ADC register specified by "property”
sendSPImsg(device, tx_dataC);

// Read 24-bit wide ADC data received from MCP3903
rx_dataH = readSPImsg(device);
rx_dataM = readSPImsg(device);
rx_datal = readSPImsg(device);

//delay_us(1); // CS hold time (Minimum: 100 ns)
// Raise ADC1 or ADC2 slave select line to terminate data exchange
if(device == ADC1_ID) {LATDbits.LATD1l = 1;} // Raise ADC1 CS line
if(device == ADC2_ID) {LATDbits.LATD9 = 1;} // Raise ADC2 CS line
//delay_us(1); // CS disable time (Minimum: 50 ns)

// Store 24-bit wide ADC data inside 32-bit pointer
*reply = 0;

*reply |= ( (int)rx_dataH << 16) & 0x00FFO000;
*reply |= ( (int)rx_dataM << 8 ) & 0x0000FFO00;
*reply |= ( (int)rx_dataL << 0 ) & 0x000000FF;

// The contents of the received message must now be extracted and organized into usable form
parseSPImsgADC(property, reply); // This function will return processed data packet inside "reply*
} /7 end getPropertyADC

void parseSPImsgADC(char property, int *rx_value)
*rx_value &= OxO00FFFFFF; // Drop highest byte; ADC data is limited to 24-bits wide
switch(property)
{

case(ADC_CHO): case(ADC_CH1): case(ADC_CH2): case(ADC_CH3): case(ADC_CH4): case(ADC_CH5):
if(ADC_WIDTH == WIDTH_24bit && ADC_OSR == OSR_256)
{ 7/ At OSR_256, ADC output has a 24-bit resolution
*rx_value = convert_24bit_to_32bit_signed(rx_value); // 24-bit to 32-bit signed

}

iF(ADC_WIDTH == WIDTH_24bit && ADC_OSR == OSR_128)

{ 7/ At OSR_128, data has 23-bit resolution with 1 zero at the end to fill 24-bit WIDTH
*rx_value = *rx_value >> 1; // shift right by 1 to eliminate redudant zero
*rx_value = convert_23bit_to_32bit_signed(rx_value); // 23-bit to 32-bit signed

}

if(ADC_WIDTH == WIDTH_24bit &% ADC_OSR == OSR_64)

{ 7/ At OSR_64, data has 20-bit resolution with 4 zeros at the end to fill 24-bit WIDTH
*rx_value = *rx_value >> 4; // shift right by 4 to eliminate redudant zeros
*rx_value = convert_20bit_to_32bit_signed(rx_value); // 20-bit to 32-bit signed

}

iF(ADC_WIDTH == WIDTH_24bit & ADC_OSR == OSR_32)

{ 7/ At OSR_32, data has 17-bit resolution with 7 zeros at the end to fill 24-bit WIDTH
*rx_value *rx_value >> 7; // shift right by 7 to eliminate redudant zeros
*rx_value = convert_17bit_to_32bit_signed(rx_value); // 17-bit to 32-bit signed

3
// If ADC_WIDTH == WIDTH_16bit is used then additional code needs to be added
break;
default:
printString("Invalid ADC property.');
break;

}
} /7 end parseSPImsgADC

int convert_24bit_to_32bit_signed(int *value)
{
if(*value & 0x00800000)
{ 7/ Check if bit 23 is 1
*value = *value | OxFFO00000;  // Set highest 8 bits to 1
return(*value);
}
else
{ 77 1T bit 23 is 0 then the 24-bit input is not negative and nothing needs to change
return(*value);

}
} /7 end convert_24bit_to_32bit_signed
int convert_23bit_to_32bit_signed(int *value)

if(*value & 0x00400000)
{ 7/ Check if bit 22 is 1
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*value = *value | OxFF800000; // Set highest 9 bits to 1
return(*value);

}

else
{ 77 1f bit 22 is 0 then the 23-bit input is not negative and nothing needs to change
return(*value);

}
} /7 end convert_23bit_to_32bit_signed
int convert_20bit_to_32bit_signed(int *value)

if(*value & 0x00080000)

{ 7/ Check if bit 19 is 1
*value = *value | OxFFFO0000; // Set highest 12 bits to 1
return(*value);

}

else

{ 77 1f bit 19 is 0 then the 20-bit input is not negative and nothing needs to change
return(*value);

}
} /7 end convert_20bit_to_32bit_signed
int convert_17bit_to_32bit_signed(int *value)

if(*value & 0x00010000)

{ 7/ Check if bit 16 is 1
*value = *value | OxFFFE0000; // Set highest 15 bits to 1
return(*value);

¥

else

{ 77 1T bit 16 is 0 then the 17-bit input is not negative and nothing needs to change
return(*value);

}
} /7 end convert_17bit_to_32bit_signed

/*

getLoadCel IData_pitch() requests pitch load cell voltage measurements from ADC1 CH1, normalizes the
data, and converts the TQ201-1k"s normalized analog voltage output to Sl units.

Description:
This function collects amplified/filtered voltage measurements from MCP3903 #1"s CH1l, calculates
the offset in pitch load cell (LC) voltage measurements and uses it to normalize the data. The
normalized pitch LC data [in ADC units] is then converted to TQ201-1k"s analog voltage output [V].

The TQ201-1k"s analog voltage ouput passes through an instrumental amplifier (AD8220) with a gain
of 100 prior to entering the MCP3903 #1"s non-inverting analog input pin for Channel 1.

The trimpot on the pitch LC voltage output line was adjusted until the offset voltage entering CH1
of ADC1 was roughly 0.5 V when no torque was being applied to pitch LC.

Voltage entering ADC1 CH1:
CHn+ = [DATA_CHn * 2.35V]/[8,388,608 * PGA_GAIN * 3] = (2.35 / 25,165,824) * DATA_CHn

Voltage entering AD8220, which is equivalent to load cell voltage output:
V_outPitchLC = CHn+ / 100 = (0.0235 / 25,165,824) * DATA_CHn

TQ201-1k conversion factor obtained from LC calibration datasheet: Sensitivity = 2.844 mV/V
T_pitchLC = [1000 in-lbs / [(2.844 mV/V)*(5V)]] * [1000 mV / 1 V] = [7945.487 Nm/V] * V_outPitchLC

The conversion factors used in this function assume PGA gain = 1 for all ADC channels.

IMPORTANT! 1If the PGA gains in the ADC are modified then the conversion factors below must be

adjusted accordingly!
*

float getLoadCellData_pitch(void)
{

static unsigned char FirstTimeExecuting = TRUE;

static int LCpitch_offset = 0;

int LCpitch = 0O; // Load Cell (LC) pitch data
int LCpitch_norm = 0;

float LCpitch_scaled = 0;

float LCpitch_Slunits = 0;

// Calculate pitch load cell voltage offset [in ADC units] only once per firmware initialization
if(FirstTimeExecuting == TRUE)

LCpitch_offset = getLoadCellOffset_pitch(Q);
FirstTimeExecuting = FALSE;
}

// Get amplified/filtered voltage measurements from TQ201-1k (Pitch Load Cell) in ADC1 CH1
getPropertyADC(ADC1_1D,1,ADC_CH1,&LCpitch);

// Calculate normalized load cell pitch data value [in ADC units]
LCpitch_norm = LCpitch - LCpitch_offset; // [in ADC units]

// Convert MCP3903 measurements to TQ201-1k analog voltage output [Volts]
LCpitch_scaled = (0.0235 / 25165824) * LCpitch_norm; // [in Volts]
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// Convert TQ201-1k analog voltage output [V] to SI units [N*m] using LC calibration datasheet
LCpitch_Slunits = 7945.487 * LCpitch_scaled; // [in N*m]

return(LCpitch_Slunits); // [N*m]
} /7 end getLoadCellData_pitch

/*

getLoadCel IData_yaw() requests yaw load cell voltage measurements from ADC1 CHO, normalizes the data,
and converts the TQ202-250"s normalized analog voltage output to Sl units.

Description:
This function operates very similar to getLoadCellData_pitch(). Trimpot tuning and ADC voltage
calculations are also the same except for ADC to Sl unit conversion factor which now uses yaw
load cell calibration datasheet.

TQ202-250 conversion factor obtained from LC calibration datasheet: Sensitivity = 2.238 mV/V
T yawlLC = [250 in-lbs / [(2.238 mV/V)*(5V)]] * [1000 mV / 1 V] = [2524.237 Nm/V] * V_outYawLC

*.

float getLoadCellData_yaw(void)
{
static unsigned char FirstTimeExecuting = TRUE;
static int LCyaw_offset = 0;
int LCyaw = 0; // Load Cell (LC) yaw data
int LCyaw_norm = 0O;
float LCyaw_scaled = 0;
float LCyaw_Slunits = 0;

// Calculate yaw load cell voltage offset [in ADC units] only once per firmware initialization
if(FirstTimeExecuting == TRUE)

LCyaw_offset = getLoadCellOffset_yaw();
FirstTimeExecuting = FALSE;
}

// Get amplified/filtered voltage measurements from TQ202-250 (Yaw Load Cell) in ADC1 CHO
getPropertyADC(ADC1_1D,1,ADC_CHO,&LCyaw) ;

// Calculate normalized load cell yaw data value [in ADC units]

LCyaw_norm = LCyaw - LCyaw_offset; // [in ADC units]

// Convert MCP3903 measurements to TQ202-250 analog voltage output [Volts]

LCyaw_scaled = (0.0235 / 25165824) * LCyaw_norm; // [in Volts]

// Convert TQ202-250 analog voltage output [V] to Sl units [N*m] using LC calibration datasheet
LCyaw_Slunits = 2524.237 * LCyaw_scaled; // [in N*m]

return(LCyaw_Slunits); // [N*m]

} /7 end getLoadCellData_yaw

/*

getLoadCel 10ffset_pitch() gathers n load cell measurements and calculates the average.

Description:
This function collects 10 load cell measurements and calculates the average. This average is used
in getLoadCellData_pitch() calculations to obtain normalized torque measurements from the load
cell.

int getLoadCell0ffset_pitch(void)
char i =0, j = 0;
char n = 10; // number of points used to calculate voltage offset (User Defined)
int LCpitchData[11] = {0};
int LCpitch = 0O;
int LCpitch_sum = 0O;
int LCpitch_offset = 0O;

// Collect n points from the ADC channel leading to TQ201-1k (Pitch Load Cell)

for (i = 0; i < nj i++)

// Get amplified/filtered voltage measurements from TQ201-1k (Pitch Load Cell) in ADC1 CH1

getPropertyADC(ADC1_1D,1,ADC_CH1,&LCpitch);

LCpitchData[i] = LCpitch; // Store latest pitch load cell measurement from MCP3903
}

// Calculate the sum of the latest n-points obtained from external ADC (MCP3903)

for G = 0; j < n; j++) { LCpitch_sum += LCpitchData[j]; }

// Calculate average of latest n-points to obtain pitch load cell voltage offset in ADC units
LCpitch_offset = LCpitch_sum/n; // Note: trimming calculated average of this integer is not an issue

return(LCpitch_offset); // Returned valued is in MCP3903 units
} // end getLoadCellOffset_pitch

int getLoadCel I0ffset_yaw(void)
» 3 =0;
0; // number of points used to calculate voltage offset (User Defined)
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int LCyawData[11] = {0};
int LCyaw = 0;

int LCyaw_sum = 0;

int LCyaw_offset = 0;

// Collect n points from the ADC channel leading to TQ202-250 (Yaw Load Cell)

for (i = 0; 1 < n; i++)

// Get amplified/filtered voltage measurements from TQ202-250 (Yaw Load Cell) in ADC1 CHO
getPropertyADC(ADC1_1D,1,ADC_CHO,&LCyaw) ;

LCyawData[i] = LCyaw; // Store latest yaw load cell measurement from MCP3903
// Calculate the sum of the latest n-points obtained from external ADC (MCP3903)
for G = 0; j <n; j++) { LCyaw_sum += LCyawData[j]; }

// Calculate average of latest n-points to obtain yaw load cell voltage offset in ADC units
LCyaw_offset = LCyaw_sum/n; // Note: trimming calculated average of this integer is not an issue

return(LCyaw_offset); // Returned valued is in MCP3903 units
} /7 end getLoadCellOffset_yaw
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F-3: CAN.c

/
Name: CAN.c
Creation Date: 09/12/2013
Author: Airton R. da Silva Jr.
Comments: Function used to configure and initialize:
CAN1 for transmission/reception with two motor controllers (Puck).

Also contains driver functions used to send and read CAN messages.

#include <p32xxxx.h>
#include <plib.h>
clude <sys/kmem.h>
#include "‘support.h”

void init_CAN1(void)

/*

Step 1: Switch the CAN module ON and switch it to Configuration mode.
Wait until the switch is complete.

C1CONbits.ON = 1; // Enable CAN1 Module

/* REGISTER 23-1: CiCON: CAN MODULE CONTROL REGISTER [pp. 256] */
C1CONbits.REQOP = 4; // Set CAN1 Module to Configuration Mode
while(C1CONbits.OPMOD 1= 4); // Wait until CAN1 Modulle is in Configuration Mode

/*

Step 2: Configure the CAN module clock and timing.

Barrett Technology®s Puck data link specifications:
Bit Rate = 1 Mbps
Number of Time Quanta (Tq) per bit = 8
Sampling Point = 75% of Nominal Bit Time
Sync Jump Width = 1 Tq
Standard CAN = 11-bit MsglD

Device Oper. Freq.= 40 MIPS
F_SYS = F_0SC = 80 MHz
Oscillator Freq. = 80 MHz
CAN Bit Rate = 1 Mbps
# of Tgq per bit =8 Tq
Propagation Delay = 1 Tq
Phase Segment 1 =4 Tq
Phase Segment 2 =2Tq
Sync Jump Width =1Tq

Equation 34-2: [pp. 85]
F_TQ = NxF_BAUD
Equation 34-3: [pp. 85]
BRP = CiCFG<BRP> =[F_SYS /(2xNxF_BAUD)]- 1
Example 34-16: CAN Bit Timing Calculation Example [pp-. 85]

References:
Microchip®s CAN Bit Timing Calculator
AN1249 - EXAMPLE 3: CLOCK AND TIMING INITIALIZATION CODE {PIC33EP} [pp. 8]
Section 21. ECAN - EXAMPLE 21-8: CAN BIT TIMING CALCULATION EXAMPLE {PIC33EP} [pp. 61]
Section 34. CAN - EXAMPLE 34-17: CONFIGURING THE CAN MODULE [p. 86]

/* REGISTER 23-2: CiCFG: CAN BAUD RATE CONFIGURATION REGISTER [pp. 258] */

C1CFGbits.SEG2PHTS = 1; // Phase Segment 2 time is set to be programmable
C1CFGbits.SEG2PH = 1; // Phase Segment 2 time is 2 TQ

C1CFGbits.SEGIPH = 3; // Phase Segment 1 time is 4 TQ

C1CFGbits.PRSEG = 0; // Propagation Segment time is 1 TQ

C1CFGbits.SAM = 1; // Bus line is sampled three times at the sample point
C1CFGbits.SIW = 0; // Synchronization Jump Width set to 1 TQ

C1CFGbits.BRP BéP_VAL; // Baud Rate Prescale

/*

Step 3: Assign the buffer area to the CAN module.
Update the CAN FIFO Base Address register (CiFIFOBA) with the base address of the FIFO.
This should be the physical start address of Message Buffer O of FIFOO.

/* FIFO Configuration
FIFOO (CHO): Transmit (TX) - 2 Message Buffers
FIFO1 (CH1): Receive (RX) - 2 Message Buffers
FIFO4 (CH4) through FIFO31 (CH31) - Not used

Each CAN TX message buffer requires 4 words (16 bytes) of memory

Each CAN RX message buffer requires 4 words (16 bytes) of memory (full receive message)

Therefore, a total of 16 (4 message buffers x 4 words per message buffer) words of memory needs to
be allocated.
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Notes:

KVA_TO_PA((unsigned int) address): converts a virtual address into a physical address

*/

/* REGISTER 23-19: CiFIFOBA: CAN MESSAGE BUFFER BASE ADDRESS REGISTER [p. 283] */
// Initialize C1FIFOBA register with physical address of CAN message Buffer
C1FIFOBA = KVA_TO_PA(CANmsgBuffersFIFO); // Define the base address of all message buffers

/*

Step 4: Specify size of the channel using the FSIZE<4:0> bits (CiFIFOCONN<20:16>).

Select wl
Disable

References:
Section 34. CAN - EXAMPLE 34-2: SETTING UP THE CAN MESSAGE FIFO [p. 52]
PIC32 CAN Peripheral Library [C:...\MPLAB C32 Suite\doc\pic32-lib-help]

*.

hether the FIFO is to be a transmit or receive FIFO (TXEN bit (CiFIFOCONN<7:0>)).
Remote Transmit Request (RTR) and specify the priority of the TX channel.

*/

/* Built-in functions and macros used to configure CAN filters and mask:
void CANConfigureChannelForTx(CAN_MODULE module, CAN_CHANNEL channel, UINT channelSize

Prototype:

Arguments:

Prototype:

Arguments:

*/

module
channel
channelsS
rtren

priority
void CAN
module
channel

channels

dataOnly

CAN_TX_RTR rtren, CAN_TXCHANNEL_PRIORITY priority);
Identifies the desired CAN module.
Identifies the desired CAN Channel.
ize Size of the channel in messages. This value should be between 1 and 32
Enables disables Remote Transmit Request:
CAN_TX_RTR_ENABLED - Remote Transmit Request is enabled.
CAN_TX_RTR_DISABLED - Remote Transmit Request is disabled.
Specifies the priority of the TX channel.

ConfigureChannel ForRx(CAN_MODULE module, CAN_CHANNEL channel,
UINT32 channelSize, CAN_RX_DATA_MODE dataOnly);

Identifies the desired CAN module.

Identifies the desired CAN RX channel.
ize Specifies the number of received messages that the channel can buffer

before it overflows. This should be a value between 1 and 32.

Specifies a full CAN message Receive channel or a data-only message channel:
CAN_RX_DATA_ONLY - Channel will be a data-only message receive channel.
CAN_RX_FULL_RECEIVE - Channel will be a full CAN message receive channel.

// Configure CAN Channels 0 and 1 for transmission and reception, respectively
CANConfigureChanne IForTx(CAN1,CAN_CHANNELO, 2 ,CAN_TX_RTR_DISABLED,CAN_LOW_MEDIUM_PRIORITY);
CANConfigureChanne IForRx(CAN1,CAN_CHANNEL1,2,CAN_RX_FULL_RECEIVE);

/*

Step 5: Configure fTilters and mask.

Configur
Configur
Messages

References:
PIC32 CAN Peripheral Library [C:.._.\MPLAB C32 Suite\doc\pic32-lib-help]

*.

e Filters to accept SID messages with Puck IDs 0x423, 0x443, and 0x466.
e Filter mask O to accept ONLY IDs specified by the acceptance filters.
accepted by filters 0, 1, and 2 should be stored in channel 1 or FIFO1.

*/

/* Built-in functions and macros used to configure CAN filters and mask:

Prototype:

Arguments:

Prototype:

Arguments:

Prototype:

Arguments:

void CAN

module
filter
id

ConfigureFilter(CAN_MODULE module, CAN_FILTER filter,
UINT32 id, CAN_ID_TYPE filterType);
Identifies the desired CAN module.
Identifies the desired CAN RX Filter.
A value in the range 0x0 to Ox7FF for SID filter type
or Ox0 to Ox1FFFFFFF for EID filter type.

filterType Specifies the type of filter:

CAN_EID: Filter is an extended ID message filter.
CAN_SID: Filter is a standard ID message filter.

void CANConfigureFilterMask (CAN_MODULE module, CAN_FILTER_MASK mask, UINT32 maskbits,

module
mask

CAN_ID_TYPE idType, CAN_FILTER_MASK_TYPE mide);
Identifies the desired CAN module.
Identifies the desired CAN RX Filter Mask.

maskbits A value in the range 0xO to Ox7FF for SID range

idType

mide

or Ox0 to Ox1FFFFFFF for the EID range.
Specifies the value range of maskbits parameter:
CAN_EID: Value range of maskbits parameter is 0xO (ignore all 29 bits of the
incoming message ID) to Ox1FFFFFFF (compare all 29 bits of the incoming message 1D)
CAN_SID: Value range of maskbits parameter is Ox0 (ignore all 11 bits of the
incoming message ID) to Ox7FF (compare all 11 bits of the incoming message ID).
Specifies ID masking options :
CAN_FILTER_MASK_IDE_TYPE: Masking will be performed by Filter Type only.
IT the filter is set up for SID messages, the mask will decline all
incoming EID messages. If the filter is set up for EID messages,
the mask will decline all incoming SID messages.
CAN_FILTER_MASK_ANY_TYPE: Masking will be performed regardless of the
incoming message ID type. The message will be accepted on a Filter and
Message SID match or a Filter and Message SID/EID match.

void CANLinkFilterToChannel (CAN_MODULE module, CAN_FILTER filter,

module
filter
mask

CAN_FILTER_MASK mask, CAN_CHANNEL channel);
Identifies the desired CAN module.
Identifies the desired CAN Filter.
Identifies the mask to be used with this filter.
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channel Identifies the channel to be linked to this filter. If a TX channel is linked,
the TX channel should have it"s Remote Transmit Request feature enabled.

Prototype: void CANEnableFilter (CAN_MODULE module, CAN_FILTER filter, BOOL enable);
Arguments: module Identifies the desired CAN module.

*/

/*

*.

filter Identifies the desired CAN Message Acceptance Filter.
enable Enables or disables the filter:

TRUE: Enables the filter.

FALSE: Disables the filter.

// Filter Configuration

CANConfigureFi lter (CAN1,CAN_FILTERO,0x420,CAN_SID); // Filter 0: Allow Puck ID 1 to enter Buffer 1
CANConfigureFilter (CAN1,CAN_FILTER1,0x440,CAN_SID); // Filter 1: Allow Puck ID 2 to enter Buffer 1
CANConfigureFilter (CAN1,CAN_FILTER2,0x460,CAN_SID); // Filter 2: Allow Puck ID 3 to enter Buffer 1

// Acpt. Mask set to accept all Puck GrouplDs but ONLY Puck IDs specified by Acpt. Filters
CANConfigureFi lterMask (CAN1,CAN_FILTER_MASKO,0x7F0,CAN_SID,CAN_FILTER_MASK_IDE_TYPE);

// Link Filters 0, 1, and 2 to CAN Receive FIFO1 (Channel 1)

CANLinkFilterToChannel (CAN1,CAN_FILTERO, CAN_FILTER_MASKO,CAN_CHANNEL1);
CANLinkFilterToChannel (CAN1,CAN_FILTER1,CAN_FILTER_MASKO,CAN_CHANNEL1);
CANLinkFilterToChannel (CAN1,CAN_FILTER2,CAN_FILTER_MASKO,CAN_CHANNEL1);

// Enable CAN Filters 0, 1, and 2

CANEnableFilter(CAN1,CAN_FILTERO,TRUE);
CANEnableFilter(CAN1,CAN_FILTER1,TRUE);
CANEnableFilter(CAN1,CAN_FILTER2,TRUE);

Step 6: Enable interrupt and events.
Enable the receive channel not empty event (channel event) and the receive
channel event (module event).
The interrrupt peripheral library is used to enable the CAN interrupt to the CPU.

