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ECE 480 Application Note
Brushless DC Motor Control Algorithms and Applications

Abstract
Brushless DC motors are high efficiency motors which are used across a wide variety of applications. These motors require more robust control algorithms then their brushed DC counterpart. BLDC motors are synchronous motors that require a 3-phase AC signal to drive them. This note will give a brief overview of BLDC motor control as well as give information and an example of a basic control algorithm.
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Introduction
Brushless DC motors are becoming more common in a variety of motor applications such as fans, pumps, appliances, automation, and automotive drive. The reasons for their increased popularity are better speed versus torque characteristics, high efficiency, long operating life, and noiseless operation. In addition to these advantages, the ratio of torque delivered to the size of the motor is higher, making it useful in applications where space and weight are critical factors. 
The stator of a BLDC motor is similar to that of an induction machine but the windings are distributed quite differently. The stator windings can be seen on the outside ring of figure 1. The two different common distributions of the windings are distributed and sinusoidal. A distributed winding will have a trapezoidal back EMF while a sinusoidal winding will have a sinusoidal back EMF. For more information on back EMF see this note. This application note will focus on BLDC motors with distributed stator windings. The rotor of a brushless DC motor is different in the fact that the rotor contains permanent magnets instead of additional windings. This is represented by the north and south poles in figure 1. 


Unlike a brushed DC motor, the commutation of a BLDC motor in controlled electronically. To rotate the BLDC motor, the stator windings should be energized in a sequence. In order to make sure the motor controller is energizing coils in the correct sequence; Hall Effect sensors must be used to detect the position of the rotor in the motor. When the rotor is spinning inside the motor either a North or South Pole will pass by the Hall Effect sensors which will cause the sensor to output which section of the rotor is passed.
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Figure 1
Objective
This application note outlines the basic theory behind BLDC motor control algorithms and also will give an overview of how to implement basic versions of these algorithms on both the C2000 launch pad and an Arduino microcontroller.
Inverter Bridge

Every AC motor controller will have a high voltage bridge that feeds current into the separate phases. A diagram of this system can be seen in figure 2. This bridge consists of six MOSFET switches that force current through two of the three phases of the motor as seen in figure three. The top three MOSFETS are attached to the positive side of the DC voltage while the bottom three MOSFETs are attached to the ground side of the DC supply. This allows the motor controller to create a negative voltage by changing the direction the current travels through the inductor. Figure 3 below, shows one of the six possible positions the switches can be in. In order to prevent shorts only a single MOSFET on the top and bottom rows can be closed at one time.
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Figure 2
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Figure 3
Commutation

Commutation is process of switching the state of the MOSFETS in the H-bridge in order to keep the motor spinning. As mentioned previously there are six possible states that can be used to drive a BLDC motor, the table below (Figure 4) shows the six states as well as the hall effect sensor combination which represents it state. A graphical representation of these states can be seen in figure 5.
	Hall A
	Hall B
	Hall C
	Phase A
	Phase B
	Phase C
	Sector
	MOSFET ON

	1
	0
	1
	DC+
	DC-
	NC
	1
	A_H, B_L

	0
	0
	1
	DC+
	NC
	DC-
	6
	A_H, C_L

	0
	1
	1
	NC
	DC+
	DC-
	5
	B_H, C_L

	0
	1
	0
	DC-
	DC+
	NC
	4
	B_H, A_L

	1
	1
	0
	DC-
	NC
	DC+
	3
	C_H, A_L

	1
	0
	0
	NC
	DC-
	DC+
	2
	C_H, B_L


Figure 4
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Figure 5

The graphs above (Figure 4&5) both give the state graph for clockwise rotation of a BLDC motor. There are 4 different commutations one for clockwise motion, one for counter-clockwise motion, one for coasting, and one for regeneration.  Regeneration is the state where the motor is able to harness the energy used while braking and put it back into the batteries of the vehicle. This state is essential for applications where high efficiency is critical and speed varies often such as in automobile applications. 
Arduino Implementation 
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This concept can be implemented in its most simple form using a simple 16-bit Atmel microcontroller. In order to expedite the programming and prototyping process and Arduino Uno microcontroller can be used (Pictured to the Left). The Arduino includes a USB port, power adapter, reset button, and pin headers which all help use the ATMEL328 chip for a prototype. It also has free software available for download online. Following the link will bring you to the download page. Were the software is available for several different common operating systems. 
Select the operating system that corresponds to your uses. After installing the Arduino software you are ready to start coding. If you need more help installing the program visit the Arduino site here. The main window of the software should look similar to the window pictured below in figure 7. 
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Figure 6
Coding with the Arduino

To start coding connect your Arduino to the computer via the USB connection. The USB connection provides communication as well as power to the chip. If you are unfamiliar with the Arduino coding environment these tutorials on Youtube are helpful. Now the chip is ready to be programmed. Below a simple example will be explained to get your motor spinning. 


