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ABSTRACT

Today, the application of*the motor is diverse such as robot arms, electric
vehicles, radio control (R/C) models, and etc. However, the brushless DC motor,
BLDC motor in brief, is utilized popularly‘because of its high toque and
maintenanceless. To drive the BLDC motor, the Hall-effect sensors located inside
the motor are traditionally used to detect the rotor position and deliver the
information to the controller. However, the sensors will increase the volume of the
motor and may cause damage while rotating in high speed and in high heat
environment. Thus, a sensorless method is proposed recently to avoid the use of
these sensors. This thesis realizes a sensorless drive for the BLDC motor on the
powerful F2812 DSP board by implementing the position estimated method, which
computes the back-EMFs from the feedback of the terminal voltages of BLDC
motor. The speed of the motor is able to be regulated by changing the duty ratio of
the input PWM signals. Additionally, an open-loop start-up procedure is adopted to

fulfill the rotation from standstill to a fixed speed.
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Chapter 1

Introduction

1.1 Background

Many kinds of motors such as brush motor, BLDC motor and PMSM motor are
invented in the application of the motor robot arms, electric vehicles, radio control
(R/C) models, and etc. The brushless DC motor, BLDC motor in brief, is utilized
popularly since its high toque power and no extra maintenance. Unlike the brush motor,
the driving of the BLDC motor is not only needed.the power but also the sequential
input signals provided by additional controller and driver according to the rotor
position of the motor. Traditionally, an‘internal sensor called Hall-effect sensors are
used to detect the rotor position and produce the signals to the controller. However,
these sensors occupy the space of the motor and may suffer damage in the high heat
environment under the high speed rotation. The sensorless methods which are
proposed in [1]-[6] are applied to avoid the disadvantages of the sensors and achieve
the same goal of driving the BLDC motor.

Based on these methods, a driving strategy is implemented in the computer or
controller to develop a whole system for driving the motor plant. The hardware is

claimed to possess the two important I[/O modules, PWM module and ADC module. In



the thesis [19], the driving strategies are created by the Simulink®, and the AD/DA card,
PCI-6024E, is an I/O board as the communication between the plant and the computer.
In the industry and business, the TI® 2000 series of DSP boards are particularly
designed and applied in the motor contro/l, providing the completely peripherals
including PWM module and ADC module for all kinds of the motor. The whole

driving strategies should be programmed in C language or assemble language and
compiled to machine code, then download the machine code to the DSP chip. Thus, the
executing process to control the plant only adopts the DSP board and the driver circuits,

without a computer.

1.2 Thesis Organization

The purpose of the thesis is to drive the BLDC motor by implementing the
sensorless control strategy in the F2812 DSP board, which has complete interfaces and
powerful operating frequency. Hence, the proposed sensorless control strategy can
regulate the motor to a high speed by producing control signals. The high speed R/C
BLDC motor is used as the plant since it is small and has high efficiency and low
power consumption. In the thesis, Chapter 2 introduces the basic concepts of BLDC
motor and Chapter 3 introduces the sensorless method based on zero-crossing

detection [7] and the start-up procedure [7]. The description of the DSP board is briefly



given in Chapter 4, especially on the ADC module and PWM module. The core of this
thesis is the software programming and hardware implementation proposed in Chapter
5, including the flow charts and the circuitries. Some techniques and trial-and-error
ways are also proposed in Chapter 5. The experiment results are shown in Chapter 6 to
verify the sensorless control strategy and the start-up procedure. Finally, Chapter 7

presents the concluding remarks.



Chapter 2
The Review of BLDC Motors

The traditional DC motor has to commutate phase currents with the use of brushes,
which are easily worn and thus require maintenance. Commonly, friction and noise
would be also produced by the brushes not only to disturb the surrounding electrical
equipments, but also to shorten the lifetime of the DC motor. To avoid the above
disadvantages, the brushless DC motor, BLDC motor in brief, has been adopted as a
substitute of the traditional DC motor. This chapter will introduce the mathematical

model of a BLDC motor and present its typical driver.