References:
PIC32 CAN Peripheral Library [C:.._.\MPLAB C32 Suite\doc\pic32-lib-help]
PIC32 Interrupt Peripheral Library [C:...\MPLAB C32 Suite\doc\pic32-lib-help]

/* Built-in functions and macros used to enable CAN interrupts and events:
Prototype: void CANEnableChannelEvent(CAN_MODULE module, CAN_CHANNEL channel,

CAN_CHANNEL_EVENT flags, BOOL enable);

Arguments: module Identifies the desired CAN module.
channel Identifies the desired CAN Channel.
flags Identifies the CAN channel event(s) to be affected.
Several events can be controlled by logically OR"ed combination of events
enable Enables or disables the specified event:

TRUE: Channel event is enabled.
FALSE: Channel event is disabled.

Prototype: void CANEnableModuleEvent(CAN_MODULE module, CAN_MODULE_EVENT flags, BOOL enable);

Arguments: module Identifies the desired CAN module.
flags Identifies the CAN module level events to be affected.
Several events can be controlled by logically OR"ed combination of events
enable Enables or disables the specified event:

TRUE: Module event is enabled.
FALSE: Module event is disabled.

Prototype: void INTSetVectorPriority(INT_VECTOR vector, INT_PRIORITY priority);
Arguments: vector Interrupt vector.

priority Interrupt vector®s priority.

Prototype: void INTSetVectorSubPriority(INT_VECTOR vector, INT_SUB_PRIORITY subPriority);
Arguments: vector Interrupt vector.

subPriority Interrupt vector®s sub-priority.

Prototype: void INTEnable(INT_SOURCE source, INT_EN_DIS enable);
Arguments: source Interrupt source.

*/

enable Enable state to set.

// Configure the CAN module to generate a CPU interrupt when the RX buffer is full
// Enable RX channel event: CAN RX Channel Not Empty Event Mask
CANEnableChannelEvent(CAN1,CAN_CHANNEL1,CAN_RX_CHANNEL_NOT_EMPTY,TRUE);
CANEnableModuleEvent(CAN1,CAN_RX_EVENT,TRUE) ; // Enable CAN1 RX interrupt

INTSetVectorPriority(INT_CAN_1_VECTOR, INT_PRIORITY_LEVEL_4); // Set CAN1 vector IPL to 4
INTSetVectorSubPriority(INT_CAN_1 VECTOR, INT_SUB_PRIORITY_LEVEL_0); // Set CAN1 vector subIPL to O
INTEnable(INT_CAN1, INT_ENABLED); // Enable CAN1 interrupt

/*

*.

Step 7: Switch the CAN mode to normal mode.

/* REGISTER 23-1: CiCON: CAN MODULE CONTROL REGISTER [pp. 256] */

C1CONbits.REQOP = 03 // Set CAN1 Module to Normal Operation Mode
while(C1CONbits.OPMOD != 0); // Wait until CAN1 Module is in Normal Operation Mode

} /7 end init_CAN1

/*
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value_scaled = (float) (value)*0.05; // GYRO_OUT scale factor: 0.05 deg/sec
break;
case XACCL_OUT:
value_scaled = (float) (value)*0.0006; // XACCL_OUT scale factor: 0.0006 g (m/s”2)
break;
case YACCL_OUT:
value_scaled = (float) (value)*0.0006; // YACCL_OUT scale factor: 0.0006 g (m/s”2)
break;
case ZACCL_OUT:
value_scaled = (float) (value)*0.0006; // ZACCL_OUT scale factor: 0.0006 g (m/s”2)
break;
case TEMP_OUT:
value_scaled = (float) (value)*0.14; // TEMP_OUT scale factor: 0.14 degCelsius
break;
case ROLL_OUT:
value_scaled = (float) (value)*0.044; // ROLL_OUT scale factor: 0.044 deg
break;
case PITCH_OUT:
value_scaled = (float) (value)*0.044; // PITCH_OUT scale factor: 0.044 deg
break;
default:
LED6_ON;
printf("Invalid IMU property.™);
break;

}

return(value_scaled);
} /7 end convertUnits_IMU_to_SI

float get_IMUsupply(IMUmsglID *IMUdataSl)
{

short supply = 0;
float supply_scaled = 0;

// Get power supply measurement
getPropertyIMU(SUPPLY_OUT, &supply);

// Scale property value obtained from IMU
supply_scaled = convertUnits_IMU_to_SI(SUPPLY_OUT, supply);

// Store scaled value in structure containing processed IMU data
IMUdataS1->IMUsupply = supply_scaled;

return(supply_scaled);
} /7 end get_IMUsupply

/*
get_IMUgyro() reads gyroscope"s yaw rate and filters measurements using a moving average filter.
Arguments:
*IMUdataSlI a pointer to the structure used to store processed IMU measurements in Sl units.
n value used to define the number of points used in the moving average filter.

Global Variables:
IMUinitialized Boolean value used to determine whether the IMU has been initialized.

Local Variables:

Kk static counter used to track array element.

gyroData[n] static array used to hold the n-points that will be averaged by the filter.

b counter used to track iteration number.

gyro value used to store gyroscope measurements received from the IMU.

gyro_sum value holding the calculated sum of n-points.

gyro_filtered value used to store filtered gyroscope measurements in IMU units.

gyro_scaled value used to store filtered gyroscope measurements in Sl units [deg/s].
Description:

This function reads the IMU"s gyroscope x-axis output, filters the readings using a n-point
recursive moving average filter, and converts the average value to Sl units.

To prevent platform from jerking during initialization due to lack of points to average, this
function will collect n-points first before passing the filtered average to LQR(Q)-

*.

float get_IMUgyro(IMUmsgID *IMUdataSl, char n)

{
static char k = 0;
static short gyroData[11] = {0}; // Array length must be equal to or greater than "n*
char j = 0;

short gyro = 0;

short gyro_sum = 0;
short gyro_filtered = 0;
float gyro_scaled = 0;

// Recursive moving average filter
if (IMUinitialized == TRUE)

{ 7/ Execute statement only if this function has executed previously and gyroData[] contains n-points

// Get x-axis gyroscope output
getPropertyIMU(GYRO_OUT, &gyro);
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// Update n-element array, gyroData[], with the latest gyro measurements
gyroData[k] = gyro; // gyroData[k] stores the latest gyro values

k++; // Increment k counter

if (k =n) {k =03} // Reset k counter when number of points stored equals n

}

// Before the moving average filter can be properly implemented, n points are needed

if (IMUinitialized == FALSE)

{ 7/ 1T this function is being called for the first time, collect n-points from the IMU
for (k = 0; k < nj; k++)
{

// Get x-axis gyroscope output
getPropertyIMU(GYRO_OUT, &gyro);

gyroData[k] = gyro; // Store latest gyro measurement
}
k = 0; // Reset k counter
IMUinitialized = TRUE; // Raise flag indicating IMU has been initialized

}

// Calculate the sum of the lastest n-points
for G = 0; j <n; j++) { gyro_sum = gyro_sum + gyroData[j]; }

// Calculate average of latest n-points
gyro_filtered = gyro_sum/n;

// Scale property value obtained from IMU
gyro_scaled = convertUnits_IMU_to_SI1(GYRO_OUT, gyro_filtered); // [deg/s]

// Store scaled value in structure containing processed IMU data
IMUdataSI->IMUgyro = gyro_scaled; // [deg/s]

return(gyro_scaled);
} /7 end get_IMUgyro

float get_IMUxaccl (IMUmsgID *IMUdatasl)

short xaccl = 0;
float xaccl_scaled = 0;

// Get x-axis accelerometer output
getProperty IMU(XACCL_OUT, &xaccl);

// Scale property value obtained from IMU
xaccl_scaled = convertUnits_IMU_to_SI(XACCL_OUT, xaccl);

// Store scaled value in structure containing processed IMU data
IMUdataSI1->IMUxaccl = xaccl_scaled;

return(xaccl_scaled);
} /7 end get_IMUxaccl

float get_IMUyaccl (IMUmsgID *IMUdataSl)

short yaccl = 0;
float yaccl_scaled = 0;

// Get y-axis accelerometer output
getProperty IMU(YACCL_OUT, &yaccl);

// Scale property value obtained from IMU
yaccl_scaled = convertUnits_IMU_to_SI(YACCL_OUT, yaccl);

// Store scaled value in structure containing processed IMU data
IMUdataS1->IMUyaccl = yaccl_scaled;

return(yaccl_scaled);
} /7 end get_IMUyaccl

float get_IMUzaccl (IMUmsglID *IMUdataSl)

short zaccl = 0;
float zaccl_scaled = 0;

// Get z-axis accelerometer output
getPropertyIMU(ZACCL_OUT, &zaccl);

// Scale property value obtained from IMU
zaccl_scaled = convertUnits_IMU_to_SI(ZACCL_OUT, zaccl);

// Store scaled value in structure containing processed IMU data
IMUdataSI->IMUzaccl = zaccl_scaled;

return(zaccl_scaled);
} /7 end get_IMUzaccl

float get_IMUtemp(IMUmsgID *IMUdataSl)
{
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short temp = 0;
float temp_scaled = 0;

// Get x-axis gyroscope temperature measurement
getPropertyIMU(TEMP_OUT, &temp);

// Scale property value obtained from IMU
temp_scaled = convertUnits_IMU_to_SI(TEMP_OUT, temp);

// Store scaled value in structure containing processed IMU data
IMUdataSI->IMUtemp = temp_scaled;

return(temp_scaled);
} /7 end get_IMUtemp

float get_IMUpitch(IMUmsglD *IMUdatasl)
{

short pitch = 0;

float pitch_scaled = 0;

// Get x-axis inclinometer output measurement
getPropertyIMU(PITCH_OUT, &pitch);

// Scale property value obtained from IMU
pitch_scaled = convertUnits_IMU_to_SI(PITCH_OUT, pitch);

// Store scaled value in structure containing processed IMU data
IMUdataS1->IMUpitch = pitch_scaled;

return(pitch_scaled);
} 7/ end get_IMUpitch

float get_IMUrol1(IMUmsgID *IMUdataSl)
{

short roll = 0;

float roll_scaled = 0;

// Get y-axis inclinometer output measurement
getPropertyIMU(ROLL_OUT, &roll);

// Scale property value obtained from IMU
roll_scaled = convertUnits_IMU_to_SI(ROLL_OUT, roll);

// Store scaled value in structure containing processed IMU data
IMUdataSI->IMUroll = roll_scaled;

return(roll_scaled);
} /7 end get_IMUroll

short convert_12bit_to_16bit_signed(short *value)
{
if(*value & 0x0800)
{ 7/ Check if bit 11 is 1
*value = *value | 0xF000; // Set bits 12, 13, 14, and 15 to 1
return(*value); // Return signed 16-bit integer equivalent of signed 12-bit input
}
else
{ 77 1T bit 11 is 0 then the 12-bit input is not negative and nothing needs to change
return(*value);

}
} /7 end convert_12bit_to_16bit_signed
short convert_13bit_to_16bit_signed(short *value)

if(*value & 0x1000)
{ 7/ Check if bit 12 is 1

*value = *value | 0xE000; // Set bits 13, 14, and 15 to 1

return(*value); // Return signed 16-bit integer equivalent of signed 13-bit input
}

else
{ 77 1f bit 12 is 0 then the 13-bit input is not negative and nothing needs to change

return(*value);
}
} 7/ end convert_13bit_to_16bit_signed
short convert_14bit_to_16bit_signed(short *value)

if(*value & 0x2000)
{ 7/ Check if bit 13 is 1
*value = *value | 0xC000; // Set bits 14 and 15 to 1
return(*value); // Return signed 16-bit integer equivalent of signed 14-bit input
}
else
{ /77 1T bit 13 is 0 then the 14-bit input is not negative and nothing needs to change

return(*value);

}
} /7 end convert_14bit_to_16bit_signed
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short getIMUdiagnostics(void)
{

short diagnostics;

// Perform a memory test (pass/fail criteria is loaded into DIAG_STAT[6] register)
setPropertyIMU(MSC_CTRL, MSC_CTRL_MEMORYTEST);

// Perform internal self-test
setPropertyIMU(MSC_CTRL, MSC_CTRL_INTSELFTEST);

// Get IMU diagnostics
getPropertyIMU(DIAG_STAT, &diagnostics);

if(diagnostics & DIAG_STAT_ZACCL_FAIL)

printLine(""Z-axis accelerometer self-test failure™, LCD_LINE_LENGTH);
if(diagnostics & DIAG_STAT_YACCL_FAIL)

printLine("Y-axis accelerometer self-test failure”, LCD_LINE_LENGTH);
if(diagnostics & DIAG_STAT_XACCL_FAIL)

printLine(""X-axis accelerometer self-test failure™, LCD_LINE_LENGTH);
if(diagnostics & DIAG_STAT_XGYRO_FAIL)

printLine(""X-axis gyroscope self-test failure™, LCD_LINE_LENGTH);
if(diagnostics & DIAG_STAT_ALARM2)

printLine("Alarm 2 active”™, LCD_LINE_LENGTH);
if(diagnostics & DIAG_STAT_ALARM1)

printLine("Alarm 1 active™, LCD_LINE_LENGTH);
if(diagnostics & DIAG_STAT_FLASH_CHK)

printLine(""Flash checksum error”, LCD_LINE_LENGTH);
if(diagnostics & DIAG_STAT_SELF_TEST)

printLine(""Self test error™, LCD_LINE_LENGTH);
if(diagnostics & DIAG_STAT_OVERFLOW)

printLine("Sensor overrange”, LCD_LINE_LENGTH);
if(diagnostics & DIAG_STAT_SPI_FAIL)

printLine("'sPI failure”, LCD_LINE_LENGTH);
if(diagnostics & DIAG_STAT_FLASH_UPT)

printLine("'Flash update failed™, LCD_LINE_LENGTH);
if(diagnostics & DIAG_STAT_POWER_HIGH)

printLine(""Power supply above 5.25V", LCD_LINE_LENGTH);
if(diagnostics & DIAG_STAT_POWER_LOW)

printLine(""Power supply below 4.75V", LCD_LINE_LENGTH);

return(diagnostics);
} /7 end getlIMUdiagnostics

void resetIMU(void)

// Reset IMU software

setPropertyIMU(GLOB_CMD, GLOB_CMD_SW_RESET);

if(IMU_MODE == SAMPL_PRD_DEFAULT){delay_ms(55);} // Reset recovery time in normal mode

iF(IMU_MODE == SAMPL_PRD_LOWPWR){delay_ms(120);} // Reset recovery time in low power mode
} /7 end resetIMU

void restoreFactoryCalibration(void)

// Reset all user calibration register and sensor data to 0x0000, and update flash memory

setPropertyIMU(GLOB_CMD, GLOB_CMD_FAC_CALIB);

delay_ms(150); // Restore factory default time in normal mode
} /7 restoreFactoryCalibration

void executeFlashMemoryTest(void)

// Execute flash memory test (pass/fail result is reported in DIAG_STAT)

setPropertyIMU(MSC_CTRL, MSC_CTRL_MEMORYTEST);

iF(IMU_MODE == SAMPL_PRD_DEFAULT){delay_ms(17);} // Memory test time in normal mode

if(IMU_MODE == SAMPL_PRD_LOWPWR){delay_ms(90);} // Memory test time in low power mode
} /7 end executeFlashMemoryTest

void executeAutomaticSelfTest(void)

// Execute automatic self-test (pass/fail result is reported in DIAG_STAT)
setPropertyIMU(MSC_CTRL, MSC_CTRL_INTSELFTEST);
delay_ms(12);

} /7 end executeAutomaticSelfTest

void gyroPrecisionCalibration(void)

// Perform gyroscope precision automatic bias null calibration

setPropertyIMU(GLOB_CMD, GLOB_CMD_P_AUTO_NULL);

delay_ms(30000); // Sensor goes offline for 30 seconds while calibrating GYRO_OUT

delay_ms(50); // All sensor data resets to zero; flash memory updates automatically
} /7 end gyroPrecisionCalibration
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F-5: interrupt_handlers.c

/
Name: interrupt_handlers.c
Creation Date: 09/12/2013
Author: Airton R. da Silva Jr.
Comments: Interrupt handlers.

#include <p32xxxx.h>
#include <plib.h>
#include "support.h”

/*
Built-in functions and macros used to configure interrupt handlers:
mXXClearIntFlag() - clears the interrupt flag (-IF bit) of the chosen interrupt source.
Replace XX with corresponding peripheral from TABLE 8-2 [p.87 of PIC32 Peripheral Libraries]

Notes:
_TIMER_1_VECTOR: is defined in the device-specific header file or in TABLE 7-1 [p. 132]
IPL7: sets the interrupt priority level to 7

*.

/* T1 - Interrupt Handler for Enforcing Sample Time */
void __ ISRCTIMER_1_VECTOR, IPL7AUTO) Tlinterrupt(void)

{ .
run_time++;
wait_flag = 1; // Signal end of sample time
mTiClearIntFlag(); // Clear Timerl interrupt flag

} /7 end Tllnterrupt

/* AN1249 - EXAMPLE 16: SERVICING C1 ISR AND CLEARING INTERRUPT FLAGS [p- 19] */
void __ ISR(CCAN_1_VECTOR, IPL4) Cllinterrupt (void)

¢ if(CLINTbits.TBIF) // Check to see if the interrupt is caused by transmit
C1INTbits.TBIF = 0; // Clear transmit buffer interrupt flag
%f(C1INTbits.RBIF) // Check to see if the interrupt is caused by receive
¢ IT(CIFIFOINT1bits.RXNEMPTYIF == 1) // Check to see if FIFOl Receive Buffer is not empty
CANmsgReceived = TRUE; // Set the buffer full flag
C1FIFOINT1bits.RXNEMPTYIF = 0; // Set the buffer received flag: 0 = buffer is empty
readCANmsgQ) ; // Copy received message into a temporary buffer inside RAM
C1lINTbits.RBIF = 0; // Clear receive buffer flag
%CANlCIearlntFlag(); // Clear CAN1 interrupt flag

} 7/ end Clinterrupt
void __ISR(_SPI_3 VECTOR, IPL4) SPI3Interrupt(void)
{

iT(SPI3STATbits.SPITBF == 0) // Check to see if the interrupt was caused by SPI3TX
{} 7/ No action

IT(SPI3STATbits.SPIRBF == 1) // Check to see if the receive buffer (SPI3RXB) is full
{3 7/ No action

IFSObits.SPI3TXIF = 0; // Clear SPI3 TX interrupt flag
IFSObits.SPI3RXIF = 0O; // Clear SPI3 RX interrupt flag
IFSObits.SPI3EIF = 0O; // Clear SPI3 error interrupt flag
1ECObits.SPI3TXIE = O; // Disable SPI3 TX interrupt
IECObits.SPI3RXIE = O; // Disable SPI3 RX interrupt
1ECObits.SPI3EIE = 0; // Disable SPI3 error interrupt

} /7 end SPI3Interrupt
void __ISR(_SPI_4_VECTOR, IPL4) SPl4Interrupt(void)
{

iT(SPI4STATbits.SPITBF == 0) // Check to see if the interrupt was caused by SPI4TX
{} 7/ No action

if(SPI4STATbits.SPIRBF == 1) // Check to see if the receive buffer (SPI14RXB) is full
{3 7/ No action

IFS1bits.SPI4TXIF = 0; // Clear SP14 TX interrupt flag
IFS1bits.SPI4RXIF = O; // Clear SP14 RX interrupt flag
IFS1bits.SPI4EIF = O; // Clear SP14 error interrupt flag
IEC1bits.SPI4TXIE = O; // Disable SPI4 TX interrupt
IEC1bits.SPI4RXIE = O; // Disable SPI4 RX interrupt

IEC1bits.SPI4EIE = 0;
} /7 end SPl4Interrupt

// Disable SP14 error interrupt
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F-6: LCD.c

/
Name: LCD.c

Creation Date: 09/12/2013

Author: Airton R. da Silva Jr.

Comments: Functions used for operation of SparkFun®s Serial Graphic LCD 128x64 (LCD-09351).

#include <p32xxxx.h>
#include "support.h”

void config_LCD(void)
setBacklightintensity(25); // Adjust LCD backlight intensity
toggleReverseMode(); // Toggle reverse mode

} /7 end config_LCD

void printVariable(char *stringVar, float number, char precision, char *stringuUnits)

char strLengthl = 0;

char strLength2 = 0;

char strLength3 = 0;

char strLengthT = 0;

strLengthl = printString(stringvar); // Print variable name string

strLength2 = printFloat(number, precision); // Print floating-point number
strLength3 = printString(stringUnits); // Print variable units string

strLengthT = strLengthl + strLength2 + strLength3; // Find total printed string length
terminateLine(strLengthT, LCD_LINE_LENGTH); // Terminate line
} 7/ end printVariable

char printString(char *string)

{
char i = 0; // Reset counter
char strLength = 0; // String length
strLength = strlen(string); // Find length of input string

while(i < strLength)

sendUARTbyte(string[i]); // Print the next character
i++;

return(strLength);
} /7 end printString

/*
printLine() prints user defined string and jumps to next line on LCD display.
Arguments:
*string pointer to array that holds every character in user defined string.

lineLength maximum number of characters that can be printed per line on LCD display.