The code below shown in figure seen gives the basic variables that need to be defined. These variables will store the hall effect sensor states and the current speed that is desired for the motor. Next the pin modes must be set. Each pin on the Arduino has either an output or an input mode. IN figure 8 below the pin setup is shown. The pin setup must be contained within your void() loop.
[image: image8.png]int HallState: //Variables for the three hall sensors (3.2,1)
int HallState2;

int HallState3;

int HallVal = 1: //binary value of all 3 hall sensors

int mSpeed = 0; //speed level of the motor

int bSpeed = 0: //braking level

int throttie = 0: //ths variable is used with analog in to measure the position of the throttie
potentiometer





Figure 7
[image: image9.png]void setup() {
pinMode(2 INPUT); ~ // Hall 1
pinMode(3.INPUT)  // Hall 2
pinMode(4.INPUT)  // Hall 3

J/ Outputs for the L6234 Motor Driver
pinMode(5.OUTPUT). //IN 1
pinMode(s.OUTPUT). //IN 2
pinMode(7.OUTPUT). //IN 3
pinMode(9,0UTPUT). //EN 1
pinMode(10.0UTPUT). //EN 2
pinMode(11,0UTPUT), // EN 3
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Figure 8                                                                           Figure 9                                              
Next you must setup the PWM pins so that the frequency they operate is 32 kHz. This can be accomplished in a few different ways and is outside the scope of this document. There is a great tutorial for accomplishing this task here. Now that the pin modes, variables, and other settings are correct the main loop of the program can be constructed.


It is helpful to instantiate the serial communication available on the Arduino; this allows you to debug the program as it is running in real time. The code to start the serial communication is shown in figure 9. The code above will need to be uncommented in order to work properly. Next the program will need to read information from the user and the hall effect sensors from the motor.
[image: image11.png]throttie = analogRead(0). //value of the throttie potentiometer

mSpeed = map(throttie, 512, 1023, 0, 255). //motoring is mapped to the top half of potentiometer
bSpeed = map(throttie, 0, 511, 255, 0): // regenerative braking on bottom half of pot

JimSpeed = 100: //used for debugging

HallState1 = digitalRead(2): // read input value from Hall 1
HallState2 = digitalRead(3): // read input value from Hall 2
HallState3 = digitalRead(4); // read input value from Hall 3





Figure 10
Figure 10 shows the code necessary to set variables equal to the inputs on the microcontroller. The final step of programming is to implement the 6-step commutation in code. The example code for this step is given in example 2 of the appendix. This section of code is a state machine that switches state depending on the input from the hall effect sensors. These states will change the outputs of the microcontroller so that the PWM is applying the correct voltage to each phase in turn.
Testing the Code

As mentioned previously the serial monitor on the Arduino is a great tool for troubleshooting code that has been developed. There are several other ways that code can be tested for this project. Before hooking the microcontroller to the motor it is possible to test its output using a dummy hall effect input. This can be accomplished in software with the Arduino or with another microcontroller that can be interfaced with the Arduino. In example one of the appendix, code is given which will simulate the hall effect output of a motor. This code is written for the MSP430 microcontroller and is essentially a state machine with six states that change based on a predetermined rotation. This code is written so that the hall effect sensors cycle at a frequency of 84 Hz. The code can easily be modified to vary the frequency based on a voltage input. The code for the analog to digital conversion is given at the top of the example code.
Conclusion
This application note gives a rudimentary overview of BLDC motor control and a way to implement a simple BLDC motor controller. There is much more involved with an industrial grade controller such as PID control, over current protection, temperature sensing and other capabilities. It is possible to use the Arduino to implement some of these features but it is recommended to move to a more powerful microcontroller in order to provide smooth operation and increased safety. One option to look at is TI’s Piccolo microcontrollers which have far more capabilities then the Arduino.
Appendix
Example 1:  Dummy Hall Effect Sensor designed for MSP430 

