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High Performance Torque Control of Brushless DC Motor Drive
Based on TMS320LF2407 DSP Controller
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A. Vahedi', H. Moghbeli%, A. Halvaei Niasar®

Abstract — Brushless DC (BLDC) motor is attracting much interest due to its high efficiency,
good performance and ease of control for many applications. This paper presents the design and
implementation of a torque controller for a Brushless DC motor drive using the TMS320LF24074
digital signal processor (DSP) produced by Texas Instruments. Firstly, a theoretical analysis of a
BLDC motor drive is presented and the validity of the proposed analysis is verified by simulation.
The torque is controlled via current regulation directly. Then, hardware and sofiware details of
the system are explored. Finally, an experimental system included by a BLDC motor, DSP control
board, inverters, rectifier is set up to validate the theoretical ones. Copyright © 2007 Praise

Worthy Prize S.r.l. - All rights reserved.
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Nomenclature
Damping
Back-EMF voltage of phase A
Back- emf voltage of phase B
Back- emf voltage of phase C
Magnitude of phase back- emf voltage
Current of phase A
Current of phase B
Current of phase C
DC-link current

DC-link reference current
Moment inertia

Back-EMF voltage constant
Torque constant

Phase inductance
Mutual inductance
Phase resistance

Electromagnetic torque

Developed electromagnetic torque of phase
A

Developed electromagnetic torque of phase
B

Developed electromagnetic torque of phase
€

Load torque

Torque reference

Terminal voltage of phase A
Terminal voltage of phase B
Terminal voltage of phase C
DC-link voltage
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@, Rotor speed
SF1_x  Switching function of phase x (x=a.b,c)

L Introduction

Recent development in permanent magnet (PM)
materials, power electronics, fast digital signal
processors (DSPs) and modern control technologies
have significantly influenced the wide spread use of
permanent magnet brushless (PMBL) motor drives in
order to meet the competitive worldwide market
demands of devices, products and processors. The
availability of smart power electronics devices and their
optimal topologies has accelerated the growth of cost
effective and reliable inverter systems. Software
controlled on-line implementation of optimal controllers
has advanced the art of digital control of PMBL motor
drives [1].

Motor drives are traditionally designed with
relatively inexpensive analog components.

The weakness of analog systems is their
susceptibility to temperature variations and component
aging.

Another drawback is the difficulty of upgrading
these systems.

Digital control structures eliminate drifts and, by
using a programmable processor, the upgrades can be
easily accomplished by software. The high performance
of digital signal processors (DSPs) allows them to
perform high resolution control and minimize control
loop delays. These efficient controls make it possible to
reduce torque ripple, harmonics and improve dynamic
behavior in all speed ranges.
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Overall, these improvements result in a reduction of
system cost and better reliability [2].

High efficiency due to reduced losses, low
maintenance and low rotor inertia of PM brushless
motors have increased the demand of these motors in
high performance applications such as aerospace,
transportations and robotics.

PM brushless motors are categorized into two
groups: sinusoidal flux waveform named PMSM or
BLAC and trapezoidal flux waveform named brushless
DC (BLDC).

Brushless DC (BLDC) motor with trapezoidal flux

utilizes the trapezoidal back-EMF with square wave
currents to generate constant torque.
It enjoys some advantages rather than BLAC motor
as followings: higher torque for same motor density,
lower and simpler manufacturing cost, Simple
controller, very simple and cheap position sensors for
commutations (3 Hall Effect sensors). The BLDC motor
is inherently electronically controlled and requires rotor
position information for proper commutation of currents
[3]-[4].

On the other hand, DSP chips become popular for
research on digital control for AC drives due to their
high-speed performance, simple circuitry, and on-chip
peripherals of a micro-controller into a single chip
solution.

Especially the new generation DSP controller
TMS320LF2407A produced by Texas Instrument,
which has the advantages of high speed (MIPS)
performance, 2 set (12 outputs) of PWM output, 2 set of
QEP (Quadrature Encoder Pulse) input, 16 channels 10-
bit A/D converter bits, General Purpose Input/Output,
(GP1O), is very suitable to develop a fully digital
controller and a complicated intelligent control
algorithm in servo motor drives [5].

This paper presents the modeling and hardware
implementation of BLDC motor drive. The basic
analysis of BLDC motor drive is described. The drive
system implementation and major part of control is
realized through software.

II.  Analysis of Brushless DC Motor Drive

I1.1.  Modeling of Three-Phase BLDC Motor

BLDC motor has characteristics as like as a DC
motor, whereas it is controlled the same as AC motors.
Fig. 1 shows the three phase currents waveforms with
the trapezoidal back-EMF voltages of a BLDC motor
[6].

As shown, to generate constant output torque, BLDC
motor needs quasi square current waveforms, which are
synchronized with the back-EMF. The typical
mathematical model of a three-phase BLDC motor is
described by the following equations:
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The electromagnetic torque is expressed as:
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which the developed electromagnetic torque of each
phase is obtained by:
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Fig. 1. Signal waveforms of a BLDC motor

The interaction of 7, with the load torque determines
how the motor speed builds up:

dw

T ok b By 4
e L dt ()

The magnitude of back-EMF voltage (E) depends on
the speed and is calculated from:

E=K,0, (5)
Brushless DC motor is controlled as easy as a
separate-exited DC motor. Reference current is related

to desired torque as:

Tper = Kidpor (6)

It means that the electromagnetic torque is controlled
by regulating the DC-link current.