Description:
Length of one line on the LCD is 21 characters. LCD_LINE_LENGTH is defined as 21 in support.h

*.

void printLine(char *string, char lineLength)
char strlLength; // String length
strLength = printString(string); // Prints input string and returns string length
terminateLine(strLength, lineLength); // Jumps to new line on LCD display
} /7 end printLine
void terminateLine(char strLength, char lineLength)
char 1 = 0; // Counter
i = strLength;

while(i < lineLength) // Print spaces until LCD display jumps to next line

sendUARTbyte(™ *);
i++;

} 7/ end terminateLine

char printinteger(int number)

char buf[8 * sizeof(int)]; // Array used to store the values of each digit in the input "number*
char strlLength; // String length
char digits; // Holds the # of digits in the input "number”

unsigned char i = 0;
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digits = countDigits(number); // Counts the # of digits in the input "number®

if(number == 0) // If input integer is zero then print "0" and exit function
sendUARTbyte("07);
digits = 1;

return(digits);
}

while(number > 0) // Repeat loop until all digits of input integer have been stored in buf[]

buf[i++] = number % 10; // Stores the last d
number /= 10; // Trims the last digit from input integer

while(i > 0)
{

// Convert the integer buf[i - 1] to ASCII code and print it on LCD display
sendUARTbyte("0" + buf[i - 1]); // The "0 character shifts buf[i - 1] integer by +48
i--; // Print the MSB first and shift to next integer until the LSB is printed

}

return(digits);
} // end printinteger

char countDigits(int number)
{ 7/ countDigits() counts the number of digits in the input “"number®; "-" counts as a digit
char digits = 0;
while(number)
number /= 10;
digits++;

¥

return(digits);
} /7 end countDigits

char printFloat(float number, char precision)

char countChar = 0; // Used to count the number of characters in "number*
char digits = 0; // Holds the # of digits in the "int_part*
char totalChar = 0; // Reset total # of characters in "number® counter

unsigned char i = 0;
float rounding = 0.5;

// 1f input "number® is negative, add negative sign "-" to LCD display
if(number < 0.0)

sendUARTbyte("-"); // Add "-" sign to LCD display
number = -number; // Make the input “number® positive for easier handling
countChar++; // Increment countChar

// Using input “precision®, decide whether last significant figure needs to round up or down
for(i = 0; i < precision; i++)

rounding /= 10.0;
}
number += rounding; // If printFloat(1.576, 2), the input "number®™ is rounded up to "1.58"
// Extract the integer part of the input "number® and print it on LCD display
unsigned int int_part = (unsigned int) number;
float remainder = number - (float) int_part;
digits = printinteger(int_part); // Print; also, store # of digits in the "int_part”

// Print the decimal point, but only if the specified decimal “precision” is greater than 0O
if(precision > 0)

sendUARTbyte(".");
countChar++; // Increment countChar

// Extract decimal digits from the remainder one at a time
while(precision-- > 0)

remainder *= 10.0; // Shift decimal digits to the left by one place
int decDigit = (int) remainder; // l1solate integer and trim all decimal digits
printinteger(decDigit); // Print the isolated integer on LCD display
remainder -= decDigit; // Trim integer and store decimal digits
countChar++; // Increment countChar

}

totalChar = digits + countChar; // Calculate total # of char in floating "number*

return(totalChar);

} /7 end printFloat
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void clearScreen(void)

{ // Clears the screen of all written pixels
sendUARTbyte(0x7C);
sendUARTbyte (0x00);

} /7 end clearScreen

void runDemo(void)

{ /7 Runs demonstration code
sendUARTbyte(0x7C);
sendUARTbyte (0x04);

} /7 end runDemo

void toggleReverseMode(void)

{ /7 Toggles between white on blue display and blue on white display
sendUARTbyte (0x7C);
sendUARTbyte(0x12);

} /7 end toggleReverseMode

void toggleSplash(void)

{ 77 Allows or disallows the SparkFun logo to be displayed at power up but the delay remains active
sendUARTbyte(0x7C);
sendUARTbyte(0x13);

} /7 end toggleSplash

void setBacklightintensity(UINT8 duty)

{ // Changes the backlight intensity (and therefore current draw)
sendUARTbyte(0x7C);
sendUARTbyte (0x02);
sendUARTbyte(duty) ; // Enter value between 0 - 100

} /7 end setBacklightintensity

void setBaudRate(UINT8 baud)
{ // Changes the baud rate between 6 predefined settings; Default baud rate is 115,200 bps
/* Baud Rate Communication Speeds:

"1™ = 4800 bps 0x31 = 49

"'2" = 9600 bps 0x32 = 50

"3" = 19,200 bps 0x33 = 51

"'4" = 38,400 bps 0x34 = 52

"5" = 57,600 bps 0x35 = 53

6" = 115,200 bps 0x36 = 54

*/

sendUARTbyte(0x7C);

sendUARTbyte(0x07);

sendUARTbyte (baud) ; // Enter value between 49 - 54

delay_ms(100);

// 1f LCD baud rate changes then the baud rate of UART peripheral also needs to change
if(baud == 49)

U3MODEbits.ON = 0; // Disable UART3 peripheral
U3BRG = 1041; // Set UART3 baud rate to approximately 4,800 bps
U3MODEbits.ON = 1; // Enable UART3 peripheral

}
if(baud == 50)

U3MODEbits.ON = 0O; // Disable UART3 peripheral
U3BRG = 520; // Set UART3 baud rate to approximately 9,600 bps
U3MODEbits.ON = 1; // Enable UART3 peripheral

3
if(baud == 51)

U3MODEbits.ON = 0O; // Disable UART3 peripheral
U3BRG = 259; // Set UART3 baud rate to approximately 19,200 bps
U3MODEbits.ON = 1; // Enable UART3 peripheral

}
if(baud == 52)

U3MODEbits.ON = 0; // Disable UART3 peripheral
U3BRG = 129; // Set UART3 baud rate to approximately 38,400 bps
U3MODEbits.ON = 1; // Enable UART3 peripheral

3
if(baud == 53)

U3MODEbits.ON = O; // Disable UART3 peripheral
U3BRG = 86; // Set UART3 baud rate to approximately 57,600 bps
U3MODEbits.ON = 1; // Enable UART3 peripheral

}
if(baud == 54)

U3MODEbits.ON = 0; // Disable UART3 peripheral
U3BRG = 42; // Set UART3 baud rate to approximately 115,200 bps
U3MODEbits.ON = 1; // Enable UART3 peripheral

}
} /7 end setBaudRate
void restoreDefaultBaud(void)

{ /7 Restore the default baud rate in case the LCD"s operating baud rate is unknown
U3MODEbits.ON = 0; // Disable UART3 peripheral
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U3BRG = 1041; // Set UART3 baud rate to approximately 4,800 bps

U3MODEbits.ON = 1; // Enable UART3 peripheral

sendUARTbyte(0x7C);

sendUARTbyte(0x07);

sendUARTbyte(54); // Set baud rate to 115,200 bps

U3MODEbits.ON = O; // Disable UART3 peripheral

U3BRG = 520; // Set UART3 baud rate to approximately 9,600 bps
U3MODEbits.ON = 1; // Enable UART3 peripheral

sendUARTbyte(0x7C);

sendUARTbyte(0x07);

sendUARTbyte(54); // Set baud rate to 115,200 bps

U3MODEbits.ON = O; // Disable UART3 peripheral

U3BRG = 259; // Set UART3 baud rate to approximately 19,200 bps
U3MODEbits.ON = 1; // Enable UART3 peripheral

sendUARTbyte(0x7C);

sendUARTbyte(0x07);

sendUARTbyte(54); // Set baud rate to 115,200 bps

U3MODEbits.ON = 0; // Disable UART3 peripheral

U3BRG = 129; // Set UART3 baud rate to approximately 38,400 bps
U3MODEbits.ON = 1; // Enable UART3 peripheral

sendUARTbyte(0x7C);

sendUARTbyte(0x07);

sendUARTbyte(54); // Set baud rate to 115,200 bps

U3MODEbits.ON = 0; // Disable UART3 peripheral

U3BRG = 86; // Set UART3 baud rate to approximately 57,600 bps
U3MODEbits.ON = 1; // Enable UART3 peripheral

sendUARTbyte(0x7C);

sendUARTbyte(0x07);

sendUARTbyte(54); // Set baud rate to 115,200 bps

U3MODEbits.ON = 0; // Disable UART3 peripheral

U3BRG = 42; // Set UART3 baud rate to approximately 115,200 bps
U3MODEbits.ON = 1; // Enable UART3 peripheral

delay_ms(10);

clearScreen();
printLine("'Baud rate restored to 115,200, LCD_LINE_LENGTH);
delay_ms(5000);

} /7 end restoreDefaultBaud

void setXref(UINT8 x)

{ 7/ Changes the X-coordinate of the starting point where text is printed on the display
sendUARTbyte(0x7C);
sendUARTbyte(0x18);
sendUARTbyte(Xx); // Enter value between 0 - 127 pixels

} /7 end setXref

void setYref(UINT8 y)

{ 7/ Changes the Y-coordinate of the starting point where text is printed on the display
sendUARTbyte(0x7C);
sendUARTbyte(0x19);
sendUARTbyte(y); // Enter value between 0 - 63 pixels

} /7 end setYref

void resetXYref(void)
{ 7/ Reset the starting point of all text printedon the display back to zero
// X-coordinate
sendUARTbyte(0x7C);
sendUARTbyte(0x18);
sendUARTbyte (0x00); // Set X reference point to 0
// Y-coordinate
sendUARTbyte(0x7C);
sendUARTbyte(0x19);
sendUARTbyte (0x00); // Set Y reference point to 0
} /7 end resetXYref

void setPixel(UINT8 x, UINT8 y)
{ /7 Independently sets or resets any pixel on the display
sendUARTbyte(0x7C);
sendUARTbyte (0x10);
sendUARTbyte(x);
sendUARTbyte(y);
sendUARTbyte(0x01); // Enter a 0 or 1 to determine setting or resetting of the pixel
delay_ms(10);
} /7 end setPixel

void drawLine(UINT8 x1, UINT8 yl, UINT8 x2, UINT8 y2)
{ // Draws or erases a line

sendUARTbyte(0x7C);

sendUARTbyte (0x0C);

sendUARTbyte(x1);

sendUARTbyte(y1l);

sendUARTbyte(x2);
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sendUARTbyte(y2);
sendUARTbyte(0x01); // Enter a 0 or 1 to determine whether to draw or erase the line
delay_ms(10);

} // end drawLine

void drawCircle(UINT8 x, UINT8 y, UINT8 radius)
{ 7/ Draws a circle
sendUARTbyte(0x7C);
sendUARTbyte (0x03);
sendUARTbyte(x);
sendUARTbyte(y);
sendUARTbyte(radius);
sendUARTbyte(0x01); // Enter a 0 or 1 to determine whether to draw or erase the circle
delay_ms(10);
} 7/ end drawCircle

void drawBox(UINT8 x1, UINT8 yl, UINT8 x2, UINT8 y2)
{ // Draws a box
sendUARTbyte(0x7C);
sendUARTbyte (0x0F);
sendUARTbyte(x1);
sendUARTbyte(yl);
sendUARTbyte(x2);
sendUARTbyte(y2);
sendUARTbyte(0x01); // Enter a 0 or 1 to determine whether to draw or erase the box
delay_ms(10);
} /7 end drawBox

void eraseBlock(UINT8 x1, UINT8 yl, UINT8 x2, UINT8 y2)
{ 7/ Erases all contents within the region covered by the perimeter of the block
sendUARTbyte(0x7C);
sendUARTbyte (0x05) ;
sendUARTbyte(x1);
sendUARTbyte(yl);
sendUARTbyte(x2) ;
sendUARTbyte(y2);
delay_ms(10);
} 7/ end eraseBlock
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F-7: LQR.c

/

Name: LQR.c
Creation Date: 09/12/2013

Author:

Airton R. da Silva Jr.

Comments: Decoupled Linear Quadratic Regulator (LQR) algorithm.

#include <p32xxxx.h>
#include "support.h”

/*

*.

LQR() computes the left and right wheel motor torques required to perform decoupled LQR control.

Local Variables:

k_x,k_dphi ,k_psi,k_Tdphi array element identifier used in RMAfilter().

loopCount counter used to update data logger at 1/10th the sampling rate.

attFactor attenuation factor for dealing with gyroscope noise due to platform vibration.
phiOffset offset used to compensate for misalignment between phi and the equilibrium point.
XArr ,dphiArr,psiArr,TdphiArr array used to store the last n variables for use in RMAFilter().
n_x,n_dphi ,n_psi,n_Tdphi number of measurements to be averaged inside the RMAfilter().
theta_LWrad angular displacement of left wheel [rad].

theta_RWrad angular displacement of right wheel [rad]-

Gyaw X-axis gyroscope output [deg/s].

AX x-axis accelerometer output [g].-

Ay y-axis accelerometer output [g]-

X vehicle linear displacement along the x-axis [m].

dx vehicle linear velocity along the x-axis [m/s].

phi pendulum angular displacement or pitch angle [rad].-

dphi pendulum angular velocity or pitch velocity [rad/s].

psi vehicle heading angle or yaw angle [rad].

dpsi vehicle heading angular velocity or yaw velocity [rad/s].

T_LW left wheel motor torque [Nm].

T_RW right wheel motor torque [Nm].

Td_phi disturbance torque acting on the vehicle®s handlebar about the pitch axis [Nm].

Td_psi disturbance torque acting on the vehicle®s handlebar about the yaw axis [Nm].

x_cmd vehicle linear displacement command calculated by the displacement controller [m].
phi_cmd vehicle pitch angle command calculated by the pitch controller [rad].

psi_cmd vehicle heading angle command calculated by the heading angle controller [rad].

Header File Definitions:

Gl11, G12, G21, G22 decoupling controller matrix elements.
Kpll, Kpl2, Kpl3, Kpl4 decoupled LQR pitch gain matrix elements.
Kyll, Kyl2 decoupled LQR yaw gain matrix elements.
Description:
This function collects all six state variables of the TWIP system from on-board sensors and

utilizes a decoupled version of the standard LQR control law to compute the left and right wheel
motor torques necessary to stabilize the platform about its equilibrium point.

Complete execution of LQR() without data logging (i.e. no logLQRdata()) requires roughly 0.9 ms
(measured on the oscilloscope). This time requirement constricts the maximum software sampling
rate to roughly 1.1 kHz [1/(0.9 ms) = 1.1 kHz]. Thus, do not exceed 1.1 kHz while executing LQRQ) .-

Maximum sampling rates (measured on the oscilloscope):
- Executing LQR() without data logging: 1.1 kHz.
- Executing LQR() while data logging 2 variables in logLQRdata(): 750 Hz.
- Executing LQR() while data logging 8 variables in logLQRdata(): 200 Hz.
- Executing LQR() while data logging all 11 variables in logLQRdata(): 160 Hz.
- Read description in logLQRdata() for further information.

Note: the encoder count of each motor will increment in opposite directions whenever the platform
moves forward or backwards. To simplify future calculations, the value of "theta_RWrad" is
multiplied by -1 to ensure that a forward/backward motion results in equal angular displacements
in both left and right wheels.

Note: delay_us(70) is the tested minimum delay required to prevent the Pucks from choking. Choking
is the term selected to describe a Puck"s behavior when it receives a new request from the PIC32
while it is still processing the previous request. Whenever the Puck chokes, the software enters
an infinite loop where it awaits for the Puck to respond.

Note: the attenuation factor, attFactor, is applied to Gyaw in order to deal with gyroscope noise
instigated by platform vibration during upright stabilization. Changing the software®s sampling
rate or adding/removing the handlebar will increase/decrease platform vibration and require the
attenuation factor to be retuned. Stabilization tests at 200 Hz revealed that the attFactor can be
safely set to 1.0 when the handlebar is mounted on the platform.

Recommended attFactor without handlebar: attFactor = 0.6

Recommended attFactor with handlebar: attFactor = 1.0

Note: LQR gain matrix calculations were performed in MATLAB to reduce computational demand.

void LQR(void)
{

static char k x = 0, k_dphi = 0, k_psi = 0, k_Tdphi = 0;

static int loopCount = 0O; // Keep track of LQR(Q) function execution count
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static float attFactor 1.0; // Attenuation factor for gyroscope noise due to platform vibration

static float phiOffset = -0.06; // Used to compensate for misalignment in equilibrium point

static float xArr[11] = {0}, dphiArr[11] = {0}, psiArr[11] = {0}, TdphiArr[11] = {0};

char n_x = 5; // Number of linear displ. measurements averaged inside RVAFilter()
char n_dphi 3; // Number of pitch rate measurements averaged inside RMAFilter()
char n_psi H // Number of yaw angle measurements averaged inside RMAfilter()
char n_Tdphi = 5; // Number of pitch torque measurements averaged inside RMAFilter()

float theta_LWrad = 0, theta_RWrad = 0, Gyaw = 0, Ax = 0, Ay = 03
float x = 0, dx = 0, phi 0, dphi 0, psi =0, dpsi =0, T_LW =0, T_RW = 0;
float Td_phi = 0, Td_psi 0, x.cmd = 0, phi_cmd = 0, psi_cmd = 03

// Get 32-bit cumulative motor angular positions (accounts for encoder zero crossing) in radians

theta_LWrad = getPositionPuck(0O, L_WHEEL_ID, 1); // 32-bit left motor angle [radians]
theta_RWrad = -getPositionPuck(0O, R_WHEEL_ID, 1); // 32-bit right motor angle [radians]
delay_us(70); // Tested minimum delay required to prevent Puck from choking
// Get IMU 3-axis accelerometer outputs and store returned values inside IMUdataSl structure

Gyaw = attFactor*get_IMUgyro(&IMudataSl, 1); // X-axis gyro output [deg/s] with n-point avg. filter
Ax = get_IMUxaccl(&IMUdatasSl); // X-axis accelerometer output [g or *9.81 m/s"2]
Ay = get_IMUyaccl(&IMUdataSl); // Y-axis accelerometer output [g or *9.81 m/s"2]
// Calculate system state variables using data collected from on-board sensors

X = -getStateVariable_x(theta_LWrad, theta_RWrad); /7 x [m]

X = RMAFilter(x, n_x, &k_x, XArr); // Passing x through RVMA filter

dx = getStateVariable_dx(x); // dx [m/s]

phi = getStateVariable_phi(Gyaw, Ax, Ay) + phiOffset; // phi [rad]

dphi Gyaw * P1/180; // dphi [rad/s]

dphi RVAfilter(dphi, n_dphi, &k dphi, dphiArr); // Passing dphi through RVA filter
psi = -getStateVariable_psi(theta_LWrad, theta_RWrad); // psi [rad]

psi = RMAFilter(psi, n_psi, &k_psi, psiArr); // Passing psi through RMA filter
dpsi = getStateVariable_dpsi(psi); // dpsi [rad/s]

// Get filtered/normalized torque data collected from pitch and yaw load cells [in Nm]

Td_phi = getLoadCellData_pitch(); // Td_phi [Nm]

Td_phi = RMAFilter(Td_phi, n_Tdphi, &k_Tdphi, TdphiArr); // Passing Td_phi through RMA filter
Td_psi = getLoadCellData_yaw(); // Td_psi [Nm]

// Implement user intent control: pitch, displacement, and heading angle controllers
//x_cmd = DisplacementControl(0.1, 1, 0, 0.1, Td_phi);

x_cmd = DisplacementControl_v2(0.02, 0.1, 0, 0.8, -X);

//phi_cmd = PitchControl(0.1, 0.4, 0, 0.2618, Td_phi);

psi_cmd = -HeadingAngleControl(0.05, 1, 0, 1.0, Td_psi);

// Update platform displacement, pitch angle, and heading angle using user intent controller data
X += x_cmd;

//phi += phi_cmd;

psi += psi_cmd;

// Left and right wheel motor torque [Nm] equations derived using decoupled LQR control

T LW = (G11*Kpll*x + Gl1*Kpl2*dx + G1l1*Kpl3*phi + Gl1*Kpld*dphi + G12*Kyll*psi + G12*Kyl2*dpsi)/4;
T_RW = (G21*Kpll*x + G21*Kpl2*dx + G21*Kpl3*phi + G21*Kpl4*dphi + G22*Kyll*psi + G22*Kyl2*dpsi)/4;
T_RW = -T_RW; // Multiply T_RW by -1 to account for mirrored motor placement

// Convert torque values from Sl units to puck units and send CAN message to update puck torque
setTorquePuck(0, L_WHEEL_ID, T_LW);

setTorquePuck(0, R_WHEEL_ID, T_RW);

delay_us(70); // Tested minimum delay required to prevent Puck from choking

// Print variables on LCD display
//printLQRdatalLCD(theta_LWrad, theta_RWrad,x,dx,phi ,dphi,0,0,0,0);

loopCount++;
// Submit a complete set of data to MATLAB at 1/Nth the sampling rate set in init_samptime()
if(loopCount == 1)
{
// Send MATLAB comma-delimited data
printFloat(Td_phi, 5); sendUARTbyte(","); //sendUARTbyte("$");
printFloat(Td_psi, 5); sendUARTbyte(",");
printFloat(x_cmd, 5); sendUARTbyte(",");
printFloat(psi_cmd, 5); sendUARTbyte(",");
logLQRdata(theta_LWrad,theta_RWrad,x,dx,phi,dphi,psi,dpsi,T_LW,T_RW);
loopCount = 0; // Reset LQR() execution counter
TMR4 = 0; // Reset elapsed time counter (Timer4)
} 7/ end LQRQ
float getStateVariable_x(float theta_LWrad, float theta RWrad)

float X;

// Convert angular displacement of left and right wheels to linear displacement along the x-axis
x = (theta_LWrad + theta_RWrad)*WHEEL_RADIUS/Z;

PUCKdataSI[0].x = Xx; // Store x in structure for use in encoderZeroCrossing()
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return(x);
} // end getStateVariable_x

float getStatevVariable_dx(float x)

static float x_old = 0;
float x_new, dx, dt;

x_new = X;
dt = SAMP_RATE; // Total elapsed time [sec]

// Approximation of vehicle velocity along the x-axis
dx = (x_new - x_old)/dt;

x_old = x_new;

return(dx);
} // end getStateVariable_dx

/* *
getStateVariable_phi() computes TWIP pitch angle using a first-order complementary filter.
Arguments:
Gyaw X-axis gyroscope output [deg/s].
AX x-axis accelerometer output [g]-
Ay y-axis accelerometer output [g]-
Local Variables:
tau time constant [s]; time at which gyroscope measurement loses precedence and accelerometer
reading starts to be averaged heavily.
dt Sample period; the amount of time that passes between each program loop [s]-
a filter coefficient that determines the cutoff time for trusting the gyroscope and

filtering in the accelerometer.

Description:
This function uses a complementary filter which combines gyroscope and accelerometer measurements
in order to provide a responsive, drift-free, and more accurate estimate of the TWIP"s pitch angle.

The filter®s time constant, tau, defines how much time the integrated gyroscope angle estimate is
given precedence before the accelerometer average is given more weighting.
Time constant: tau = (a * dt)/(1 - a)

Tips regarding tuning the filter"s time constant, tau:

tau > 0.7: gives gyro measurements greater influence. Setting tau to 0.7 or higher allows the
pitch angle estimations to be more accurate when the IMU is in motion. Since the platform
will be in frequent motion, it is best to keep tau higher than 0.7.

tau < 0.3: gives accelerometer measurements greater influence. Setting tau to 0.3 or lower
allows the pitch angle estimations to be more accurate when the IMU is NOT in motion.
Setting tau to 0.3 or lower will cause the platform to vibrate relentlessly due to inaccurate
pitch angle estimations.