2.1 The mathematical model of BLDC motors

The equivalent circuit model of a BLDC motor with Y-connected stator windings
is shown in Fig.2.1. Since the neutral point is isolated, the phase currents of BLDC
motor, i(t), ips(t), ics(t), are related as

i, (£)+i,, () +i (1) =0 (2-1)



as

\ 4

as

A 4

cs

Fig.2.1 Equivalent circuit model of a BLDC motor

The three windings are distributed with ?ﬁ in electrical degree apart to each other.

Let L, and L, represent the self-inductance and the mutual inductance of the stator

winding, and A, A4,,, A, be the fluxlinkages related to the three phases of the

stator [8]. Therefore, the stator flux can be'expressed as

ﬂ’a.v = inas + Lmsibs 7, Lmsics s /’me COS(HE) (2-3)
. . . 2z

ﬁ‘bs = Lmslas + lebs + Lmslcs + ;i“pm COS(&C - TJ (2_4)
. . . 4r

]‘m = Lmslas + Lmslbs + lecs + //i'pm COS[QQ - T] (2_5)

where 6, is the permanent magnetic angle. Moreover, A4, is the flux magnitude
produced by the permanent magnets, which are assumed sinusoidally distributed in the

air-gap. Then, the stator voltages, v,(t), vas(t), and v(t), can be formulated as

\

v 0= Ri (02,0, (-6)

v 0= R (45 2,6.) @)
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v ()= Ri 0+ 2.0,.) (2-8)

Thus, (2-6)-(2-7) can be rewritten as

vas (t) = Rsias (t)+ Ll:ﬂS (t) - a)ej“pm Sin 9@ (2-9)
v (0)= Ry ()4 Li, ()-o.4,, sm(ee _gﬁj (2-10)
L O=RLO 100 s sn{0.3x)

where o, = dié’e is the electrical angular velocity, and L =L —L, . Also, the matrix
t

form can be shown as

R 0 0 L 0.0 sin '9e2
Vs =| 0 R0 [l %10 L 0}, =01, sm(ee —gﬂ'j (2-12)
0 0 R 0. 0L 4
sin| 0, ——1m
{e3)
VGS las
where V. =|v, |, |, =|1, |- Therefore, the back-EMFs [9] could be shown in
vCS ZCS
matrix form as
e sin@,
a ' 2
e |=-w4,, Sll’l[@e—gﬂ'j (2-13)
eC
sin(@e - iﬁj
— 3 -l

From (2-9)-(2-11), the dynamic equation of the 3-phase stator is represented as

o, A om

sind, (2-14)



. A
0= 0 o 0 s 0, -2 (-15)

: A
N (-16)

Besides, since the rotor would be engaged by the excited phase currents, the torque of

the motor produced while moving could be shown as[20]

ow,
0,)=— 2-17
=" (2-17)

e

]; (las 4 lbs ’ lcs 4

where W, is the co-energy defined in Fig.2.2, and represented as

W,y = [ Aulliy +| Ayydiy, +| 2,,di., (2-18)
L.
=i
BN
=]
NN .

Fig.2.2 Characteristic for co-energy

From (2-3)-(2-5), for a p-pole 3-phase motor, the total electrical energy could be
expressed as
i +L i1

mslhs cs ms"”as cs]

+§1pm {ias cos(@e )+ Iy, cos[@e —%72’) +i cos(@e —%ﬂﬂ

svcs mslas lbs + L

w,=Plri vri vz v 2[L
22 2
(2-19)

Then, the electromagnetic torque would be formulated by three phase currents as



T = —gﬂpm {ias sin(&’e )+ iy, sin[&’e —%72’) +i, sin[&’e —%ﬁﬂ (2-20)
From (2-16), the relationship between electromagnetic torque and back-EMFs would

be represented as

las + eblbs + eclcs

T,=2% (2-21)

(0]

e

According to the Newton law, the electromechanical equation can be expressed as

1.~ 2(B,,+7,)=>(Jo,) 2-22)
p p
or
2, .
T, == (Joy¥ B, 0, +T,) (2-23)
p

where J is the motor’s inertia, By, i$ the viscous damping, 77} is the load torque.
Therefore, the mathematical model of the BEDC motors are (2-14)-(2-16) and

(2-23). In these dynamic equations, there are four state variables, iy, ibs, ics, and @, ,

and three input voltages, v, v, ,and v_, and one external load torque 77.

as ?