International Review of Electrical Engineering, Vol. 2, N. 3
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Fig. 2. Equivalent circuit of the three- phase BLDC motor
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Fig. 3. Basic configuration of trapezoidal BLDC motor drives with DC-link current controlled
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Fig. 4. Implementation of the Brushless DC motor drive in Matlab/Simulink
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Fig. 5. Simulation results of brushless DC motor drive
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11.2.  BLDC Motor Drive Simulation

Fig. 3 shows the overall system configuration of the
three-phase BLDC motor drive. The inverter topology
is six-switch voltage-source configuration with constant
DC-link voltage (V).

The PWM three-phase inverter operation can be
divided into six modes according to the current
conduction states as shown in Fig. 1. The three phase
currents are confrolled to take a form of quasi-square
waveform.

For this motor, in each time only two phases are
excited through the conduction operating modes and the
third phase is silent. So, we can use just one current
sensor located in the DC-link [7].

Fig. 4 shows the implementation of the BLDC motor
drive in Matlab/Simulink software. As shown, in Back-
EMF generator block, based on the rotor position, the
numerical expression of back-EMF can be obtained. In
Current Control block, phase current are regulated via
hysteresis current controller. This block out the
switching functions (SF1_a,b,c) that are applied to
power switches.

Line voltages are calculated in the voltage Inverter
block using DC-link voltage and switching functions
signals.

Developed line voltages are applied to motor and in
the BLDC Motor Model block, phase currents are

calculated from Eq. (1). Fig. 5 shows some simulation
results.

III. System Hardware Structure

Fig. 6 shows a schematic of the hardware system that
composes of the following parts: DSP board, switch
drive circuits, current and voltage sensing circuits,
IGBT modules, BLDC motor with three Hall Effect
position sensor mounted on it and DC-link part
including rectifier, capacitor and brake resistor. As
following, the main parts are described briefly.

1111, DSP Controller

An eZdsp board of TMS320LF2407A DSP acts as
controller to control the whole of the system [8]-[9].

It reads the current and position feedback,
implements the torque control algorithm and finally
generates the gate signals. DSP can take the command
torque or current from remote via its CAN, SPI, SCI
ports or from an external potentiometer into its ADC
units or from its data memory. Voltage and current
signals after pre-conditioning circuits come into ADC
modules to convert to digital signals. At the end of each
cycle, DSP generate six independent PWM signals, and
outs to opto-isolated switch drivers. The switch drivers
isolate and amplify the DSP commands and send to
IGBT modules.

Display
T
DAC
PWMI1 ~ PWM6 [ Driver
TMS320LF2407A
C K Faults
= AL
ADC L& 8B  ADCLADCO
Y
Ve Lee
HyjHj |y, Rectifier U = | 6-Switch
g8 g Inverter
@_ BLDC T,
Motor -
DC Generator
Load

Fig. 6. Hardware structure of BLDC motor drive base on TMS320LF2407A
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Fig. 7. Circuit schematic of each switch driver board

1112, Switch Driver Circuit

The output pulses from TMS320LF2407A DSP are
not capable of directly driving the IGBTs of higher
ratings. Hence device drivers HCPL A316J are used.
Six driver circuits are used to drive the IGBTs. Fig. 7
shows the schematic of each A316J drive board.

I3, Current and Voltage Sensing Circuits

Torque control needs to know the current value. Also
o protect the circuit from over voltage and over current
conditions or rotor stall condition, some current and
voltage sensing is required.

Using resistors causes additional power losses and
also has low accuracy. So, we have used isolated
current and voltage transducers LA-55P and LV-25P
made by LEM, and design conditioning board to apply
their output to ADC channel of DSP board.
Conditioner, amplify and add DC offset to make the
signal between 0~3.3V. Fig. 8 shows the schematic of
the current sensing board. Voltage sensing is the same.

LEM 55-P

MO+
1]

-15V  +15V :
Signal

1 . =——{=ADCO
_L Conditioning :
Riyg c

DSP

Fig. 8. Circuit schematic of current sensing board
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IV. Software Design of the Control
System

V1. Software Organization

This section presents the overall software structure
and the Interrupt subroutine flowcharts. As shown in
Fig. 9, the software is based on three modules: System
initialization, Protection and the Run module.

The first step for development of the software is to
initialize all peripherals on the DSP board, which
includes initialization of the PWM ports, timer
interrupt, Analog-to-Digital (A/DD) converters. Also, the
needed variables must be defined in the initialization.
The second module checks the healthy of the drive
includes power module, DC-link over current/voltage or
other favorite conditions.

The third one is the BLDC control dedicated
software.

It is based on a waiting loop interrupted by both the
Timer 2 unit (INT2) and the Capture unit (INT4) of
Event Manager A (EVA).