Note: changing software sampling rate may require adjusting the time constant, tau.
* */
float getStatevVariable_phi(float Gyaw, float Ax, float Ay)

static float phi_deg = 0;
static float tau = 0.8; // Time constant for both the low-pass and high-pass filters
float phi_rad, dphi, dt, a, num, den, phi_accl;

dphi = Gyaw; // x-axis gyroscope output [deg/s]
dt = SAMP_RATE; // Total elapsed time [sec]

// Calculating filter coefficient using time constant, tau, and sample period, dt
a = tau/(tau + dt);

// Angle of rotation about the IMU"s z-axis (or TWIP"s pitch axis)

num = -Ay; // Multiply by -1 to make TWIPpitch read zero degrees when the TWIP is upright
den = Ax;
phi_accl = atanf(num/den) * 180/PI; // TWIP pitch [deg] calculated using accelerometers

// Calculating TWIP pitch angle [deg] using first-order complementary filter
phi_deg = a*(phi_deg + dphi*dt) + (1 - a)*phi_accl; // phi_deg [deg]

// Convert phi from degrees to radians
phi_rad = phi_deg * PI1/180; // phi_rad [rad]

return(phi_rad);
} /7 end getStateVariable_phi

float getStateVariable_psi(float theta_LWrad, float theta_RWrad)

float psi;

// Convert angular displacement of left and right wheels to yaw angle

psi = WHEEL_RADIUS*(theta_LWrad - theta RWrad)/DIST_LWtoRW; // psi [rad]
return(psi);

} /7 end getStateVariable_psi
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float getStatevVariable_dpsi(float psi)
{

static float psi_old = 0;

float psi_new, dpsi, dt;

psi_new = psi;
dt = SAMP_RATE; // Total elapsed time [sec]

// Approximation of vehicle yaw angular velocity
dpsi = (psi_new - psi_old)/dt; // dpsi [rad/s]

psi_old = psi_new;

return(dpsi);
} /7 end getStateVariable_dpsi

float RMAfilter(float var, char n, char *k_ptr, float *varArr)
{ /7 Implementing n-point recursive moving average (RMA) filter
char j = 0;
float var_sum = 0;

varArr[*k_ptr] = var; // Store the latest input variable to be filtered

*k_ptr = *k_ptr + 1; // Increment pointer k_ptr holding array element identifier
if (Ck_ptr == n) {*k_ptr = 0;} // Reset k_ptr counter when number of points stored equals n
for g = 0; j < n; j++) // Calculate the sum of the latest n-points

{var_sum = var_sum + varArr[j];}

var = var_sum/n; // Calculate the average of latest n input variables
return(var);

} /7 end RMATiIlter

/*

DisplacementControl() controls vehicle linear displ. based on measured torque from pitch load cell.

Arguments:
MinT_x defines the min torque [Nm] required before linear displacement control will begin.
MaxT_x defines the max torque [Nm] at which the platform will reach maximum velocity.
MinV_dx defines the min linear velocity [m/s] for the platform (always zero).
MaxV_dx defines the max linear velocity [m/s] for the platform (occurs when Td_phi = +/- MaxT_x).
Td_phi disturbance torque [Nm] measured by the pitch load cell.

Description:
This function controls how fast the platform travels forward/backward and calculates the new
stability point along the x-axis based on measured torque from pitch load cell.

Note: x_cmdold accumulates total distance traveled. At some point, this 32-bit floating point is
going to overflow and cause an arithmetic error. There are other variables in the entire firmware
that are vulnerable to such errors. These fixes are outside the scope of my current research but
will need to be fixed in the future.

*.

float DisplacementControl(float MinT_x, float MaxT_x, float MinV_dx, float MaxV_dx, float Td_phi)

static float x_cmdold

= 0, dx_cmdold
float x_cmd = 0, dx_cmd =

= 0, dx_cmdPlold = 0, error_old = 0;
0, dx_cmdMJT =

0, dx_cmdPl = 0, error = 0;
float Kp = 0.1;
float Ki = 10;
float Ts = SAMP_RATE;

// Min torque requirement to prevent controller from reacting to noise or non-user disturbances
if(Td_phi > -MinT_x && Td_phi < MinT_x)
{dx_cmd = 0;} // Set displacement velocity to 0 [m/s]

// Displ. velocity set to absolute maximum (positive) when measured pitch LC torque reaches upper limit

if(Td_phi > MaxT_x)
{dx_cmd = Maxv_dx;} // Set displacement velocity to MaxV_dx [m/s]

// Displ. velocity set to absolute minimum (negative) when measured pitch LC torque reaches lower limit

if(Td_phi < -MaxT_x)
{dx_cmd = -MaxV_dx;} // Set displacement velocity to -MaxV_dx [m/s]

// Use MinJderkTraj() to calculate displ. vel. when torque is between positive lower and upper limits
if(Td_phi >= MiIinT_x && Td_phi <= MaxT_x)

// Use minimum jerk trajectory function to calculate displacement velocity command
dx_cmdMIT = MinJerkTraj(MinT_x, MaxT_x, MinV_dx, MaxV_dx, Td_phi);

// Use Pl controller to smoothen and dampen jerking in the values calculated by MinJerkTraj()
error = dx_cmdMJT - dx_cmdPlold; // Error = Expected Output - Actual Output

dx_cmdPl = Plcontroller(Kp, Ki, Ts, error, error_old, dx_cmdPlold);

dx_cmd = dx_cmdPl;

3

// Use MinJderkTraj() to calculate displ. vel. when torque is between negative lower and upper limits
if(Td_phi <= -MinT_x && Td_phi >= -MaxT_x)

// Use minimum jerk trajectory function to calculate displacement velocity command
dx_cmdMIT = MinJerkTraj(-MinT_x, -MaxT_x, -MinV_dx, -MaxV_dx, Td_phi);
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// Use PI controller to smoothen and dampen jerking in the values calculated by MinJerkTraj()
error = dx_cmdMJT - dx_cmdPlold; // Error = Expected Output - Actual Output

dx_cmdPl = Plcontroller(Kp, Ki, Ts, error, error_old, dx_cmdPlold);

dx_cmd = dx_cmdPl;

¥

// Integrate dx_cmd, using Tustin®s approximation, to obtain linear displacement command, x_cmd
x_cmd = x_cmdold + Ts*(dx_cmd + dx_cmdold)/2;

error_old = error;
dx_cmdPlold = dx_cmdPl;
x_cmdold = x_cmd;
dx_cmdold = dx_cmd;

return(x_cmd);
} 7/ end DisplacementControl

/* *
DisplacementControl_v2() controls vehicle linear displ. based on measured linear displ. from encoders.

Description:
This function is very similar to DisplacementControl() but instead of using measured torque from
pitch load cell as the input variable, it uses the vehicle®s linear displacement along the x-axis,
X, as the input variable.
* */
float DisplacementControl_v2(float MinD_x, float MaxD_x, float MinV_dx, float MaxV_dx, float x)

static float x_cmdold = 0, dx_cmdold =
float x_cmd = 0, dx_cmd = 0, dx_cmdMJIT
float Kp = 0.1;

float Ki = 10;

float Ts = SAMP_RATE;

0, dx_cmdPlold = O, error_old = 0O;
= 0, dx_cmdPl = 0, error = O;

// Subtract x_cmdold from x to ensure that x measurements take into account displ. commands, x_cmd
X = x - x_cmdold;

// Min displacement requirement to prevent controller from reacting to noise or non-user disturbances
if(x > -MinD_x && X < MinD_x)
{dx_cmd = 0;} // Set displacement velocity to 0 [m/s]

// Displ. velocity set to absolute maximum (positive) when measured displacement reaches upper limit
if(x > MaxD_x)
{dx_cmd = Maxv_dx;} // Set displacement velocity to MaxV_dx [m/s]

// Displ. velocity set to absolute minimum (negative) when measured displacement reaches lower limit
if(x < -MaxD_x)
{dx_cmd = -MaxV_dx;} // Set displacement velocity to -MaxV_dx [m/s]

// Use MinJerkTraj() to calculate displ. vel. when x is between positive lower and upper limits
iIf(x >= MinD_x && x <= MaxD_Xx)

{
// Use minimum jerk trajectory function to calculate displacement velocity command
dx_cmdMIT = MinJerkTraj(MinD_x, MaxD_x, MinV_dx, MaxV_dx, x);
// Use Pl controller to smoothen and dampen jerking in the values calculated by MinJerkTraj()
error = dx_cmdMJT - dx_cmdPlold; // Error = Expected Output - Actual Output
dx_cmdPl = Plcontroller(Kp, Ki, Ts, error, error_old, dx_cmdPlold);
dx_cmd = dx_cmdPl;
}

// Use MinJderkTraj() to calculate displ. vel. when x is between negative lower and upper limits
if(x <= -MinD_x && x >= -MaxD_x)

// Use minimum jerk trajectory function to calculate displacement velocity command
dx_cmdMIT = MinJerkTraj(-MinD_x, -MaxD_x, -MinV_dx, -MaxV_dx, X);

// Use PI controller to smoothen and dampen jerking in the values calculated by MinJerkTraj()
error = dx_cmdMJT - dx_cmdPlold; // Error = Expected Output - Actual Output

dx_cmdPl = Plcontroller(Kp, Ki, Ts, error, error_old, dx_cmdPlold);

dx_cmd = dx_cmdPl;

¥

// Integrate dx_cmd, using Tustin®s approximation, to obtain linear displacement command, x_cmd
x_cmd = x_cmdold + Ts*(dx_cmd + dx_cmdold)/2;

error_old = error;

dx_cmdPlold = dx_cmdPl;

x_cmdold = x_cmd;

dx_cmdold = dx_cmd;

return(x_cmd);
} 7/ end DisplacementControl_v2

float PitchControl(float MinT_phi, float MaxT_phi, float MinA_phi, float MaxA_phi, float Td_phi)

static float phi_cmdPlold = 0, error_old = 0;
float phi_cmd = 0, phi_cmdMJT = O, phi_cmdPl = 0, error = 0;
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float Kp = 0.1;
float Ki = 10;
float Ts = SAMP_RATE;

// Min torque requirement to prevent controller from reacting to noise or non-user disturbances
if(Td_phi > -MinT_phi && Td_phi < MinT_phi)
{phi_cmd = 0;} // Set pitch angle to 0 [rad]

// Pitch angle set to absolute maximum (positive) when measured pitch LC torque reaches upper limit
if(Td_phi > MaxT_phi)
{phi_cmd = MaxA_phi;} // Set pitch angle to MaxA_phi [rad]

// Pitch angle set to absolute minimum (negative) when measured pitch LC torque reaches lower limit
if(Td_phi < -MaxT_phi)
{phi_cmd = -MaxA_phi;} // Set pitch angle to -MaxA_phi [rad]

// Use MinJderkTraj() to calculate pitch angle when torque is between positive lower and upper limits
if(Td_phi >= MinT_phi && Td_phi <= MaxT_phi)
{

// Use minimum jerk trajectory function to calculate pitch angle command
phi_cmdMJT = MinJerkTraj(MinT_phi, MaxT_phi, MinA_phi, MaxA_phi, Td_phi);

// Use Pl controller to smoothen and dampen jerking in the values calculated by MinJerkTraj()
error = phi_cmdMJT - phi_cmdPlold; // Error = Expected Output - Actual Output
phi_cmdP1 = Plcontroller(Kp, Ki, Ts, error, error_old, phi_cmdPlold);
phi_cmd = phi_cmdPl;
}

// Use MinJerkTraj() to calculate pitch angle when torque is between negative lower and upper limits
if(Td_phi <= -MinT_phi && Td_phi >= -MaxT_phi)
{

// Use minimum jerk trajectory function to calculate pitch angle command
phi_cmdMJT = MinJerkTraj(-MinT_phi, -MaxT_phi, -MinA_phi, -MaxA_phi, Td_phi);

// Use Pl controller to smoothen and dampen jerking in the values calculated by MinJerkTraj()
error = phi_cmdMJT - phi_cmdPlold; // Error = Expected Output - Actual Output
phi_cmdPl = Plcontroller(Kp, Ki, Ts, error, error_old, phi_cmdPlold);
phi_cmd = phi_cmdPl;
}

error_old = error;
phi_cmdPlold = phi_cmdPl;

return(phi_cmd);
} 7/ end PitchControl

float HeadingAngleControl(float MinT_psi, float MaxT_psi, float MinV_dpsi, float MaxV_dpsi, float Td_psi)
{

static float psi_cmdold = 0, dpsi_cmdold = 0, dpsi_cmdPlold = 0, error_old = 0;
float psi_cmd = 0, dpsi_cmd = 0, dpsi_cmdMIT = O, dpsi_cmdPl = O, error = 0;

float Kp = 0.1;
float Ki = 10;
float Ts = SAMP_RATE;

// Min torque requirement to prevent controller from reacting to noise or non-user disturbances
if(Td_psi > -MinT_psi && Td_psi < MinT_psi)
{dpsi_cmd = 0;} // Set heading velocity to O [rad/s]

// Heading velocity set to absolute maximum (positive) when measured yaw LC torque reaches upper limit
iT(Td_psi > MaxT_psi)
{dpsi_cmd = MaxV_dpsi;} // Set heading velocity to MaxV_dpsi [rad/s]

// Heading velocity set to absolute minimum (negative) when measured yaw LC torque reaches lower limit
if(Td_psi < -MaxT_psi)
{dpsi_cmd = -MaxV_dpsi;} // Set heading velocity to -MaxV_dpsi [rad/s]

// Use MinJderkTraj() to calculate yaw velocity when torque is between positive lower and upper limits
if(Td_psi >= MinT_psi && Td_psi <= MaxT_psi)
{

// Use minimum jerk trajectory function to calculate heading velocity command
dpsi_cmdMIT = MinJerkTraj(MinT_psi, MaxT_psi, MinV_dpsi, MaxV_dpsi, Td_psi);

// Use Pl controller to smoothen and dampen jerking in the values calculated by MinJerkTraj()
error = dpsi_cmdMJT - dpsi_cmdPlold; // Error = Expected Output - Actual Output
dpsi_cmdPl = Plcontroller(Kp, Ki, Ts, error, error_old, dpsi_cmdPlold);
dpsi_cmd = dpsi_cmdPl;

}

// Use MinJderkTraj() to calculate yaw velocity when torque is between negative lower and upper limits
if(Td_psi <= -MinT_psi && Td_psi >= -MaxT_psi)
{

// Use minimum jerk trajectory function to calculate heading velocity command
dpsi_cmdMJT = MinJerkTraj(-MinT_psi, -MaxT_psi, -MinV_dpsi, -MaxV_dpsi, Td_psi);

// Use Pl controller to smoothen and dampen jerking in the values calculated by MinJerkTraj()
error = dpsi_cmdMJIT - dpsi_cmdPlold; // Error = Expected Output - Actual Output
dpsi_cmdPl = Plcontroller(Kp, Ki, Ts, error, error_old, dpsi_cmdPlold);

dpsi_cmd = dpsi_cmdPl;
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3

// lIntegrate dpsi_cmd, using Tustin®s approximation, to obtain heading angle command, psi_cmd
psi_cmd = psi_cmdold + Ts*(dpsi_cmd + dpsi_cmdold)/2;

error_old = error;

dpsi_cmdPlold = dpsi_cmdPl;

psi_cmdold = psi_cmd;

dpsi_cmdold = dpsi_cmd;

return(psi_cmd);

} /7 end HeadingAngleControl

/*

MinJerkTraj() calculates a smooth trajectory path given a set of lower and upper limits.

Input Arguments:

xi lower

xF upper

yi lower

yf upper

t independent
Description:

This is a modified version of the standard minimum jerk trajectory function. This function is

value (e.g-
value (e.g-
value (e.g.
value (e.g.
variable (e.

min torque) along the x-axis.
max torque) along the x-axis.
min angle) along the y-axis.
max angle) along the y-axis.
g. measured load cell torque).

used

allow the user intent functions to follow a smooth trajectory path with minimized jerk within the
defined set of lower and upper limits.

* *
/
float MinJerkTraj(float xi, float xf, float yi, float yf, float t)
float cmd = 0O;
cmd = yi + (yf - yi)*(10*pow((t-xi)/ (xF-xi),3) - 15*pow((t-xi)/(xF-xi),4) + 6*pow((t-xi)/(xF-xi),5));
return(cmd);
} /7 end MinJderkTraj
/* *
Plcontroller() minimizes the error between expected and actual output based on Kp and Ki values.
Input Arguments:
Kp proportional constant.
Ki integral constant.
Ts loop execution time (i.e. sampling rate).
error error obtained by subtracting Actual (Pl) Output from Expected (MinJerkTraj) Output.
error_old old error calculated during previous loop execution.
output_old old output calculated during previous loop execution.
Description:
The purpose of this Pl controller is to smoothen and dampen the series of values calculated by the
minimum jerk trajectory function.
* */

float Plcontroller(float Kp, float Ki, float Ts, float error, float error_old, float output_old)

float K1 = 0, K2 = 0, output = 0O;

K1
K2

Kp + Ki*(Ts/2);
-Kp + Ki*(Ts/2);

output = output_old + Kl*error + K2*error_old;

return(output);
} 7/ end Plcontroller

void printLQRdataLCD(float theta_LWrad, float theta RWrad, float x, float dx, float phi, float dphi,
float psi, float dpsi, float T_LW, float T_RW)

{
// Print variables on
printVariable("thlLW
printVariable("thRW
printvVariable(" x
printvariable(”" dx
printvariable(" phi
printvVariable( 'Gyaw
printvariable(" psi
printvariable(dpsi

} /7 end printLQRdataLCD

LCD

display
theta_LWrad, 3, " rad™);
theta_RWrad, 3, " rad™);
X, 3, " m);
dx, 3, " m/s™);
phi, 3, " deg™);
dphi, 3, " deg/s™);
psi, 3, " rad");
dpsi, 3, " rad/s™);

// Print value on LCD with 4 decimal places

/*

logLQRdata() delimits

Arguments:
theta_LWrad
theta_RWrad

input values and forwards them to MATLAB for processing and data logging.

angular displacement of left wheel [rad].
angular displacement of right wheel [rad].

X vehicle linear displacement along the x-axis [m].
dx vehicle linear velocity along the x-axis [m/s].
phi pendulum angular displacement or pitch angle [rad].-

dphi

pendulum angular velocity or pitch velocity [rad/s].
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psi vehicle heading angle or yaw angle [rad].

dpsi vehicle heading angular velocity or yaw velocity [rad/s].
T_LW motor torque applied to the left wheel [Nm].

T_RW motor torque applied to the right wheel [Nm].

Local Variables:
TXcount counter used to tag transmitted data sets and check for data loss.

Description:
This function is used to send MATLAB comma-delimited data sets for data logging and storage.
Every data set transmission begins with a static counter that is used in MATLAB to ensure no data
loss during transfer.

Complete execution of logLQRdata() requires roughly 5.15 ms (measured on the oscilloscope). This
time requirement constricts the maximum software sampling rate while both LQR() and logLQRdata()
functions are executing to roughly 160 Hz [1/(0.9 ms + 5.15 ms) = 165.29].

To increase that maximum software sampling rate while data logging, consider transmitting only the
variables that will be observed in MATLAB and removing/commenting the irrelevant variables.

Time required to execute logLQRdata():
- Executing logLQRdata() with 2 variables (3 decimals) transmitted to MATLAB: 0.4 ms
- Executing logLQRdata() with 8 variables (3 decimals) transmitted to MATLAB: 3.7 ms
- Executing logLQRdata() with all variables (3 decimals) transmitted to MATLAB: 5.15 ms

This function is designed to interact with PICtoPC_datalogger.m Ffile.
* */
void logLQRdata(float theta_LWrad, float theta_RWrad, float x, float dx, float phi, float dphi,
float psi, float dpsi, float T_LW, float T_RW)

static int TXcount = 1; // Counter used to tag transmitted data sets and check for data loss
//printinteger (TXcount); sendUARTbyte(","); // Send MATLAB data set counter
// Send MATLAB left and right wheel angular displacements (comma-delimited)
//printFloat(theta_LWrad, 3); sendUARTbyte(","); // Add comma to separate data
//printFloat(theta_RWrad, 3); sendUARTbyte(",");

// Send MATLAB all six system state variables (comma-delimited) in ASCII code (0 to 255)
printFloat(x, 5); sendUARTbyte(","); // Add comma to separate data
printFloat(dx, 5); sendUARTbyte(",");

printFloat(phi, 5); sendUARTbyte(",");

printFloat(dphi, 5); sendUARTbyte(", ");

printFloat(psi, 5); sendUARTbyte(", ");

printFloat(dpsi, 5); sendUARTbyte(",");

// Send MATLAB left and right wheel motor torques
printFloat(T_LW, 5); sendUARTbyte(", ");
printFloat(T_RW, 5);

// End MATLAB"s fscanf() with terminator character "$" to mark the end of a new set of data
sendUARTbyte("$7);

TXcount++; // Increment data set counter
} /7 end logLQRdata
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F-8: Puck.c

/
Name: Puck.c

Creation Date: 09/12/2013

Author: Airton R. da Silva Jr.

Comments: Functions used for Puck operation.