· Runs at 84 HZ

· Can easily be adapted to another microcontroller


#include <msp430g2553.h>

int Next_State=2;
int Current_State=1;
long delay=0;

int main(void) {
WDTCTL = WDTPW | WDTHOLD; // Stop watchdog timer
P1DIR=BIT1+BIT2+BIT3;

/********************************Analog to Digital Set UP***********************************/
ADC10CTL1 = INCH_4+ CONSEQ_2;  //Enable Continuous one channel read
ADC10AE0=BIT4;                 //Turns on A4 which is on P1.4
//Sets on V_ref to 2.5
//Enables Reference, ACD10 and
//Sets Sample and Hold time to 4 cycles
//Enable MCS
ADC10CTL0 = REF2_5V + REFON + ADC10ON + ADC10SHT_0 + BIT7+SREF_1;
_delay_cycles(5);
ADC10CTL0 |= ENC + ADC10SC;                  //Enables ADC

/***************************************PWM SetUp*********************************************/
DCOCTL = CALDCO_16MHZ; //Sets DCO to 16 MHz
BCSCTL1 = CALBC1_16MHZ;
//PIN P1.6 Outputs TA0.1
P1SEL=BIT0;
//MCx=11 The timer repeatedly counts from zero up to the value of TACCR0 and back down to zero.
//SMCLK is the clock source
TA0CTL=TASSEL_2+BIT5+BIT4; //Up/down mode: the timer counts up to TACCR0 then down to 0000h.
TA0CCR0=1023;              //max value to ADC
TA0CCTL1=OUTMOD_2;         //Set mode 6
TA0CCR1=245;               //Sets the Duty Cycle


while(1)
{
 Current_State=Next_State;
switch(Current_State)
{
case 1:
P1OUT=BIT1+BIT3;
Next_State=2;
break;
case 2:
P1OUT=BIT3;
Next_State=3;
break;
case 3:
P1OUT=BIT3+BIT2;
Next_State=4;
break;
case 4:
P1OUT=BIT2;
Next_State=5;
break;
case 5:
P1OUT=BIT1+BIT2;
Next_State=6;
break;
case 6:
P1OUT=BIT1;
Next_State=1;
break;
}

_delay_cycles(30000);
TA0CCR1=500;
}

}

Example 2: Clockwise rotation code for motor

· 6 states are changed based on input from hall effect sensors
· Speed is changed by throttle

switch (HallVal) 
       {
        case 3:
          //PORTD = B011xxx00;  // Desired Output for pins 0-7 xxx refers to the Hall inputs, which should not be changed
          PORTD  &= B00011111;
          PORTD  |= B01100000;  // 

          analogWrite(9,mSpeed); // PWM on Phase A (High side transistor)
          analogWrite(10,0);  // Phase B off (duty = 0)
          analogWrite(11,255); // Phase C on - duty = 100% (Low side transistor)
          break;
        case 1:
          //PORTD = B001xxx00;  // Desired Output for pins 0-7
          PORTD  &= B00011111;  // 
          PORTD  |= B00100000;  // 

          analogWrite(9,mSpeed); // PWM on Phase A (High side transistor)
          analogWrite(10,255); //Phase B on (Low side transistor)
          analogWrite(11,0); //Phase B off (duty = 0)
          break;
        case 5:
          //PORTD = B101xxx00;  // Desired Output for pins 0-7
          PORTD  &= B00011111;  //
          PORTD  |= B10100000;

          analogWrite(9,0);
          analogWrite(10,255);
          analogWrite(11,mSpeed); 
          break;
        case 4:  
          //PORTD = B100xxx00;  // Desired Output for pins 0-7
          PORTD  &= B00011111;
          PORTD  |= B10000000;  // 

          analogWrite(9,255);
          analogWrite(10,0);
          analogWrite(11,mSpeed);
          break;
        case 6:
        //PORTD = B110xxx00;  // Desired Output for pins 0-7
          PORTD  &= B00011111;
          PORTD = B11000000;  // 

          analogWrite(9,255);
          analogWrite(10,mSpeed);
          analogWrite(11,0);
          break;
        case 2:
          //PORTD = B010xxx00;  // Desired Output for pins 0-7
          PORTD  &= B00011111;
          PORTD  |= B01000000;  // 

          analogWrite(9,0);
          analogWrite(10,mSpeed);
          analogWrite(11,255);
          break;
       }  
     }
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