1V.2.  General Interrupt Service Routines

IV.2.1. GISR2 Service Routine

This interrupt is belonged to INT2 level and its
request is generated every current loop period with T1
timer period interrupt.

As shown in Fig. 10, before running the instructions,
drive healthy is checked through protection subroutine.
Interrupt operations performed inside are: Start of
Conversion (measuring the variables that come into
ADC unit), current/torque regulation, updating the duty

International Review of Electrical Engineering, Vol. 2, N. 3
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cycle, load the compare registers and finally outing the
commands to switch drivers through SEQUENCE

subroutine.

System
Initialization
L]
Protection
Subroutine

Read Initial Position:

1- Disable Capture unit functionality
2- Set Capture pins as GPIO pins

3- Read Hall sensors states

4- Enable Capture unit functionality

o
3

4

Waiting for
INT2 & INT4 Interrupts

Fig. 9. System software flowchart

T1PR register is set to 500 to have 10 kHz current
loop frequency and for current regulation, a PI
controller is used.

At the end of GISR2, program jumps to infinite loop
and waits for next interrupts.

IV.2.2. GISR4 Service Routine

This interrupt is belonged to INT4 level and its
request is generated whenever a pulse level change
occurs on the each input pins of Capture unit 1 (CAP1,
CAP2, CAP3).

As shown in Fig. 11, firstly the drive healthy is
checked. GP Timer 2 is the time base of Capture unit.
The value of the GP timer 2 is counted and stored in the
corresponding registers when a specified transition is
detected on a capture input pin (CAPx). After transition
detection, capture pins are configured as GPIO
functionality to read the hall sensors states and the
motor position is determined.

GISR2 also may calculate the speed via a fixed point
division.
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T1PR Interrupt
(PIVR=27h)

Save Status Registers

.

Protection
Subroutine

:

Read Current & Voltage via
ADC Subroutine

!

CURRENT_CONTROL
Subroutine

'

Update Compare Registers via
SEQUENCE Subroutine

!

1- Reload Status Registers
2- Clear INTM bit
3- Clear EVAIFRA register

Fig. 10. GISR2 Interrupt service routine flowchart

V. Experimental Results

The experimental test bed as shown in Fig. 12 has
been designed and developed in the laboratory. The
experimental setup consists of a 300 [W] Brushless DC
motor loaded with a Permanent Magnet DC generator.
The rated parameters of the BLDC motor are
summarized in Table I.

TABLEI
RATED PARAMETERS OF THE BLDC MOTOR
f 300 [W] Oyaged 500 [RPM]
T 5.7 [N.m] 7 16
o 10 [A] Vistea 44 [V]
Risne (2R) 1.4[Q] K 0.57 [N.m/A]
Liime (2*(L-M)) 1 [mH] K, 0.3 [V/rpm]

The load is adjusted by the resistor that is connected
to the DC generator. The IGBT switches are used for
inverter where the switching frequency is 10 kHz. All
waveforms are captured via a storage digital
oscilloscope. Fig. 13 shows the phase current
waveforms and hall sensor of phase A, when the motor
operates at stable state and maximum duty cycle. It
coincide theoretical waveforms shown in Fig. 4. In Fig.
14, switching command of S; IGBT, current of phase A
and line voltage V,; are shown at duty cycle 100%. Fig.
15 shows the line voltages at duty cycle 100%. They are
trapezoidal waveforms and the same as phase back-
EMF voltage but with constant region 60 degree. Fig.
16 shows the switch command of S, and S, IGBTs line

International Review of Electrical Engineering, Vol. 2, N. 3
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voltage at duty cycle 50%. The line voltages are as
PWM waveforms.

Capture Interrupt
(PIVR=33h,34h,35h)

:

Save Status Registers

!

Protection
Subroutine

y

Speed Calculation
via saved time by Timer 2

!

CURERENT_CONTROL|
Subroutine

;

Update Commutation Code via:

1- Disable Capture unit functionality
2- Set Capture pins as GP1O pins
3- Read Hall sensors states

.

Update Compare Registeres via
SEQUENCE Subroutine

v

Enable Capture unit functionality

v

1- Reload Status Registers
2- Clear INTM bit
3- Clear EVAIFRC register

CRetum

Fig. 11. GISR4 Interrupt service routine flowchart
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(b) Entire of the drive

Fig. 12. BLDC motor drive system
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VI. Conclusion

The torque controller system of BLDC motor which
can be used in traction applications is studied in this
paper. The core of the driving system is the
TMS320F2407A chip. The main advantages are:
increased system reliability and cost reduction of the
overall system. The switch driver circuit consists of the
driver chip HCPL316 and peripheral circuits. Current
regulation is implemented via hysteresis control strategy
and sensing DC-link current. The simulated results
conforming the experimental results have validated the
models and algorithms developed in this research. The
implementation through assembly language
programming of DSP has resulted in reduced hardware
and fast response of the controller.

The proposed software is flexible and further
modifications in control structure are also possible by
changing the software. For example, implementing the
sensorless control of brushless DC motor drive can be
accomplished by capturing the zero crossing points of
line voltages instead of capturing the Hall Effect
sensors signals.
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