#include <p32xxxx.h>
#include "support.h”

void config_pucks(char puckMODE)

// Wait for the Puck to start-up before initializing communication
delay_ms(300);

// Wake up pucks

setPropertyPuck(0, L_WHEEL_ID, STAT, STATUS_READY); // DATA: 8500 0200
setPropertyPuck(0, R_WHEEL_ID, STAT, STATUS_READY);

delay_ms(1000); // Wait 1000 ms for pucks to wake up

// Set Baud rate of each Puck to 9600 bps
setPropertyPuck(0, L_WHEEL_ID, BAUD, 9600);
setPropertyPuck(0, R_WHEEL_ID, BAUD, 9600);
delay_ms(500);

// Reset encoder count (encoders must be reset before TORQUE mode is set)
setPropertyPuck(0, L_WHEEL_ID, P, 0);

setPropertyPuck(0, R_WHEEL_ID, P, 0);

delay_ms(50);

// Set pucks to TORQUE mode

setPropertyPuck(0, L_WHEEL_ID, MODE, puckMODE); // DATA: 8800 0200
setPropertyPuck(0, R_WHEEL_ID, MODE, puckMODE);

delay_ms(50);

// Set commanded torque to O

setPropertyPuck(0, L_WHEEL_ID, T, 0); // DATA: AAOO 0000
setPropertyPuck(0, R_WHEEL_ID, T, 0);

delay_ms(50);

// Check if desired Puck mode is set to TORQUE
if(puckMODE == MODE_TORQUE)
{

// Set maximum torque (MAX_TORQUE = 4200 mA)

//setPropertyPuck(0, L_WHEEL_ID, MT, MAX_TORQUE); // DATA: ABOO 6810
//setPropertyPuck(0, R_WHEEL_ID, MT, MAX_TORQUE);
setPropertyPuck(0, L_WHEEL_ID, MT, 4096); // DATA: ABOO 6810

setPropertyPuck(0, R_WHEEL_ID, MT, 4096);
delay_ms(50);
}

// Check if desired Puck mode is set to VELOCITY
if(puckMODE == MODE_VELOCITY)
{

// Set maximum velocity (MAX_VELOCITY = 1500 cts/ms)

setPropertyPuck(0, L_WHEEL_ID, MV, MAX_VELOCITY); // DATA: ADOO DCO5
setPropertyPuck(0, R_WHEEL_ID, MV, MAX_VELOCITY);

delay_ms(50);

}
} 7/ end config_pucks

/* MSGID() formats Puck CAN message ID */
int MSGID(int GRP, int FROM, int TO)

{
/*
Puck MSGID
—————————————— G = Group flag. If "1, then interpret "To" as GrouplD
GRP FROM  TO F = 5-bit "From" address
G FFFFF TTTTT T = 5-bit "To" adress (or GrouplD)
*/

int msgid;

msgid = (GRP << 10) | (FROM << 5) | TO;
return(msgid);
} 7/ end MSGID

int wakePuck(int channel, int who)

/* Inputs:
channel -> ldentifies the desired CAN Channel (FIFO Number)
who -> Puck ID Number (see support.h)

*/
int tx_id;
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tx_id = MSGID(O, CPU, who);
setPropertyPuck(channel, tx_id, STAT, STATUS_READY); // See support.h for STAT and STATUS_READY
delay_ms(300); // Wait 300 ms for puck to initialize

return(0);

} /7 end wakePuck

int setPropertyPuck(int channel, int tx_id, int property, long datavalue)

int dataLength = 0O;
int i =0;
unsigned char tx_data[8] = {0};

// Inserting "property” into Data Field

tx_data[0] = O0x80 | property; // 0x80 is the "Set property” bit

tx_data[l1l] = 0; // Second byte (almost) always set to zero (see Puck MSG Format PDF for exceptions)
// Determining length of Data Field in bytes

if(datavalue <= O0xFFFF) dataLength = 4;

if(datavalue > OxFFFF && dataValue <= OxFFFFFFFF) datalength = 6;

// Inserting "dataValue® into Data Field

for (i = 2; 1 < dataLength; i++)

tx_data[i] = (char)(datavalue & 0x000000FF);
datavalue >>= 8;

¥

// Send CAN message
sendCANmsg(channel, tx_id, dataLength, tx_data);

return(0);

} // end setProperty

int setPropertySlowPuck(int channel, int tx_id, int property, long datavalue)

setPropertyPuck(channel, tx_id, property, datavalue);
delay_us(100);

return(0);

} /7 end setPropertySlowPuck

int getPropertyPuck(int channel, int tx_id, int property, long *reply)

int dataLength = 1;

unsigned char tx_data[8] = {0};
int rx_id;

int rx_property;

// Data Field is 1 byte long consisting of requested property
tx_data[0] = property; // Request bit set to "Get property”

// Send CAN message
sendCANmsg(channel, tx_id, dataLength, tx_data);

// Wait until interrupt occurs and CAN message has been received
while(CANmsgReceived == FALSE) {};

// Once Clinterrupt() is cleared, received message will be ready for use inside structure "rxCANmsg*

// The contents of the received message must now be extracted and organized into usable form
parseCANmsgPuck(&rx_id, &rx_property, reply); // This fnctn returns processed data inside “reply”

// Check if the values sent matches the values received for Puck ID and property
iIf((ex_id == rx_id) && (property == rx_property))

CANmsgReceived = FALSE; // Buffer is now ready to receive new message

return(0);
}
else
LED9_ON;
printString('getPropertyPuck(): returned Puck ID or property do not match™);
return(l);

}
} // end getProperty

/*

parseCANmsgPuck() processes the CAN messages received from the Puck and extracts the data value.

Input Arguments:

rxCANmsg contains the id, data_length, and data[8] of incoming message (globally defined).
Output Arguments:

*rx_id a pointer to the message ID received from the puck.

*rx_property a pointer to the property received from the puck.

*rx_value a pointer to the value of the property received from the puck.

JjointPosition[] stores joint encoder positions for motor pucks (globally defined in main.c).
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Description:
Sample 22-bit Packed Position Data:
MSGID DLC DO D1 D2
1OMMMMMM - mmmmmmmm  LLLLLLLL
10000100011 0011 10010010 11010110 10000111
0x423 3 0x12 0xD6 0x87
From ID 1, to GrouplD 3, Len = 3, Packed position = 1234567

Note:
"dataFormat® determines the data format of the incoming message

dataFormat = 6 if receiving property feedback (non-position) [GrouplD 6]
dataFormat = 3 if receiving a 22-bit packed position data [GrouplID 3]
dataFormat = O if receiving firmware request

*.

int parseCANmsgPuck(int *rx_id, int *rx_property, long *rx_value)
{

int dataFormat;

int i;

// Extract Puck ID value from received CAN message SID
*rx_id = (rxCANmsg.msgSID.SID >> 5) & Ox01F;

// Extract Puck GrouplD value from received CAN message SID
dataFormat = rxCANmsg.msgSID.SID & Ox01F;

switch (dataFormat)

{
case 6: // GrouplD 6: Property feedback (non-position)
*rx_property = rxCANmsg.data[0] & Ox7F;

// Check sign of received data: TRUE = data is negative; FALSE = data is positive
*rx_value = rxCANmsg.data[rxCANmsg.msgEID.DLC - 1] & 0x80 ? -1 : 0; // Ternary operation

// Process received data; second byte of message is zero (for DSP word alignment)
for (i = rxCANmsg.msgEID.DLC - 1; i >= 2; i--)

*rx_value = *rx_value << 8 | rxCANmsg.data[i];
break;

case 3: // GrouplD 3: Position feedback (P); data is a packed 22-bit position
*rx_property = P; // Set rx_property to puck Position (P) feedback property value

// Process 32-bit position (P)

*rx_value = 0;
*rx_value |= ( (long)rxCANmsg.data[0] << 16) & 0x003F0000;
*rx_value |= ( (long)rxCANmsg.data[l] << 8 ) & 0x0000FF00;
*rx_value |= ( (long)rxCANmsg.data[?] ) & Ox000000FF;
if (*rx_value & 0x00200000) // Check if received data value is negative
*rx_value |= 0xFFCO0000; // Convert signed 22-bit value to signed 32-bit value

// Process joint encoder position (JP)

JointPosition[*rx_id] = 0O;

JjointPosition[*rx_id] |= ( (long)rxCANmsg.data[3] << 16) & 0x003F0000;
JjointPosition[*rx_id] |= ( (long)rxCANmsg.data[4] << 8 ) & 0x0000FF00;
JointPosition[*rx_id] |= ( (long)rxCANmsg.data[5] ) & 0x000000FF;

if JointPosition[*rx_id] & 0x00200000) // Check if received data value is negative
JointPosition[*rx_id] |= OxFFCO0000; // Convert signed 22-bit value to signed 32-bit value
break;

case 0: // GrouplD O: Firmware request (GET)
*rx_property = -(rxCANmsg.data[0] & 0x7F); // A negative (or zero) property means “get property”
*rx_value = 0;
break;
default:
LED8_ON;

printString("ERROR: Invalid message format™);
return(l);

return (0);

} 7/ end parseCANmsgPuck

int setTorquePuck(int channel, int pucklD, float value)
int value_scaled = 0;

// Convert torque value from Sl units to Puck units
value_scaled = convertUnits_SI_to_Puck(puckID, T, value);

// Prepare CAN message frame and send it to motor specified by “puckID"
setPropertyPuck(channel, pucklID, T, value_scaled);

return(0);
} /7 end setTorquePuck

172



float getPositionPuck(int channel, int puckID, char n)
{
static char KLW = 0, kRW =
static long posnDatalLW[11]
char i =0, j = 0;
long position = 0; // Holds encoder position [counts/rev]
long position_cumulative = 0; // Holds cumulative encoder position [CTS/rev]
long position_sum = 0;
float position_filtered = 0;
float position_scaled = 0; // Holds cumulative encoder position [radians]

{0}, posnDataRW[11] = {0};

// Recursive moving average filter
if (puckID == L_WHEEL_ID)
{

// Execute this IF statement only after posnDatalW[] already contains n-points
ifT (PuckLWinitialized == TRUE)

{
// Get 32-bit motor encoder angular position in encoder counts/rev
getPropertyPuck(channel, puckID, P, &position);
// Detect and correct for zero crossing (i.e. motor encoder completes full revolution)
position_cumulative = encoderZeroCrossing(pucklID, position);
// Update n-element array, posnDatalW[], with the latest LW encoder measurements
posnDatalLW[kLW] = position_cumulative; // posnDatalW[kLW] stores the latest encoder values
KLW++; // Increment kLW counter
if (kLW == n) {kLW = 0;} // Reset kLW counter when number of points stored equals n

}

// Before the moving average filter can be properly implemented, n points are needed

iT (PuckLWinitialized == FALSE)

{ 7/ 1T this function is being called for the first time, collect n-points from LW Puck
for (KLW = 0; kLW < n; KLW++)

{
// Get 32-bit motor encoder angular position in encoder counts/rev
getPropertyPuck(channel, puckID, P, &position);
// Detect and correct for zero crossing (i.e. motor encoder completes full revolution)
position_cumulative = encoderZeroCrossing(pucklID, position);
posnDatalLW[KkLW] = position_cumulative; // Store latest encoder measurements

KLW = 0; // Reset kLW counter

PuckLWinitialized = TRUE; // Raise flag indicating LW Puck has been initialized

// Calculate the sum of the lastest n-points

for = 0; j < n; j++) { position_sum = position_sum + posnDatalW[j]; }

3
if (puckID == R_WHEEL_ID)
{

// Execute this IF statement only after posnDataRW[] already contains n-points
ifT (PuckRWinitialized == TRUE)

// Get 32-bit motor encoder angular position in encoder counts/rev
getPropertyPuck(channel, puckID, P, &position);

// Detect and correct for zero crossing (i.e. motor encoder completes full revolution)
position_cumulative = encoderZeroCrossing(pucklID, position);

// Update n-element array, posnDataRW[], with the latest RW encoder measurements
posnDataRW[kRW] = position_cumulative; // posnDataRW[kRW] stores the latest encoder values
KRW++; // Increment kRW counter
if (kRW == n) {kRW = 0;} // Reset kRW counter when number of points stored equals n

}

// Before the moving average filter can be properly implemented, n points are needed

if (PuckRWinitialized == FALSE)

{ 7/ 1f this function is being called for the first time, collect n-points from RW Puck
for (KRW = 0; kRW < n; KRW++)

{
// Get 32-bit motor encoder angular position in encoder counts/rev
getPropertyPuck(channel, puckID, P, &position);
// Detect and correct for zero crossing (i.e. motor encoder completes full revolution)
position_cumulative = encoderZeroCrossing(pucklID, position);
posnDataRW[kRW] = position_cumulative; // Store latest encoder measurements

}

KRW = 03 // Reset kRW counter

PuckRWinitialized = TRUE; // Raise flag indicating RW Puck has been initialized

// Calculate the sum of the lastest n-points

for = 0; j < n; j++) { position_sum = position_sum + posnDataRW[j]1; }

// Calculate average of latest n-points
position_filtered = position_sum/n;
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// Convert motor position value from puck units [CTS/rev] to Sl units [radians]
position_scaled = convertUnits_Puck_to_SI(pucklID, P, position_filtered);

// Store motor position in structure containing processed Puck data in Sl units [radians]
PUCKdataSI [pucklID-1] .theta_XXrad = position_scaled;

return(position_scaled);

} // end getPositionPuck

/*

*.

encoderZeroCrossing() detects and corrects for zero crossing (i.e. motor encoder completes full

revolution).

Arguments:
puckID Puck ID number of the left or right wheel motor (see support.h).
position current encoder count received from Puck specified by "puckID".

Static Arguments (globally defined in main.c):

posnXX_countold stores old encoder count; "XX" denotes Left Wheel (LW) or Right Wheel (RW).
posnxX_old stores old cumulative encoder count; "XX" denotes (LW) or (RW).

Returns:
posnXX the cumulative encoder count; "XX* denotes (LW) or (RW).

Description:

This function uses the latest and previous Puck encoder counts to determine whether the encoder
count has made a full revolution and whether it requires correction.

Zero crossing can be tracked by observing when the encoder count makes the transition from the

predefined counts per revolution (Default = 4096) to zero and vice versa. A "posnXX_delta® less
than -512 implies that the wheel has completed a full forward revolution while a "posnXX_delta*
greater than 512 implies that the wheel has completed a full backward revolution.

Note that if the sampling rate is not high enough to sample the encoder readings more than 16
times per revolution (Nyquist frequency fs/2 > f compensated), the difference between the latest
and previous encoder count would be larger than 512 counts which could result in a false zero
crossing (i.e. the software thinks that the wheel has completed a full revolution which may not
be true).

To prevent another false zero crossing (i.e. encoder count crosses zero at the initial starting
position without first making a full revolution), the condition that the platform must have
traveled a distance of at least 0.2 m has been applied. Note that 0.2 m is a value that was
selected to be less than the total distance traveled if only one wheel had completed a full
revolution while the other remained stationary.

IMPORTANT!

The structure PUCKconvFactors[pucklID-1].counts_per_rev holds the current configured encoder count
per revolution Puck property. If the Puck property CTS is configured to something other than the
factory default (CTS = 4096) then the value 512 must be changed to conform to the new CTS property
value.

long encoderZeroCrossing(int puckID, long position)

static long posnLW_countold = 0, posnLW_old = 0, posnRW_countold = 0, posnRW_old = 0O;

long posnLW = 0; // Stores the cumulative encoder count

long posnLW_count = 0; // Stores the current encoder count

long posnLW_delta = 0; // Stores the difference between current and old encoder count
long posnRW = 0O;

long posnRW_count = 0;

long posnRW_delta = 0;

// 1T Button 2 is pressed, reset Pucks and clear cumulative encoder counters
if (resetEncoderCount == TRUE)

// Clear encoder counters
posnLW_countold = 0; posnLW_old = 0; posnRW_countold = 0; posnRW_old = 0O;
resetEncoderCount = FALSE; // Clear reset encoder counters flag

}

if(pucklD == L_WHEEL_ID)
{ 7/ Detecting and correcting for zero crossing in the Left Wheel (LW) motor encoder

posnLW_count = position; // Store current encoder position in count/rev
posnLW_delta = posnLW_count - posnLW_countold; // Calculate the difference between samples

// Detect and correct for zero crossing, zero crossings will be apparent with large deltas
if(posnLW_delta < -512 && PUCKdataSI[0].x > 0.2)
{ 7/ 1T the difference is less than -512 (bigger than expected), then correct

posnLW = posnLW_old + posnLW_delta + ONE_REV_LW;

}

else if(posnLW_delta > 512 && PUCKdataSI[0].x < 0.2)

{ 7/ 1T the difference is greater than 512 (bigger than expected), then correct
posnLW = posnLW_old + posnLW_delta - ONE_REV_LW;

else

{ 7/ 1T delta is small, then just update position normally with delta
posnLW = posnLW_old + posnLW_delta;
}
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posnLW_countold = posnLW_count; // Update old encoder count
posnLW_old = posnLW; // Update old cumulative encoder count

return(posnLW) ; // Return current cumulative encoder count

else if(puckID == R_WHEEL_ID)
{ 7/ Detecting and correcting for zero crossing in the Right Wheel (RW) motor encoder
posnRW_count = position; // Store current encoder position in count/rev
posnRW_delta = posnRW_count - posnRW_countold; // Calculate the difference between samples
// Detect and correct for zero crossing, zero crossings will be apparent with large deltas
if(posnRW_delta < -512 && PUCKdataSI[0].x > 0.2)
{ 7/ 1T the difference is less than -512 (bigger than expected), then correct

posnRW = posnRW_old + posnRW_delta + ONE_REV_RW;

}

else if(posnRW_delta > 512 && PUCKdataSI[0].x < 0.2)

{ /77 1T the difference is greater than 512 (bigger than expected), then correct
posnRW = posnRW_old + posnRW_delta - ONE_REV_RW;

}

else
{ 7/ 1T delta is small, then just update position normally with delta
posnRW = posnRW_old + posnRW_delta;

posnRW_countold = posnRW_count; // Update old encoder count
posnRW_old = posnRW; // Update old cumulative encoder count
return(posnRW) ; // Return current cumulative encoder count
}
else
{

printString("ERROR: Invalid puckID™);
return(0);

} /7 encoderZeroCrossing
float convertUnits_Puck_to_SI(int puckID, int property, long value)
float value_scaled = 0O;
switch(property)
{
case TEMP: // Puck temperature
value_scaled = (float) (value);
break;

case THERM: // Motor temperature
value_scaled = (float) (value);

break;
case T: // Motor torque [milliamps to Nm]
value_scaled = (float) (value)/PUCKconvFactors[puckID-1].milliAmp_per_Nm;
break;
case V: // Motor velocity [counts/milliseconds to m/s]
value_scaled = (float) (value);
break;
case P: // 32-bit motor position [encoder counts to radians]
value_scaled = (float) (value)*((2*PI)/PUCKconvFactors[pucklD-1].counts_per_rev);
break;
default:
LED7_ON;
printf("Invalid Puck property.™);
break;

}

return(value_scaled);
} /7 end convertUnits_Puck_to_SI

int convertUnits_SI_to_Puck(int puckID, int property, float value)

{
int value_scaled = 0;
switch(property)
{
case T: // Motor torque [Nm to milliamps]

value_scaled = (float) (value)*PUCKconvFactors[puckID-1].-milliAmp_per_Nm;
value_scaled = Border(value_scaled, -8191, 8191); // Bound the torque commands

break;

case V: // Motor velocity [m/s to counts/milliseconds]
value_scaled = (int) (value);
break;

case P: // 32-bit motor position [radians to encoder counts]
value_scaled = (int) (value)/((2*P1)/PUCKconvFactors[pucklD-1].counts_per_rev);
break;

default:
LED7_ON;
printString(lInvalid Puck property.");
break;
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return(value_scaled);

} /7 end convertUnits_SI_to_Puck

void checkTemp(int pucklID)

long temperature;

wakePuck(0O, puckID);
getPropertyPuck(0, pucklD, TEMP, &temperature);
printf(C'\n TEMP = %Id"”, temperature);

// Check if temperature is less than 15 degC or greater than 60 degC
if(temperature < 15 || temperature > 60)

LED5_ON;
printString('Puck temperature is outside safe limits. Stopping wheels.");
stopWheels(Q);

}
} /7 end checkTemp

void stopWheels(void)

// Set commanded torque to O
setPropertyPuck(0, L_WHEEL_ID, T, 0);
setPropertyPuck(0, R_WHEEL_ID, T, 0);

} // end stopWheels

void setDefaultPropertiesPuck(int puckIlD)

{

setPropertySlowPuck(0, pucklID, IKCOR, 1638); // Factory default IKCOR = 1638
setPropertySlowPuck(0, puckID, IKP, 8192); // Factory default IKP = 8192
setPropertySlowPuck(0, puckID, IKI, 3276); // Factory default IKI = 3276
setPropertySlowPuck(0, puckID, IPNM, 2755); // Factory default IPNM = 2755
setPropertySlowPuck(0, pucklD, POLES, 12); // Factory default POLES = 12
//setPropertySlowPuck(0, puckID, GRPA, 0); // Factory default GRPA = NONE
//setPropertySlowPuck(0, puckID, GRPB, 1); // Factory default GRPB = NONE
//setPropertySlowPuck(0, puckID, GRPC, 4); // Factory default GRPC = NONE

//setPropertySlow(0,newlD,JIDX,0,targlD-3);
//setPropertySlow(0,newlD,PIDX,0, ((targlD-1)%4)+1);

//setPropertySlowPuck(0,newlD,SAVE,0,-1); // Save new default properties

} /7 end setDefaultPropertiesPuck

void getConversionFactorsPuck(int puckID)

long reply;

// Get conversion factors from specified puck ID
getPropertyPuck(0, pucklD, CTS, &reply);
PUCKconvFactors[pucklID-1].counts_per_rev = reply;
getPropertyPuck(0, puckID, IPNM, &reply);
PUCKconvFactors[puckID-1].milliAmp_per_Nm = reply;

} 7/ end getConversionFactorsPuck

void resetPucks(void)

{

// Raise flag to clear encoder count in encoderZeroCrossing()
resetEncoderCount = TRUE; // Boolean value globally defined in main.c

// Clear IMUinitialized flag to allow software to collect a new set of n-points for gyro filter

IMUinitialized = FALSE; // See get_IMUgyro() in IMU.c

// Clear PuckxXXinitialized flag to allow software to collect a new set of n-points for encoder filter
PuckLWinitialized = FALSE; // See getPositionPuck() in Puck.c

PuckRWinitialized = FALSE; // See getPositionPuck() in Puck.c

// Reset Pucks

setPropertyPuck(0, L_WHEEL_ID, STAT, STATUS_RESET);

setPropertyPuck(0, R_WHEEL_ID, STAT, STATUS_RESET);

delay_ms(500); // Wait for the Pucks® reset routine to complete

// Wake up pucks and configure them to TORQUE mode
config_pucks(MODE_TORQUE) ;

} 7/ end resetPuck
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F-9: SPl.c

/
Name: SPl.c

Creation
Author:

Date: 09/12/2013

Airton R. da Silva Jr.

Comments: Functions used to configure and initialize:

SPI3
SP14

Also

master for transmission/reception with two 6-channel delta sigma A/D converters (MCP3903),
master for transmission/reception with a 4-DOF inertial measurement unit (ADIS16300).

contains driver functions used to send and read SPI messages.

#include
#include
#include

<p32xxxx.h>
<plib.h>
“support.h”

void init_SPI3master(void)

/*
Step 1: Disable the SPI interrupts in the respective IECX register.
Step 2: Stop and reset the SPI module by clearing the ON bit.
Step 3: Clear the receive buffer.
Step 4: Clear the ENHBUF bit (SPIXCON<16>) if using Standard Buffer mode or set the bit if using
Enhanced Buffer mode.
Step 5: If SPI interrupts are not going to be used, skip this step and continue to step 5.
Otherwise the following additional steps are performed:
a) Clear the SPIx interrupt flags/events in the respective IFSx register.
b) Write the SPIx interrupt priority and subpriority bits in the respective IPCx register.
c) Set the SPIx interrupt enable bits in the respective IECX register.
Step 6: Write the Baud Rate register, SPIXBRG.
Step 7: Clear the SPIROV bit (SPIXSTAT<6>).
Step 8: Write the desired settings to the SPIXCON register with MSTEN (SPIXCON<5>) = 1.
Step 9: Enable SPI operation by setting the ON bit (SPIXCON<15>).
References:
Section 23. SPI - S23.3.3.1: Master Mode Operation [p. 18]
Section 23. SPI - S23.3.3.7: SPI Master Mode Clock Frequency [p- 29]
int temp;

IECObits.SPI3TXIE
IECObits.SPI3RXIE

= 0; // Step 1: Disable SPI13 TX interrupt
= 0; // Step 1: Disable SP13 RX interrupt

1IECObits.SPI3EIE = 0O // Step 1: Disable SPI3 error interrupt

SPI13CONbits.ON = O; // Step 2: Stop and reset the SPI module by clearing the ON bit
temp = SPI3BUF; // Step 3: Clear the receive buffer

SPI3CONbits.ENHBUF = O; // Step 4: Clear the Enhanced Buffer Enable bit
IFSObits.SPI3TXIF = 0; // Step 5a: Clear SPI3 TX interrupt flag
IFSObits.SPI3RXIF = 0; // Step 5a: Clear SPI3 RX interrupt flag
IFSObits.SPI3EIF = 0; // Step 5a: Clear SPI3 error interrupt flag
IPC6bits.SPI3IP = 4; // Step 5b: Set SPI3 interrupt priority level to 4
IPC6bits.SPI3IS = 1; // Step 5b: Set SPI3 interrupt sub-priority level to 1
IECObits.SPI3TXIE = 1; // Step 5c: Enable SPI3 TX interrupt

IECObits.SPI3RXIE = 1; // Step 5c: Enable SPI13 RX interrupt

IECObits.SPI3EIE = 1; // Step 5c: Enable SPI13 error interrupt

/* SPI Master Mode Clock Frequency (SCKx):

Peripheral Bus Clock, Fpb = 80 MHz
Desired SP1 Clock Frequency, Fsck = 1 MHz
Equation 23-1: [p. 29]
Fsck = Fpb/[2*(SPIXBRG+1)]
SPIXBRG = [Fpb/(2*Fsck)]-1 = [80MHz/(2*1MHz)]-1 = 39
*/
SPI3BRG = 39; // Step 6: Set SPI clock frequency to 1 MHz

/* REGISTER 17-2: SPIXSTAT: SPIx STATUS AND CONTROL REGISTER [p. 268] */
SPI3STATbits.SPIROV = 0; // Step 7: Clear the Receive Overflow Flag bit

/* REGISTER 17-1: SPIXCON: SPI CONTROL REGISTER [p. 212] */

SPI13CONbits.SIDL = 0O; // Step 8: Continue module operation in Idle mode
SPI3CONbits.DISSDO = O; // Step 8: SDOx pin is controlled by the module
SPI13CONbits.MODE16 0; // Step 8: Communication is 8-bit wide

SPI3CONbits.SMP = 1 // Step 8: Input data is sampled at the end of data output time
SPI3CONbits.CKE = 0O // Step 8: Serial output data changes on transition from

// idle clock state to active clock state
SP13CONbits.SSEN = 0O; // Step 8: SSx pin is not used by the module
SPI3CONbits.CKP = 1; // Step 8: ldle state for clock is a high-level;

// active state is a low-level

SPI3CONbits.MSTEN = 1; // Step 8: Master mode enabled

SP13CONbits.FRMEN = 0; // Step 8: Framed SPIx support is disabled
SPI3CONbits.ON = 1; // Step 9: Enable SPI peripheral

//LATCbits.LATC14 = 1; // Set initial state of IMU slave select line to high
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LATDbits.LATD11 = 1; // Set initial state of ADC1 slave select line to high
LATDbits.LATD9 = 1; // Set initial state of ADC2 slave select line to high
} // end init_SPI3master

void init_SPl4master(void)
{

int temp;
1EC1bits.SPI4TXIE = 0; // Step 1: Disable SP14 TX interrupt
1EC1bits.SPI4RXIE = 0; // Step 1: Disable SP14 RX interrupt
1EC1bits.SPI4EIE = 0; // Step 1: Disable SP14 error interrupt
SPI4CONbits.ON = 0; // Step 2: Stop and reset the SPI module by clearing the ON bit
temp = SPI4BUF; // Step 3: Clear the receive buffer
SP14CONbits.ENHBUF = 0; // Step 4: Clear the Enhanced Buffer Enable bit
IFS1bits.SPI4TXIF = O; // Step 5a: Clear SP14 TX interrupt flag
IFS1bits.SPI4RXIF = 0; // Step 5a: Clear SP14 RX interrupt flag
IFS1bits.SPI4EIF = 0; // Step 5a: Clear SP14 error interrupt flag
IPC8bits.SPI4IP = 4; // Step 5b: Set SPI4 interrupt priority level to 4
IPC8bits.SPI4IS = 1; // Step 5b: Set SPI4 interrupt sub-priority level to 1
1EC1bits.SPI4TXIE = 1; // Step 5c: Enable SP14 TX interrupt
IEC1bits.SPI4RXIE = 1; // Step 5c: Enable SP14 RX interrupt
IEC1lbits.SPI4EIE = 1; // Step 5c: Enable SP14 error interrupt

/* SP1 Master Mode Clock Frequency (SCKx):
Peripheral Bus Clock, Fpb = 80 MHz
Desired SPI Clock Frequency, Fsck = 1 MHz

Equation 23-1: [p. 29]
Fsck = Fpb/[2*(SPIXBRG+1)]
SPIXBRG = [Fpb/(2*Fsck)]-1 = [80MHz/(2*1MHz)]-1 = 39

*/
SPI4BRG = 39; // Step 6: Set SPI clock frequency to 1 MHz
/* REGISTER 17-2: SPIXSTAT: SPIx STATUS AND CONTROL REGISTER [p. 268] */
SPI4STATbits.SPIROV = 0; // Step 7: Clear the Receive Overflow Flag bit
/* REGISTER 17-1: SPIXCON: SPI CONTROL REGISTER [p. 212] */
SP14CONbits.SIDL = O3 // Step 8: Continue module operation in ldle mode
SP14CONbits.DISSDO = 0; // Step 8: SDOx pin is controlled by the module
SPI4CONbits.MODE16 = 1; // Step 8: Communication is word-wide (16 bits)
SPI4CONbits.SMP = 1; // Step 8: Input data is sampled at the end of data output time
SP14CONbits.CKE = 0; // Step 8: Serial output data changes on transition from
// idle clock state to active clock state
SP14CONbits.SSEN = 0; // Step 8: SSx pin is not used by the module
SP14CONbits.CKP = 1; // Step 8: Idle state for clock is a high-level;
// active state is a low-level
SP14CONbits.MSTEN = 1; // Step 8: Master mode enabled
SPI4CONbits.FRMEN = O; // Step 8: Framed SPIx support is disabled
SP14CONbits.ON = 1; // Step 9: Enable SPI peripheral
LATBbits.LATB15 = 1; // Set initial state of IMU slave select line to high

} /7 end init_SPl4master

short sendSPImsg(char device, short SPltx_data)
short temp;
switch(device)

{
case IMU_ID:

IEC1bits.SPI4TXIE = 1; // Enable SPI14 TX interrupt
IEC1lbits.SPI4RXIE = 1; // Enable SPI4 RX interrupt
1EC1bits.SPI4EIE = 1; // Enable SPI4 error interrupt
LATBbits.LATB15 = 0O; // Lower IMU slave select line to initiate data exchange
SP14BUF = SPItx_data; // Write data to TX buffer
while(SPI14STATbits.SPIRBF == 0); // Wait until the receive buffer (SPI14RXB) is full
temp = SPI4BUF; // Dummy read of the SPI3BUF register to clear the SPIRBF flag
LATBbits.LATB15 = 1; // Raise IMU slave select line to terminate data exchange
break;
case ADC1_ID:
IECObits.SPI3TXIE = 1; // Enable SPI3 TX interrupt
IECObits.SPI3RXIE = 1; // Enable SPI3 RX interrupt
IECObits.SPI3EIE = 1; // Enable SPI3 error interrupt
SPI3BUF = SPItx_data; // Write data to TX buffer
while(SPI3STATbits.SPIRBF == 0); // Wait until the receive buffer (SPI3RXB) is full
temp = SPI3BUF; // Dummy read of the SPI3BUF register to clear the SPIRBF flag
break;
case ADC2_ID:
1ECObits.SPI3TXIE = 1; // Enable SPI3 TX interrupt
1ECObits.SPI3RXIE = 1; // Enable SPI3 RX interrupt
1ECObits.SPI3EIE = 1; // Enable SPI3 error interrupt
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SPI3BUF = SPItx_data; // Write data to TX buffer
while(SPI3STATbits.SPIRBF == 0); // Wait until the receive buffer (SPI3RXB) is full
temp = SPI3BUF; // Dummy read of the SPI3BUF register to clear the SPIRBF flag
break;
default:
printString('Specified "device® value does not match any existing device IDs.");
break;

return(0);

} /7 end sendSPlImsg

short readSPImsg(char device)
short rx_data;
switch(device)

case IMU_ID:

1EC1bits.SPI4TXIE = 1; // Enable SPI4 TX interrupt

IEC1bits.SPI4RXIE = 1; // Enable SP14 RX interrupt

IEC1lbits.SPI4EIE = 1; // Enable SP14 error interrupt

LATBbits.LATB15 = 0; // Lower IMU slave select line to initiate data exchange
SPI14BUF = 0; // Initiate data transfer by writing dummy data to TX buffer
while(SPI14STATbits_SPIRBF == 0); // Wait until the receive buffer (SPI14RXB) is full

rx_data = SPI14BUF; // Read RX buffer

LATBbits.LATB15 = 1; // Raise IMU slave select line to terminate data exchange
break;

case ADC1_ID:
IECObits.SPI3TXIE = 1
1ECObits.SPI3RXIE = 1
IECObits.SPI3EIE = 1;

// Enable SPI3 TX interrupt
// Enable SPI3 RX interrupt
// Enable SPI3 error interrupt

SPI3BUF = 0; // Initiate data transfer by writing dummy data to TX buffer
while(SPI3STATbits.SPIRBF == 0); // Wait until the receive buffer (SPI3RXB) is full

rx_data = SPI3BUF; // Read RX buffer

break;

case ADC2_ID:

1ECObits.SPI3TXIE = 1; // Enable SPI3 TX interrupt
IECObits.SPI3RXIE = 1; // Enable SPI3 RX interrupt
IECObits.SPI3EIE = 1; // Enable SPI3 error interrupt
SPI3BUF = 0; // Initiate data transfer by writing dummy data to TX buffer
while(SPI3STATbits.SPIRBF == 0); // Wait until the receive buffer (SPI3RXB) is full
rx_data = SPI3BUF; // Read RX buffer
break;
default:
printString("'Specified "device” value does not match any existing device IDs.");
break;

return(rx_data);
} /7 end readSPImsg
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F-10: support.c

/
Name: su
Creation
Authors:
Comments

16/3

pport.c

Date: 09/12/2013

Airton R. da Silva Jr.

: Functions used to configure & initialize internal clock rate, 1/0 pins, sampling rate,
2-bit counters, delay_ms, delay_us, and hardware operation checkpoints.

#include
#include
#include
#include

<p32xxxX.h>
<plib.h>
“math._h"
“support.h"

/*

config_clock() configures and initializes internal clock rate.

Desc

*,

ription:

PIC32MX Family Ref. Manual vl1: Section 06. Oscillators [p. 19]

Given: Desired clock rate is 80 MHz from an 8 MHz internal oscillator.
The input frequency to the PLL must be >= 4 MHz and <= 5 MHz.

From the FPLLIDIV field in the DEVCFG2 register description,
an input divisor of 2 is available: 8/2 = 4 MHz.
This fulfills the PLL input requirement.

The desired net multiplier is 80/4 = 20 MHz.
Locate the row in Table 6-5 that corresponds to a net multiplier value of 20.
From the table, the PLL multiplier value is 20 and the output divider value is 1.

See FIGURE 8-1: OSCILLATOR BLOCK DIAGRAM [p. 141]

Fin = 8 MHz internal oscillator

FPLLMUL = 20

FPLLIDIV 2

FPLLODIV 1

Fosc = Fin/FPLLIDIV*FPLLMUL/FPLLODIV = (8VHz Crystal)/2*20/1 = 80 MHz

REGISTER 28-3: DEVCFG2: DEVICE CONFIGURATION WORD 2 [p. 344]

*/

void con

fig_clock(void)

// Configure PLL prescaler, PLL postscaler, PLL divisor

#pragma config FPLLIDIV = DIV_2 // PLL Input Divider: 8/2 = 4 MHz

#pragma config FPLLMUL = MUL_20 // PLL Multiplier: 4*20 = 80 MHz

#pragma config FPLLODIV = DIV_1 // PLL Output Divider 80/1 = 80 MHz

OSCTUNbits.TUN = 0; // Tune FRC osc to center freq.; Osc runs at minimal freq (8 MHz)

// Wait for Clock switch to occur

whil

e (OSCCONbits.COSC 1= 0b001);

// Wait for PLL to lock

whil
} 7/ end

e(OSCCONbits.SLOCK 1= 1) {};
config_clock

/*

config_pins() configures and initializes 1/0 pins.

Pin

Overview Map:

P1 :RE5 - (O|D) LED1

P2 :RE6 - (O|D) LED2

P3 :RE7 - (O|D) LED3

P4 :RG6 - (O|D) LED4

P5 :RG7 - (1]D) UART3 Receive (U3RX)
P6 :RG8 - (O]D) UART3 Transmit (U3TX)
P7 :MCLR

P8 :RG9 - (O|D) LED5

P9 :V_SS1

P10:V_DD1

P11:RB5 - (O|D) SD5V

P12:AN4 - (1]A) BM

P13:FREE

P14:FREE

P15:RB1 - (O|D) PICkit 3 (PGEC1l)
P16:RBO - (O|D) PICkit 3 (PGED1)
P17:FREE

P18:FREE

P19:AV_DD

P20:AV_SS

P21:RB8 - (O|D) LED6

P22:RB9 - (O|D) LED7

P23:RB10 - (1]|D) Button 1 (S1)
P24:RB11 - (1|D) Button 2 (S2)
P25:V_SS2

P26:V_DD2

P27:FREE
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P28:RB13 - (O|D) ADIS16300: Master Reset Logic Output (RESET)
P29:RB14 - (O|D) ADIS16300: SPI14 Serial Clock Output (SCK4)
P30:RB15 - (O]|D) ADIS16300: Chip Select (CS) Active-Low bit
P31:RF4 - (1]D) ADIS16300: SPI4 Serial Data Input (SD14)
P32:RF5 - (O]D) ADIS16300: SPI4 Serial Data Output (SD04)

P33:FLOATING

P34:FLOATING

P35:FLOATING

P36: FLOATING

P37:FLOATING

pP38:V_DD3

P39:RC12 - (O|D) LED8

P40:RC15 - (O]D) Output Clock Enabled
P41:V_SS3

P42:RD8 - (O|D) LED9

P43:RD9 - (O|D) MCP3903 #2: Chip Select (CS) Active-Low bit
P44:RD10 - (1]|D) MCP3903 #2: Data Ready Signal
P45:RD11 - (O]|D) MCP3903 #1: Chip Select (CS) Active-Low bit

P46:RDO - (O]D) MCP3903 #1 & #2: 0SC1

Input for channels pair A (DRA)

P47:RC13 - (1]D) MCP3903 #1: Data Ready Signal Input for channels pair A (DRA)
P48:RC14 - (O|D) ADIS16300: Chip Select (CS) Active-Low bit
P49:RD1 - (O|D) ADIS16300 + MCP3903 #1 & #2: SPI3 Serial Clock Output (SCK3)

P50:RD2 - (1]D)
P51:RD3 - (O]D)
P52:RD4 - (0[D)

ADIS16300 + MCP3903 #1 & #2:
ADIS16300 + MCP3903 #1 & #2:
ADIS16300 + MCP3903 #1 & #2:

SPI13 Serial Data Input (SDI3)
SP13 Serial Data Output (SDO3)

Master Reset Logic Output (RESET)

*.

P53:RD5 - (O|D) LED10O
P54:RD6 - (O|D) LED11
P55:RD7 - (O|D) LED12

P56:V_CAP

P57:V_DD4

P58:RFO - (1]|D) CAN1 Receive (C1RX)
P59:RF1 - (O]D) CAN1 Transmit (C1TX)
P60: FREE

P61:FREE

P62:FREE

P63:FREE

P64 :FREE

Legend: (Dnput | (Output | (Analog | (D)igital

References:

Built-in functions and macros used to configure 1/0 ports referenced from:
PIC32 Peripheral Libraries for MPLAB C32 Compiler [Ch. 10, p. 103]

void config_pins(void)

// TABLE 4-25: PORTB REGISTER MAP [p. 96]

TRISB = 0x00000000; // Data direction: 1 = input | O = output bit
PORTSetPinsDigital In(10PORT_B,BIT_10|BIT_11); // Set RB10,11 to digital inputs

LATB = 0x00000000; // All pins set to zero

ODCB = 0x00000000; /7 All pins set NOT open drain

// TABLE 4-26: PORTC REGISTER MAP [p. 97]

TRISC = 0x00000000; // Data direction: 1 = input | O = output bit
PORTSetPinsDigital In(10PORT_C,BIT_13); // Set RC13 to digital input

LATC = 0x00000000; // All pins set to zero

ODCC = 0x00000000; // All pins set NOT open drain

// TABLE 4-28: PORTD REGISTER MAP [p. 98]

TRISD = 0x00000000; // Data direction: 1 = input | O = output bit
PORTSetPinsDigital In(IOPORT_D,BIT_2|BIT_10); // Set RD2,10 to digital input

LATD = 0x00000000; // All pins set to zero

ODCD = 0x00000000; // All pins set NOT open drain

// TABLE 4-30: PORTE REGISTER MAP [p. 99]

TRISE = 0x00000000; // Data direction: 1 = input | O = output bit
LATE = 0x00000000; // All pins set to zero

ODCE = 0x00000000; /7 All pins set NOT open drain

// TABLE 4-32: PORTF REGISTER MAP [p. 100]

TRISF = 0x00000000; // Data direction: 1 = input | O = output bit
PORTSetPinsDigital In(10PORT_F,BIT_O|BIT_4); // Set RF0,4 to digital input

LATF = 0x00000000; // All pins set to zero

ODCF = 0x00000000; // All pins set NOT open drain

// TABLE 4-34: PORTG REGISTER MAP [p. 101]

TRISG = 0x00000000; // Data direction: 1 = input | O = output bit
PORTSetPinsDigital INn(10PORT_G,BIT_7); // Set RG7 to digital input

LATG = 0x00000000; // All pins set to zero

ODCG = 0x00000000; // All pins set NOT open drain

// TABLE 4-16: ADC REGISTER MAP [p. 85]

AD1IPCFG = OxFFFFFFFE; // A/D register: 1 = digital | 0 = analog
PORTSetPinsAnalogIn(10PORT_B,BIT_4); // Set AN4 to analog input

*/

} /7 end config_pins

/*

init_samptime() initializes Timerl to enforce desired sampling rate of code iteration in main.c.

Description:
This function is used to initialize and define the sampling rate of software execution.

Timerl configuration:
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Timer Input Clock Prescaler Value,
Oscillator Frequency,
Elapsed time per TMR1 count,

Sampling Time,

Period Register,

* B4 *

Hz
Hz
Hz
Hz
Hz
Hz

1/PV = 1:64 = 1/64

F_0SC = 80 MHz

P = 1/F 0SC = 12.5 ns per count
t s=1ms or 1000 Hz
ts=(CRL+ 1) *PV*P

*12.5ns) - 1 =1250 - 1

(12.5 ns) = 1 ms (1000 Hz)

(This sampling rate causes moderate rattling in motors)
(This sampling rate causes minor rattling in motors)
(Tested max for MATLAB"s "static® data logging function)

(Tested max for MATLAB"s “dynamic® data logging function)

2 16-Bit Synchronous Counter Initialization Steps [p. 14]

n C - Exploring the PIC32 [p. 104]

PR1 = t. s/(PV * P) - 1 = (1 ms)/(64
PR1 = 1250 - 1
Proofcheck: t_s = (1249 + 1)
Sampling Times:
Set PR1 = 1250 - 1 for 1000
PR1 = 2500 - 1 for 500
PR1 = 6250 - 1 for 200
PR1 = 8333 - 1 for 150
PR1 = 12500 - 1 for 100
PR1 = 62500 - 1 for 20
References:
Section 14. Timers: S14.3.4.
Programming 32-bit MCUs i
IMPORTANT!

The sampling rate specified in init_samptime() MUST MATCH the sampling rate defined by SAVMP_RATE
variable which can be located inside support.h at or around line 52. Currently, SAMP_RATE = 0.01.
Thus, if the firmware sampling rate is modified then SAMP_RATE must be changed accordingly.

* /
void init_samptime(void)
{
T1CONbits.ON = O; // Disable timer
T1CONbits.TCS = O; // Timerl Clock Source set to be the Internal PBCLK Source
T1CONbits.TCKPS = 0b10; // Timerl input clock prescaler set to 1:64
TMR1 = 0; // Clear timer register
PR1 = 12500 - 1; // Set the period register
// Initialize Timerl interrupt control bits
mT1ClearIntFlag(); // Clear Timerl interrupt flag
mT1SetIntPriority(7); // Set Timerl interrupt priority level to 7
mT1SetIntSubPriority(l); // Set Timerl sub-priority level to 1
mTlIntEnable(1l); // Enable Timerl interrupt source
T1CONbits.ON = 1; // Enable timer
} //end init_samptime
/* *
delay_ms() delays program execution for t milliseconds (tolerance = +/- 0.25%).
Description:
Timer2 configuration:
Timer Input Clock Prescaler Value, 1/PV = 1:2 = 1/2
Oscillator Frequency, sysCLK = F_OSC = 80 MHz
TMR2 ticks 80 million times per second with 1:1 prescale value
A minimum prescale value of 1:2 is required since TMR2 is capped at 16-bits (65,536)
TMR2 ticks 40 million times per second with 1:2 prescale value
(80,000,000 tick/sec)*(1000ms/1s)*(1/2) = 40,000 ticks per ms
* *
/
void delay_ms(unsigned int t)
{
T2CONbits.ON = 0; // Disable timer
T2CONbits.TCKPS = 0b001; // Timer2 input clock prescaler set to 1:2
T2CONbits.T32 = 0O; // Timer2 and Timer3 form separate 16-bit timers
T2CONbits.ON = 1; // Enable 16-bit Timer2
while (t--)
{ ] )
TMR2 = O3 // Clear timer register
while(TMR2 < sysCLK / 1000 / 2); // Wait until TMR2 counter reaches 40,0000
}
} /7 end delay_ms
/* *
delay_us() delays program execution for t microseconds (tolerance = +/- 25%).
Description:
Timer2 configuration:
Oscillator Frequency, sysCLK = F_OSC = 80 MHz
TMR2 ticks 80 million times per second with 1:1 prescale value
(80,000,000 tick/sec)*(1,000,000us/1s) = 80 ticks per us
* *
/

void delay_us(unsigned int t)
{
T2CONbits.ON = O
T2CONbits.TCKPS
T2CONbits.T32 =
T2CONbits.ON = 1

0;

// Disab

le timer

// Timer2 input clock prescaler set to 1:1
// Timer2 and Timer3 form separate 16-bit timers
// Enable 16-bit Timer2
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while (t--)
{

TMR2 = 0; // Clear timer register
while(TMR2 < sysCLK / 1000000); // Wait until TMR2 counter reaches 80

}
} /7 end delay_us

/* *
delay_ns() delays program execution for t nanoseconds [t must be divisible by 25] (tol. = +/- 25%).
Description:

Timer2 configuration:
Oscillator Frequency, sysCLK = F_OSC = 80 MHz

TMR2 ticks 80 million times per second with 1:1 prescale value
P = 1/(80 MHz) = 12.5 ns per TMR count (1:1 prescale)

Note that Timer 2 is re-initialized everytime delay ns(Q) is called. This means that delay_ns(Q will
always have minimum delay offset to allow Timer2 to initialize.
* /
void delay_ns(unsigned int t)

{

// Input argument t must be divisible by 25 to avoid decimal values
if(e%2s 1= 0) {t = t - (%25);}

t = 2%t / 25; // Use t = 2*t / 25 instead of t = t / 12.5 to avoid using floating numbers
T2CONbits.ON = 0; // Disable timer
T2CONbits.TCKPS = 0; // Timer2 input clock prescaler set to 1:1
T2CONbits.T32 = 0; // Timer2 and Timer3 form separate 16-bit timers
T2CONbits.ON = 1; // Enable 16-bit Timer2
while (t--)
{ ) ]
TMR2 = 0; // Clear timer register
while(TMR2 < sysCLK / 80000000); // Wait until TMR2 counter reaches 1

}
} /7 end delay_ns

/* *
init_Timer4() initializes Timer4 and Timer5 to be used as a 32-bit time counter.

Description:
This function is used to initialize and define a counter for keeping track of elapsed time between
state variable sampling in LQR.c.

Timer4/5 configuration:
Timer Input Clock Prescaler Value, 1/PV = 1:256 = 1/256

Oscillator Frequency, F_0OSC = 80 MHz

Device Operating Frequency, F_CY = F_0SC/2 = 40 MHz

Internal Peripheral Bus Clock, PBCLK = F_OSC / FPBDIV = 40 MHz

Elapsed time per TMR4/5 count P = 1/(80 MHz) = 12.5 ns per count (1:1 prescale)

w/ a prescaler value of 1:256 Pscaled = (12.5 ns/count)*256 = 3.2 us per count
With a prescaler value of 1:256, each TMR4/5 count corresponds to a 3.2 us time increment.

Set Period Register (PR4) to max PR4 = OxFFFFFFFF = 2716

Maximum time lapse interval that TMR4/5 can track before reaching the 32-bit counter ceiling is:
= Pscaled * PR4 = (3.2 us/count) * (2732) = 13743.90 seconds

* */

void init_Timerd4(void)

{
TACONbits.ON = O3 // Stop any 16/32-bit Timer4 operation
T5CONbits.ON = 0; // Stop any 16-bit Timer5 operation
T4CONSET = (0 << 1); // Timer4 Clock Source set to be the Internal PBCLK Source
TACONbits.TCKPS = 0b111; // Timer4 input clock prescaler value set to 1:256
T4CONbits.T32 = 1; // Timer4 and Timer5 form a 32-bit timer
TMR4 = 0; // Clear the contents of TMR4 and TMR5
PR4 = OxFFFFFFFR; // Load PR4 and PR5 registers with a 32-bit value
T4CONbits.ON = 1; // Enable Timer4/5

} /7 end init_Timer4d

// Checks if Button 1 has been pressed
/* NOTE: RB10 is always HIGH, Button 1 is either damaged or soldered incorrectly
char readButtonl(void)
{
if (_RB10 == 1) {return(l);}
if (_RB10 == 0) {return(0);}
} /7 end readButtonl
*/

// Checks if Button 2 has been pressed
char readButton2(void)

if (_RB11 == 1) {return(l);}

if ((RB11 == 0) {return(0);}
} /7 end readButton2
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void improperConfigCheck(void)
{

// Ensure that the counts/rev on both LW and RW Pucks are configured to the same values!
if(ONE_REV_LW = ONE_REV_RW)
{ 7/ ONE_REV_LW and ONE_REV_RW are defined in support.h

printString("ERROR: LW/RW Puck CTS do not match!™);

delay_ms(10000);

} /7 end improperConfigCheck
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F-11: UART.c

/

Name: UART.c

Creation Date: 09/12/2013
Author: Airton R. da Silva Jr.
Comments: Functions used to configure and initialize:
UART3 for transmission/reception with Serial Graphic LCD and MATLAB.

Also contains driver functions used to send and read UART messages.-

/
#include <p32xxxx.h>
#include <plib.h>
#include "support.h”
/* *
init_UART3() configures and initializes UART3 module.

Step 1: Initialize the UxBRG register for the appropriate baud rate.

Step 2: Set the number of data and Stop bits, and parity selection by writing to the PDSEL<1:0> bits
(UXMODE<2:1>) and STSEL bit (UXMODE<O0>).

Step 3: If interrupts are desired, set the UXTXIE or UxXRXIE control bits in the corresponding
Interrupt Enable Control register (IEC). Specify the interrupt priority and subpriority for
the transmit interrupt using the UxIP<2:0> and Ux1S<1:0> control bits in the corresponding
Interrupt Priority Control register (IPC). Also, select the Transmit Interrupt mode by writing
to the UTXISEL bits (UxSTA<15:14>) or the Receive Interrupt mode by writing to the
URXISEL<1:0> bits (UxSTA<7:6>).

Step 4: Enable the transmission by setting the UTXEN bit (UxSTA<10>), which also sets the
UXTXIF bit. The UXTXIF bit should be cleared in the software routine that services the
UART transmit interrupt. The operation of the UXTXIF bit is controlled by the UTXISEL
control bits. Enable the UART receiver by setting the URXEN bit (UxSTA<12>).

Step 5: Enable the UART module by setting the ON bit (UXMODE<15>).

Step 6: Load data to the UXTXREG register (starts transmission) or read data from the receive buffer.
If 9-bit transmission is selected, read a word; otherwise,read a byte. The URXDA bit is set
whenever data is available in the buffer.

Serial Graphic LCD UART Communication Requirements:

Baud Rate = 115,200 bps (adjustable)
Number of Data Bits = 8 data bits
Number of Stop Bits = 1 stop bit
Parity Selection = No parity
UART3 Baud Rate Generator (U3BRG) Calculation with Standard Speed Mode (BRGH = 0):
Peripheral Bus Clock, Fpb = 80 MHz
Desired UART3 Baud Rate, Baud Rate = 115,200 bps
UXBRG = [Fpb/(16*(Baud Rate))] - 1 = [(80 MHz)/(16*115,200 bps)] - 1
= 42.403 = 42
Calculated Baud Rate:
Baud Rate = Fpb/[16*(UXBRG + 1)] = (80,000,000 Hz)/[16*(42+1)]
= 116,279 bps
Baud Rate Error:
Error = (Calculated Baud Rate - Desired Baud Rate)
= (116,279 - 115,200)/115,200
= 0.94%
References:
Section 21. UART - S21.5: UART Transmitter [p. 17]
Section 21. UART - S21.7: UART Receiver [p- 21]
* */

void init_UART3 (void)

{

U3BRG =
U3MODEbits.STSEL =
U3MODEbits.PDSEL =

H // Step 1: Set Baud rate to approximately 115,200 bps
// Step 2: 1 Stop bit
// Step 2: 8-bit data, no parity

U3MODEbits.BRGH = 0; // Step 2: Standard Speed mode - 16x baud clock enabled
U3MODEbits.UEN = O; // Step 2: U3TX and U3RX pins are enabled and used

U3STA = 0; // Step 3: Clear all bits in UART3 Status and Control Register
U3STAbits.URXEN = 1; // Step 4: UART3 receiver enabled. U3RX pin controlled by UART3
U3STAbits.UTXEN = 1; // Step 4: UART3 transmitter enabled. U3TX pin controlled by UART3
U3MODEbits.ON = 1; // Step 5: Enable UART3 peripheral

} 7/ end init_UART3

void sendUARTbyte(char UARTtx_byte)

{

while(U3STAbits.UTXBF == 1); // Wait until message is transmitted and buffer is empty
U3TXREG = UARTtx_byte; // Write data to TX buffer
} /7 end sendUARTmsg

short readUARTmsg(void)

short rx_data;
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iIT(U3STAbits.URXDA == 1)

rx_data = U3RXREG; // Read RX buffer
while(U3STAbits.URXDA == 1); // Wait until receive buffer is empty

else
printf(""Receive buffer empty.™);

return(rx_data);
} /7 end readUARTmsg
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F-12: support.h

/
Name: s

upport.h

Creation Date: 09/12/2013
Authors: Airton R. da Silva Jr.
Comments: Support file for variable/structure declarations, function prototypes, and puck components.

This file also supports CAN1 and SP13 configuration/driver files.

#ifndef SUPPORT_H
#define SUPPORT_H

#include <plib.h>
#include <math.h>

/*

*,

GLOBAL VARIABLE DECLARATIONS

extern
extern
extern
extern
extern
extern
extern
extern
extern
extern
extern
extern
extern

unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
long join
unsigned
CANRxMess

char CANmsgReceived;
char resetEncoderCount;
char IMUinitialized;
char PuckLWinitialized;
char PuckRWinitialized;
int i;

int j;

int run_time;

int sysCLK;

int wait_flag;
tPosition[2];

int CANmsgBuffersFIFO[16];
ageBuffer rxCANmsg;

/*

*.

MACRO AND VARIABLE DEFINITIONS

*/

/*

*

CAN Baud Rate Prescalar Configuration

*.

// Refe

rences:

*/

//  AN1249 - EXAMPLE 2: CODE FOR BRP CONFIGURATION [pp. 7]
//  Section 34 - CAN - S34.10: Bit Timing [pp- 83]

#define FCAN 80000000 // Equivalent to PIC Internal Clock Frequency, Fosc
#define BITRATE 1000000
#define NTQ 8 // 8 Time Quanta in a Bit Time
#define BRP_VAL ((FCAN/(2*NTQ*BITRATE))-1)
/* *
Extra Variable Definitions
* */
#define FALSE 0
#define TRUE 1
#define PI1 3.141592653589
#define SAMP_RATE 0.01 // Firmware sampling rate
/* *
LED Logic Definitions
* */
#define LED1_ON LATEbits.LATE5 = 1
#define LED1_OFF LATEbits.LATE5 = 0
#define LED2_ON LATEbits.LATE6 = 1
#define LED2_OFF LATEbits.LATE6 = O
#define LED3_ON LATEbits.LATE7 = 1
#define LED3_OFF LATEbits.LATE7 = O
#define LED4_ON LATGbits.LATG6 = 1
#define LED4_OFF LATGbits.LATG6 = O
#define LED5_ON LATGbits.LATGY = 1
#define LED5_OFF LATGbits.LATG9 = O
#define LED6_ON LATBbits.LATB8 = 1
#define LED6_OFF LATBbits.LATB8 = 0
#define LED7_ON LATBbits.LATB9 = 1
#define LED7_OFF LATBbits.LATB9 = 0
#define LED8_ON LATCbits.LATC12 = 1
#define LED8_OFF LATCbits.LATC12 = O
#define LED9_ON LATDbits.LATD8 = 1
#define LED9_OFF LATDbits.LATD8 = O
/* *
Puck and Peripherals IDs
*/
#define CPU 0 // Central processing unit ID
#define L_WHEEL_ID 1 // Left wheel 1D
#define R_WHEEL_ID 2 // Right wheel 1D
#define IMU_ID 3 // ADIS16300: inertial measurement unit ID
#define ADC1_ID 4 // MCP3903: A/D converter #1 1D
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#define ADC2_ID 5 // MCP3903: A/D converter #2 1D

/* *
IMU (ADIS16300) Output Data Registers

* */
// Table 8: User Register Memory Map [p. 10]
#define FLASH_CNT  Ox00 // Flash memory write count
#define SUPPLY_OUT 0x02 // Power supply measurement
#define GYRO_OUT 0x04 // X-axis gyroscope output
#define XACCL_OUT  OxOA // X-axis accelerometer output
#define YACCL_OUT  0OxOC // Y-axis accelerometer output
#define ZACCL_OUT  OxOE // Z-axis accelerometer output

#define TEMP_OUT 0x10 // X-axis gyroscope temperature measurement
#define PITCH_OUT  0Ox12 // X-axis inclinometer output measurement
#define ROLL_OUT 0ox14 // Y-axis inclinometer output measurement
#define AUX_ADC 0x16 // Auxiliary ADC output

#define GYRO_OFF Ox1A // X-axis gyroscope bias offset factor
#define XACCL_OFF  0x20 // X-axis acceleration bias offset factor
#define YACCL_OFF  0x22 // Y-axis acceleration bias offset factor
#define ZACCL_OFF 0x24 // Z-axis acceleration bias offset factor
#define ALM_MAG1 0x26 // Alarm 1 amplitude threshold

#define ALM_MAG2 0x28 // Alarm 2 amplitude threshold

#define ALM_SMPL1 Ox2A // Alarm 1 sample size

#define ALM_SMPL2  0x2C // Alarm 2 sample size

#define ALM_CTRL Ox2E // Alarm control

#define AUX_DAC 0x30 // Auxiliary DAC data

#define GPIO_CTRL  0x32 // Auxiliary digital input/output control
#define MSC_CTRL 0x34 // Miscellaneous control

#define SMPL_PRD 0x36 // Internal sample period (rate) control
#define SENS_AVG 0x38 // Dynamic range/digital filter control
#define SLP_CNT Ox3A // Sleep mode control

#define DIAG_STAT  0x3C // System status

#define GLOB_CMD Ox3E // System command

// Table 12: GLOB_CMD [p. 12]

#define GLOB_CMD_SW_RESET (1<<7) // Software reset command

#define GLOB_CMD_P_AUTO_NULL (1<<4) // Precision autonull command

#define GLOB_CMD_FLASH_UPD (1<<3) // Flash update command

#define GLOB_CMD_DAC_LATCH (1<<2) // Auxiliary DAC data latch

#define GLOB_CMD_FAC_CALIB (1<<1) // Factory calibration restore command

#define GLOB_CMD_AUTO_NULL (1<<0) // Autonull command; Automatic calibration of sensors offset
// Table 13: SAMPL_PRD [p. 12]

#define SAMPL_PRD_TIME_BASE (1<<7) // Time base (t_B); 0 = 0.61035 ms, 1 = 18.921 ms
#define SAMPL_PRD_DEFAULT 0x01 // Sets IMU sampling rate to default, 819.2 SPS
#define SAMPL_PRD_LOWPWR Ox0A // Sets IMU sampling rate to low power, 149 SPS

// Table 14: SLP_CNT [p- 12]

#define SLP_CNT_POWER_OFF (1<<8) // Indefinite sleep mode, set to 1

// Table 15: SENS_AVG [p- 13]

#define SENS_AVG_DEFAULT (1<<10) // Measurement range (sensitivity): +/- 300 deg/sec (default)
#define SENS_AVG_MEDIUM (1<<9) // Measurement range (sensitivity): +/- 150 deg/sec
#define SENS_AVG_LOW (1<<8) // Measurement range (sensitivity): +/- 75 deg/sec
#define SENS_AVG_FILTER_129 0x07 // Bartlett filter tap setting: N = 129 taps
#define SENS_AVG_FILTER_65 0x06 // Bartlett filter tap setting: N = 65 taps
#define SENS_AVG_FILTER_33 0x05 // Bartlett filter tap setting: N = 33 taps
#define SENS_AVG_FILTER_17 0x04 // Bartlett filter tap setting: N = 17 taps
#define SENS_AVG_FILTER_9 0x03 // Bartlett filter tap setting: N = 9 taps

#define SENS_AVG_FILTER_5 0x02 // Bartlett filter tap setting: N = 5 taps

#define SENS_AVG_FILTER_3 0x01 // Bartlett filter tap setting: N = 3 taps

#define SENS_AVG_FILTER_1 0x00 // Bartlett filter tap setting: N = 1 tap

// Table 17: MSC_CTRL [p- 13]
#define MSC_CTRL_MEMORYTEST (1<<11) // Memory test; 1 = enabled, 0 = disabled
#define MSC_CTRL_INTSELFTEST (1<<10) /7 Internal self-test; 1 = enabled, 0 = disabled

#define MSC_CTRL_NEGSELFTEST (1<<9) // Manual self-test, - stimulus; 1 = enabled, 0 = disabled
#define MSC_CTRL_POSSELFTEST (1<<8) // Manual self-test, + stimulus; 1 = enabled, 0 = disabled
#define MSC_CTRL_CORRECTGYRO (1<<7) // Gyroscope bias compensation; 1 = enabled, 0 = disabled
#define MSC_CTRL_ALIGNACCL (1<<6) // Accelerometer origin alignment; 1 = enabled, 0 = disabled
#define MSC_CTRL_DATARDYEN (1<<2) // Data ready enable; 1 = enabled, 0 = disabled

#define MSC_CTRL_DATARDYPOL (1<<1) // Data ready polarity; 1 = active high, 0 = active low

#define MSC_CTRL_DATARDYSEL (1<<0) // Data ready line select; 1 = DI02, O = DIO1

// Table 21: DIAG_STAT [p. 14]

#define DIAG_STAT_ZACCL_FAIL (1<<15) // Z-axis accelerometer self-test failure; 1 = error, 0 = normal
#define DIAG_STAT_YACCL_FAIL (1<<14) // Y-axis accelerometer self-test failure; 1 = error, 0 = normal
#define DIAG_STAT_XACCL_FAIL (1<<13) // X-axis accelerometer self-test failure; 1 = error, 0 = normal
#define DIAG_STAT_XGYRO_FAIL (1<<10) // Gyroscope self-test failure; 1 = error, 0 = normal

#define DIAG_STAT_ALARM2 (1<<9) // Alarm 2 status; 1 = active, 0 = inactive

#define DIAG_STAT_ALARM1 (1<<8) // Alarm 1 status; 1 = active, 0 = inactive

#define DIAG_STAT_FLASH_CHK (1<<6) // Flash test, check-sum flag; 1 = failure, 0 = normal

#define DIAG_STAT_SELF_TEST (1<<5) // Self-test diagnostic error flag; 1 = error, 0 = normal
#define DIAG_STAT_OVERFLOW (1<<4) // Sensor overrange; 1 = error, 0 = normal

#define DIAG_STAT_SPI_FAIL (1<<3) // SP1 communications failure; 1 = error, 0 = normal

#define DIAG_STAT_FLASH_UPT (1<<2) // Flash update failed; 1 = error, O = normal

#define DIAG_STAT_POWER_HIGH (1<<1) // Power supply above 5.25 V; 1 = true, 0 = false

#define DIAG_STAT_POWER_LOW (1<<0) // Power supply below 4.75 V; 1 = true, 0 = false
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/* *
Puck Macros and Variable Definitions
*/

// Border(): This macro is used to bound the torque command to a value between Min and Max
// MAX_TORQUE: Value between 0 and 8000, anything over 4200 causes rattling in motor when commanded

#define Border(Value,Min,Max) (Value<Min)?Min:((Value>Max)?Max:Value)

#define MAX_TORQUE 4200 // Max allowed motor torque in Puck units
#define MAX_VELOCITY 1500 // Factory default MV = 1500 cts/ms
#define ONE_REV_LW PUCKconvFactors[0] .counts_per_rev  // Factory default CTS = 4096
#define ONE_REV_RW PUCKconvFactors[1] .counts_per_rev  // Factory default CTS = 4096
/* *
Puck Control Mode States
* */

enum
{ // Property #5: STAT

STATUS_RESET = 0,

STATUS_READY = 2
}:
enum
{ /7 Property #8: MODE

MODE_IDLE = O,

MODE_DUTY = 1,

MODE_TORQUE = 2,

MODE_PID = 3,

MODE_VELOCITY = 4,

MODE_TRAPEZOIDAL = 5
¥
/* *

Puck Properties List
* */

#define VERS 0 // Firmware version
#define ROLE 1
#define SN 2
#define 1D 3
#define ERROR 4
#define STAT 5 // Status: 0 = Reset/Monitor, 2 = Ready/Main
#define ADDR 6
#define VALUE 7
#define MODE 8
#define TEMP 9
#define PTEMP 10
#define OTEMP 11
#define BAUD 12
#define LOCK 13
#define DIGO 14
#define DIG1 15
#define FETO 16
#define FET1 17
#define ANAO 18
#define ANA1 19
#define THERM 20
#define VBUS 21
#define IMOTOR 22
#define VLOGIC 23
#define ILOGIC 24
#define SG 25
#define GRPA 26
#define GRPB 27
#define GRPC 28
#define CMD 29
#define SAVE 30
#define LOAD 31
#define DEF 32
#define FIND 33
#define X0 34
#define X1 35
#define X2 36
#define X3 37
#define X4 38
#define X5 39
#define X6 40
#define X7 41
#define T 42 // Motor torque command (in milliamps)
#define MT 43 // Maximum torque a Puck will apply (in milliamps); Default = 4700 mA
#define V 44 // Motor velocity (in counts/millisecond)
#define W 45 // Maximum velocity (in counts/millisecond); Default = 1500 cts/ms
#define MCV 46
#define MOV 47
#define P 48 // Motor position (in encoder counts)
#define P2 49
#define DP 50
#define DP2 51
#define E 52
#define E2 53
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#define OT 54

#define 0T2 55
#define CT 56
#define CT2 57
#define M 58
#define M2 59
#define DS 60

#define MOFST 61
#define I0FST 62
#define UPSECS 63
#define OD 64
#define MDS 65
#define MECH 66
#define MECH2 67
#define CTS 68
#define CTS2 69
#define PIDX 70
#define HSG 71
#define LSG 72
#define IVEL 73
#define 10FF 74
#define 10FF2 75

#define MPE 76
#define EN 77
#define TSTOP 78
#define KP 79
#define KD 80
#define Kl 81

#define ACCEL 82
#define TENST 83
#define TENSO 84
#define JIDX 85
#define IPNM 86 // The puck torque unit to Nm conversion is stored here; Default = 2755 mA/Nm
#define HALLS 87
#define HALLH 88
#define HALLH2 89
#define POLES 90
#define IKP 91
#define IKI 92
#define IKCOR 93
#define HOLD 94
#define TIE 95
#define ECMAX 96
#define ECMIN 97
#define LFLAGS 98
#define LCTC 99
#define LCVC 100

/* *
ADC (MCP3903) Internal Registers

* */
// TABLE 7-1: INTERNAL REGISTER SUMMARY [p. 37]
#define ADC_CHO 0x00 // Channel 0 ADC Data <23:0>, MSB first, left justified
#define ADC_CH1 0x01 // Channel 1 ADC Data <23:0>, MSB first, left justified
#define ADC_CH2 0x02 // Channel 2 ADC Data <23:0>, MSB first, left justified
#define ADC_CH3 0x03 // Channel 3 ADC Data <23:0>, MSB first, left justified
#define ADC_CH4 0x04 // Channel 4 ADC Data <23:0>, MSB first, left justified
#define ADC_CH5 0x05 // Channel 5 ADC Data <23:0>, MSB first, left justified
#define ADC_MOD 0x06 // Delta Sigma Modulators Output Value
#define ADC_PHASE ox07 // Phase Delay Configuration Register
#define ADC_GAIN 0x08 // Gain Configuration Register
#define ADC_COM 0x09 // Status/Communication Register
#define ADC_CONFIG Ox0A // Configuration Register
// REGISTER 7-3: PHASE REGISTER [p. 40]
#define ADC_PHASEC(val) (val<<16) // CH4 relative to CH5 phase delay (two"s complement)
#define ADC_PHASEB(val) (val<<8) // CH2 relative to CH3 phase delay (two"s complement)
#define ADC_PHASEA(val) (val<<0) // CHO relative to CH1 phase delay (two"s complement)
// REGISTER 7-4: PROGRAMMABLE GAIN AMPLIFIER (PGA) GAIN REGISTER [p. 41]
#define PGA_CHN(gain,chn) (gain << (chn*4 + chn%2)) // Channel PGA gain
#define BOOST_CH(boost,chn) (boost << ((chn*4) + 3*((chn+1)%2))) // Current scaling
#define PGA_GAIN_32 0Ob101 // PGA gain is 32
#define PGA_GAIN_16 0b100 // PGA gain is 16
#define PGA_GAIN_8 0Ob011 // PGA gain is 8
#define PGA_GAIN_4 0b010 // PGA gain is 4
#define PGA_GAIN_2 0b001 // PGA gain is 2
#define PGA_GAIN_1 0b000 // PGA gain is 1
#define BOOST_2X Obl // Channel has current x 2
#define BOOST_NORM 0Ob0 // Channel has normal current
// REGISTER 7-5: STATUS/COMMUNICATION REGISTER [p. 42]
#define COM_READ(val) (val<<22) // Address loop setting
#define COM_WMODE(val) (val<<2l) // Write mode bit (internal use only)
#define COM_WIDTH_CHn(val) (val<<15) // ADC channels output data word width control
#define COM_DR_LTY(val) (val<<14) // Data Ready Latency Control for DRA, DRB, DRC pins
#define COM_DR_HIZ(val) (val<<13) // Data Ready Pin Inactive State Control for DRA, DRB, DRC pins
#define COM_DR_LINK(val) (val<<12) // Data Ready Link Control
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#define COM_DRC_MODE(val) (val<<10) // Data Ready C Mode

#define COM_DRB_MODE(val) (val<<8) // Data Ready B Mode

#define COM_DRA_MODE(val) (val<<6) // Data Ready A Mode

#define COM_DRSTATUS_CHn(val) (val<<0) // Data Ready Status (READ ONLY)

#define WIDTH_24bit 0Ob111111 // Set CHO-CH5 output data word width to 24-bit mode

#define WIDTH_16bit 0b000000 // Set CHO-CH5 output data word width to 16-bit mode (DEFAULT)

// REGISTER 7-6: CONFIGURATION REGISTER [p. 44]

#define CONFIG_RESET_CHn(val) (val<<18) // Reset mode setting for ADCs

#define CONFIG_SHUTDOWN_CHn(val) (val<<12) // Shutdown mode setting for ADCs

#define CONFIG_DITHER_CHn(val) (val<<6) // Control for dithering circuit for idle tones cancellation

#define CONFIG_OSR(val) (val<<4) // Oversampling Ratio for Delta Sigma A/D Conversion
#define CONFIG_PRESCALE(val) (val<<2) // Internal Master Clock Prescaler Value
#define CONFIG_EXTVREF(val) (val<<l1) // Internal Voltage Reference Shutdown Control
#define CONFIG_EXTCLK(val) (val<<0) // Clock Mode
#define OSR_256 Ob11 // Set Delta Sigma ADC oversampling ratio to 256
#define OSR_128 0b10 // Set Delta Sigma ADC oversampling ratio to 128
#define OSR_64 0b01 // Set Delta Sigma ADC oversampling ratio to 64 (DEFAULT)
#define OSR_32 0b00 // Set Delta Sigma ADC oversampling ratio to 32
/* *
LCD Variable Definitions

* */
#define LCD_LINE_LENGTH 21 // Max # of characters that can be printed per line on LCD display
/* *

LQR Variable Definitions

* */
#define WHEEL_RADIUS 0.114 // Radius of left and right wheels [m]
#define DIST_LWtoRW 0.346 // Distance between the L & R wheels along the y-axis
#define G11 0.5 // Decoupling controller matrix element G(1,1)
#define G12 0.5 // Decoupling controller matrix element G(1,2)
#define G21 0.5 // Decoupling controller matrix element G(2,1)
#define G22 -0.5 // Decoupling controller matrix element G(2,2)
#define Kpll -100.0000 // Decoupled LQR pitch gain matrix element Kp(1,1)
#define Kpl2 -60.7486 // Decoupled LQR pitch gain matrix element Kp(1,2)
#define Kpl3 370.5861 // Decoupled LQR pitch gain matrix element Kp(1,3)
#define Kpl4 80.6936 // Decoupled LQR pitch gain matrix element Kp(1,4)
#define Kyll 31.6228 // Decoupled LQR yaw gain matrix element Ky(1,1)
#define Kyl2 3.6995 // Decoupled LQR yaw gain matrix element Ky(1,2)
/*

MESSAGE STRUCTURES
*
/* *
Puck Message Structures
* */
// This structure stores received Puck messages that have been processed and converted to SI units
typedef struct PUCKstructSl
{ 7/ LW = Left Wheel (ID 1), RW = Right Wheel (ID 2)
float theta_XXrad; // Wheel angular displacement [radians]; "XX" denotes LW or RW
float velocity;
float torque;
float temperature;
float x; // Linear displacement along the x-axis
}PUCKmsgID;
extern PUCKmsgID PUCKdataSI[];

/* Note regarding milliAmp_per_Nm factor:
IPNM is never actually used in the pucks themselves. It is simply a non-volatile place to store the
conversion constant so that the controlling PC can read it upon startup and use it to convert between
puck units and SI units of torque for the end user.

Calculating IPNM:
1 Amp = 1024 puck torque units
Puck torques are saturated at 8191 by the communication layer

Motor torque constant: Kt = 0.457 (value published in motor specs sheet)
Motor torque constant: Kt = 0.379 (actual value)

IPNM = [1024 PuckUnits/A] / [0.379 Nm/A] = 2701.85 ~= 2700 PuckUnits/Nm
*/
// This structure stores received Puck conversion factors set by the user (or factory default)
typedef struct PUCKconvFactorsStruct
{ /77 LW = Left Wheel (ID 1), RW = Right Wheel (ID 2)

long counts_per_rev; // Set to CTS = 4096 (counts per revolution)

long milliAmp_per_Nm; // Set to IPNM = 2700 (milli-Amps per Newton-meter)
}PUCKconvFactorsiD;
extern PUCKconvFactorsID PUCKconvFactors[];

/* *
IMU Message Structures

*/

// This structure stores received IMU messages that have been processed and converted to Sl units
typedef struct IMUstructSl

{

float IMUsupply;
float IMUgyro;
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float IMUxaccl;

float IMUyaccl;

float IMUzaccl;

float IMUtemp;

float IMUpitch;

float IMUroll;
}1IMUmsglD;
extern IMUmsglD IMUdataSl;

/*

FUNCTION PROTOTYPES

*.

// support.c function prototypes
void config_clock(void);

void config_pins(void);

void delay_ms(unsigned int t);
void delay_us(unsigned int t);
void delay_ns(unsigned int t);
void improperConfigCheck(void);
void init_samptime(void);

void init_Timer4(void);

char readButtonl(void);

char readButton2(void);

// CAN function prototypes

void init_CAN1(void);

void readCANmsg(void);

int sendCANmsg(int channel, int tx_id, int datalLength, unsigned char *tx_data);

// Puck function prototypes

void config_pucks(char puckMODE) ;

void checkTemp(int pucklID);

void getConversionFactorsPuck(int pucklID);

void resetPucks(void);

void setDefaultPropertiesPuck(int puckID);

void stopWheels(void);

int convertUnits_SI_to_Puck(int puckID, int property, float value);

int getPropertyPuck(int channel, int tx_id, int property, long *reply);
int MSGID(int GRP, int FROM, int TO);

int parseCANmsgPuck(int *rx_id, int *rx_property, long *rx_value);

int setPropertyPuck(int channel, int tx_id, int property, long datavalue);
int setPropertySlowPuck(int channel, int tx_id, int property, long datavalue);
int setTorquePuck(int channel, int pucklD, float value);

int wakePuck(int channel, int who);

long encoderZeroCrossing(int puckID, long position);

float convertUnits_Puck_to_SI(int puckID, int property, long value);

float getPositionPuck(int channel, int pucklD, char n);

// SP1 function prototypes
void init_SPI3master(void);
void init_SPl4master(void);

short readSPImsg(char device);

short sendSPImsg(char device, short SPItx_data);

// IMU function prototypes

void config_IMU(void);

void executeAutomaticSelfTest(void);

void executeFlashMemoryTest(void);

void gyroPrecisionCalibration(void);

void resetIMU(void);

void restoreFactoryCalibration(void);

short convert_12bit_to_16bit_signed(short *value);
short convert_13bit_to_16bit_signed(short *value);
short convert_14bit_to_16bit_signed(short *value);
short getIMUdiagnostics(void);

short getPropertyIMU(short property, short *reply);
short parseSPImsgIMU(short property, short *rx_value);
short setPropertylMU(short property, short value);
float convertUnits_IMU_to_SI(short property, short value);
float get_IMUgyro(IMUmsgID *IMUdataSl, char n);
float get_IMUpitch(IMUmsgID *IMUdataSl);

float get_IMUrolI(IMUmsgID *IMUdataSl);

float get_IMUsupply(IMUmsglID *IMUdataSl);

float get_IMUtemp(IMUmsglID *IMUdataSl);

float get_IMUxaccl (IMUmsgID *IMUdataSl);

float get_IMUyaccl (IMUmsgID *IMUdataSl);

float get_IMUzaccl (IMUmsgID *IMUdataSl);

// UART function prototypes
void init_UART3 (void);

// LCD function prototypes

void clearScreen(void);

void config_LCD(void);

void drawBox(UINT8 x1, UINT8 yl, UINT8 x2, UINT8 y2);
void drawCircle(UINT8 x, UINT8 y, UINT8 radius);

void drawLine(UINT8 x1, UINT8 yl, UINT8 x2, UINT8 y2);
void eraseBlock(UINT8 x1, UINT8 yl, UINT8 x2, UINT8 y2);
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void printLine(char *string, char lineLength);

void printvVariable(char *stringvVar, float number, char precision, char *stringunits);
void resetXYref(void);

void restoreDefaultBaud(void);

void runDemo(void);

void setBacklightintensity(UINT8 duty);

void setBaudRate(UINT8 baud);

void setPixel(UINT8 x, UINT8 y);

void setXref(UINT8 x);

void setYref(UINT8 y);

void terminateLine(char strLength, char lineLength);
void toggleReverseMode(void);

void toggleSplash(void);

char countDigits(int number);

char printFloat(float number, char precision);

char printinteger(int number);

char printString(char *string);

// LQR function prototypes

void logLQRdata(float theta_LWrad, float theta_RWrad, float x, float dx, float phi, float dphi,
float psi, float dpsi, float T_LW, float T_RW);

void LQR(void);

void printLQRdataLCD(float theta_LWrad, float theta_RWrad, float x, float dx, float phi, float dphi,

float psi, float dpsi, float T_LW, float T_RW);

float getStateVariable_x(float theta_LWrad, float theta_RWrad);

float getStateVariable_dx(float x);

float getStateVariable_phi(float Gyaw, float Ax, float Ay);

float getStateVariable_psi(float theta_LWrad, float theta_RWrad);

float getStateVariable_dpsi(float psi);

float RMAFilter(float var, char n, char *k_ptr, float *varArr);

float DisplacementControl(float MinT_x, float MaxT_x, float MinV_dx, float MaxV_dx, float Td_phi);

float DisplacementControl_v2(float MinD_x, float MaxD_x, float MinV_dx, float MaxV_dx, float x);

float PitchControl (float MinT_phi, float MaxT_phi, float MinA_phi, float MaxA_phi, float Td_phi);

float HeadingAngleControl(float MinT_psi, float MaxT_psi, float MinV_dpsi, float MaxV_dpsi, float Td_psi);

float MinJerkTraj(float xi, float xf, float yi, float yf, float t);

float Plcontroller(float Kp, float Ki, float Ts, float error, float error_old, float output_old);

// ADC function prototypes

void config_ADC(void);

void getPropertyADC(char device, char dev_addr, char property, int *reply);
void init_MasterClockADC(int PWMfrequency, char dutyCycle);

void parseSPImsgADC(char property, int *rx_value);

void setPropertyADC(char device, char dev_addr, char property, int value);
int convert_17bit_to_32bit_signed(int *value);

int convert_20bit_to_32bit_signed(int *value);

int convert_23bit_to_32bit_signed(int *value);

int convert_24bit_to_32bit_signed(int *value);

int getLoadCell0ffset_pitch(void);

int getLoadCell0ffset_yaw(void);

float getLoadCellData_pitch(void);

float getLoadCellData_yaw(void);

#endif
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APPENDIX G

DATA LOGGING, MATLAB FILE

% Name: PICtoPC_datalogger.m

% Creation Date: 02/19/2014

% Author: Airton R. da Silva Jr.

% Comments: Configuring and initializing MATLAB"s serial COM port for transmission/reception

% with a PIC32. Received data is processed, stored, and plotted in real-time.

%

% "commaCount” variable counts the number of commas present in data set received from
% PIC32 but it"s primary purpose is to ensure only complete data sets are used in

% subsequent lines of code. If MATLAB"s serial sampling rate is slower than the PIC"s

% data set transmission rate then MATLAB"s input buffer will eventually overflow, causing
% data sets to be separated or resulting in data loss. "commaCount® is used to prevent

% MATLAB errors encountered due to incomplete data sets.

%

% To plot output data in real time, set the PIC32"s sampling rate to a low value (~20Hz)
% in order to give MATLAB enough time to retrieve and process data sets while avoiding

% buffer overflow.

clear all; close all; clc;

%% User defined variables

stateVar = 2; % Specify the state variable that will be observed by MATLAB in real-time
% 1 = 1D | 2 =thtW | 3 = thRW | 4 = x | 5= dx | 6 = phi
% 7 =dphi | 8 =psi | 9 =dpsi | 10 =T LW ] 11 = T RW |
maxCount = 200; % Specify the max number of points that can be displayed in plot
stopTime = 30; % Set run time to terminate data logging [in seconds]
maxDataSet = 1500; % Specify the max number of data sets that will be logged in text file
expectvarN = 10; % Specify the number of unique variables expected from the PIC32

% Specify if data log will be processed and plotted in real-time or stored in a text file
logType = “static”; % "static” data acquisition allows higher sampling rates (<= 150 Hz)
% logType = "dynamic”; % "dynamic” data acquisition plots data in real-time (<= 20 Hz)

%% Preallocating function variables

time = zeros(l, maxCount);

data = zeros(l, maxCount);

count = 0; % Counter used track loop iteration
dataArray = zeros(maxDataSet, expectVarN); % Array used to store serial data

%% Plot parameters
plotTitle = “Serial Data Log~; % Plot title

xLabel = “Elapsed Time [s]"; % X-axis label

yLabel = "Data“; % Y-axis label

plotGrid = "on”; % Turn on grid

min = -1.0; % Set y-axis minimum

max = 1.0; % Set y-axis maximum

scrollWidth = 12; % Range of data displayed in plot; plots entire data log if width <= 0
delay = 0.001; % Specify delay to allow MATLAB plot to update

if (strcmp(logType, “dynamic™))
plotGraph = plot(time,data,"-mo~, “LineWidth",1, "MarkerEdgeColor®, k", ...
"MarkerFaceColor®™,[.49 1 .63], "MarkerSize*,2);
title(plotTitle, "FontSize",25);
xlabel (xLabel, "FontSize",15);
ylabel (yLabel, "FontSize",15);
axis([0 10 min max]);
grid(plotGrid);
end

%% Configuration parameters and initialization for serial COM port (complies with PIC32 config)

delete(instrfindall); % Release all COM ports used by MATLAB
serPIC = serial("COM3™); % Create serial object

serPIC.BaudRate = 115200; % Set Baud rate to 115,200

serPIC.Tag = "PIC32"; % Assign a label to serial port object
serPIC. InputBufferSize = 10000; % Size of input buffer in bytes
serPIC._FlowControl = "none”; % Data flow control (handshaking) is not used
serPIC.Parity = "none”; % Parity checking is not performed
serPIC.DataBits = 8; % Number of data bits transmitted
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serPIC.StopBit = 1; % Number of bits used to indicate end of byte

serPIC.Timeout = 5; % Waiting time to complete read/write operation
serPIC.Terminator = "$7; % Indicator used to terminate a series of bytes
serPIC.ReadAsyncMode = “continuous”; % Automatically read and store data inside input buffer
fopen(serPIC); % Open the serial port read/write

tic; % Begin stopwatch timer

pause(0.8); % Wait for data to arrive (adjust according to device sampling rate)

disp("PIC32 to PC communication initialized!")
disp(” (Close plot to terminate session.)")

% Check if device is transmitting and data is available inside input buffer
ifT (get(serPIC, "BytesAvailable™) == 0)

error("ERROR: Buffer empty; ensure transmission has been initialized.")
end

% Wait until terminator character arrives to avoid data loss during fscanf()
while (fread(serPIC,1) ~= serPIC.Terminator)
end

%% Read data from PIC32 and store tab-delimited data inside a text document
% Maximum PIC32 sampling rate tested to avoid input buffer overflow is <= 66.6 Hz
if (strcmp(logType, “static™))
for k = 1:maxDataSet
% Use this function to check if MATLAB is able to read input buffer before it overflows
fprintf("%d ", serPIC.BytesAvailable)

% Check if MATLAB"s serial input buffer is full and overflowing with data bytes
iT (get(serPIC, "BytesAvailable™) == serPIC.InputBufferSize)

error("ERROR: Serial input buffer overflow! Reduce serial device sampling rate.")
end

% Read data from serial port and format it as a string
dataStr = fscanf(serPIC, "%s"); % Read serial data up until "$° terminator

% Remove terminator character "$" at end of string
dataStr = strrep(dataStr,“$","");

% Convert comma-delimited string to a row vector with a numerical value in each column
dataArray(k,1) = toc; % Append elapsed time to each data set
dataArray(k,2:expectVarN+1) = str2num(dataStr); % Convert string to number set

end

% Save tab-delimited data inside text document
dimwrite(“datalog4.txt”, dataArray, “delimiter”, °“\t","precision”, "%.5F");
type datalog4.txt

end

%% Read data from PIC32 and plot results in real-time
% Maximum PIC32 sampling rate tested to avoid input buffer overflow is <= 10 Hz
ifT (strcmp(logType, “dynamic™))
% Count the number of commas delimiting the data set received from PIC
commaCount = length(strfind(fscanf(serPIC, "%s"),","));

% Terminate loop when graph is closed or spacified max run time is reached
while (ishandle(plotGraph) && toc <= stopTime)
% Read data from serial port and format it as a string
dataASCIl = fscanf(serPIC, "%s"); % Read serial data up until "$° terminator

% Use this function to check if MATLAB is able to read input buffer before it overflows
fprintf("%d ", serPIC.BytesAvailable)

% Check if MATLAB"s serial input buffer is full and overflowing with data bytes
if (get(serPIC, "BytesAvailable™) == serPIC.InputBufferSize)

disp("WARNING: Serial input buffer overflow! Reduce serial device sampling rate.")
end

% Check if stored data set is complete, if not, discard it and fetch new data set
while (length(strfind(dataASCII, ", ")) ~= commaCount)
dataASCll = fscanf(serPIC, "%s"); % Read serial data up until "$" terminator
disp("WARNING: Incomplete data set discarded; a new data set has been retrieved.")
end

% Remove terminator character "$" at end of string
dataASCIl = strrep(dataASCIl,"$","");

% Convert comma-delimited string to a row vector with a numerical value in each column
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dataNum = str2num(dataASCIl);
count = count + 1;

time(count) = toc; % Extract elapsed time
data(count) = dataNum(stateVar); % Extract desired state variable
XxData = time(time > time(count)-scrollwWidth); % Only plot points within scrollWidth range

yData = data(time > time(count)-scrollWidth);
% Plot processed serial data in real-time
if(scrollWidth > 0)
set(plotGraph, "XData" ,xData, “YData" ,yData);
axis([time(count)-scrollWidth time(count) min max]); % Automatically adjust axes
else
set(plotGraph, "XData” ,xData, "YData" ,yData) ;
axis([0 time(count) min max]);
end

% To limit resource consumption, maxi points displayed on plot is limited by "maxCount®
if (count == maxCount)

count = O; % Reset count to zero; old plot points will be overwritten
end

% Allow MATLAB to update plot
pause(delay); % Minimum pause value averages to about 0.008 s
end
end

%% Close serial port

fclose(serPIC); % Close the serial port
delete(serPIC); % Delete the serial object
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APPENDIX H

BILL OF MATERIALS - MECHANICAL COMPONENTS

Table H-1. Bill of materials for the mechanical components and other mechanical

accessories used in prototype construction.

Bill of Materials: Mechanical Components and Other Mechanical Accessories

Reference Qry Part Number Description Supplier P::i:g Total Cost
WHEELED CHASSIS| 1 [N/A Two-Wheeled Chassis Components Grupen | Unknown | Unknown
HANDLEBAR 1 |N/A Handlebar Components (See Zucker's BOM) | Zucker | $334.370 | $334.37
PEND BASE PLATE | 1 |8975k445 Multipurpose Aluminum Sheet (Alloy 6061) |McMaster| $17.23 $17.23
PCB BASE PLATE 1 |89015k18 Multipurpose Aluminum Sheet (Alloy 6061) |McMaster| $28.34 $28.34
6-32 HEX BOLT 16 (90480a007 Zinc-Plated Steel Machine Screw Hex Nut McMaster| $1.16 $1.16
6-32 WASHER 16 [90126a509 Zinc-Plated Steel Type A SAE Flat Washer McMaster| $1.31 $1.31
1-72 CAPSCREW 2 |92196a071 18-8 Stainless Steel Socket Head Cap Screw |McMaster| $5.88 $5.88
1-72 HEX BOLT 2 |90480a002 Zinc-Plated Steel Machine Screw Hex Nut McMaster| $2.96 $2.96
1-72 WASHER 2 |95395a102 Brass Thick Flat Washer McMaster| $3.95 $3.95
EXT RTNG RING 2 |91590A250 Stainless Steel Ext. Retaining Ring McMaster| $2.03 $4.06
CUSHION FOAM 1 [87035k46 Antistatic Super-Cushioning Polyure. Foam |McMaster| $12.38 $12.38
CABLETIE 1 |7130K13 Std. Nylon Cable Tie 40 |bs TS; Pkg. Qty: 100 |McMaster| $4.31 $4.31
GRIP WRAP 3 |32765K211 Blue Thin Wrap-on Grip 1"W; Pkg. Qty: 3 McMaster| $8.18 $24.54
VELCRO 1 |9273K15 Velcro General Purpose Hook and Look McMaster| $11.18 $11.18

Grand Total: $451.67
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