2.2 The typical driver of BLDC motors with Hall-effect
Sensors

The typical commutation for a BLDC motor is accomplished by controlling the
six inverter switches based on the sequence of six segments CB, AB, AC, BC,

BA, CA to produce the phase current waveforms as shown in Fig.2.3[21], and the



rotor position is required to be detected before switching. The rotor position which is

commonly obtained according to the Hall-effect sensors located inside the motor is

represented by a three-bit digital signal. With these Hall-effect sensors, the system of a

BLDC motor is schematically depicted in Fig.2.4, including the driver circuit and

PWM control.
A CI AB AC BC B¢ Cs
Phase A Ca ! iy ! ! ! ! !
| : | X X :
0 : : : \l ' l/
Phase B i i % zbi \ i
0 ; ' | f | ;
: '/ : ! ! \I—
Phase C | i, e | | | i E
0 | | | | | :
| i | i | A
0 60 120° 180 240 300 360

Fig.2.3 Ideal back-EMF and phase current waveform of a BLDC Motor



Driver circuit

= SRS o
SHH}SS%E} S%} : jﬂir; i ,iwﬁ
wy  PETEEL

. . . 4—_
ratio Commutation Logic Hb
— «— -
PWM control Hec
< L

Hall-effect sensor

Fig.2.4 System schematic of a BLDC Motor by using Hall-effect sensor

For example, if the Hall-effect sensors send out 001 which means the rotor
position is in the segment CB ;the transistors'S; and Ss in the driver circuit should be
turned ON to produce the phase current pass through a to . Then, the rotor will move
to the region located in segment AB and the Hall-effect sensors will send out the
three-bit signal 101. Step by step, the rotor will be rotated following the sequence of
CB, AB, AC, BC, BA, CA,and the properties related to these six segments are
shown in Table.2.1. By the way, the segment AB also represents the direction of the
phase current pass through a to b where i, is positive and i, is negative as shown in
Fig.2.3. Additionally, the two cascaded power transistors in the driver circuit can not
conduct at the same time, such as S; must be ON while S4 is OFF, to avoid burned out.

Evidently, the Hall-effect sensors are commonly used to measure the rotor

10



position, which is important information for normally operating the BLDC motor.
Unfortunately, the Hall-effect sensors have some disadvantages to face. They may
increase the cost and size of the motor, or may be affected by the operating conditions,
such as temperature or humidity. Therefore, the strategy of sensorless instead of the
Hall-effect sensors has become more and more popular nowadays, which will be

discussed in the next chapter.

segment Electrical angle Switch on snglé-resﬁzﬁgl
CB 0° ~60° S3, Ss 001
AB 60°~120° S1, Ss 101
AC 120°~180° S1, Se 100
BC 180° ~240° S». Se 110
BA 240%~300° S1, S4 010
CA 300 ~2360° S3, S4 011

Table 2.1 Properties related to the six segments

11



Chapter 3

Sensorless Control for BLDC Motors

From the previous chapter, in order to substitute the Hall-effect sensors located
inside the motor, several sensorless control strategies have been proposed, such as
back-EMF based position estimation method[10], Kalman-filter based method[4], third
harmonics voltage position detection method[5], and free-wheeling diode conducting
method[6]. This chapter will focus on the back-EMF based position estimation method,

which will be employed in this thesis.

3.1 Back-EMF Based Position Estimation Method

In the basic BLDC motor opetation, only two of three stators windings are excited
at any segment and the third one is open while in the transition period with declined or
rising back-EMF in Fig.2.3. Based on this appearance, the rotor position could be
detected by sensing the back-EMF voltage, the so-called zero-crossing point detection,
to determine the switching sequence by detecting the instant where the back-EMF in
the unexcited phase crosses zero. With Y-connected stator windings and the neural

voltage v, , the three terminal voltagesv,, v,,and v, can be expressed as

n a

di,

v,=v,+v,=Ri+L +e,+v, (3-1)

di
v, =V, +V, =Rib+L%+eb+vn (3-2)
t

12



di,
dt

v.=v, +v =Ri +L +e.+v, (3-3)

where v

an

v,,»and v_  are the phase voltages. Then, it can be obtained that

v, +v,+v, = (van +v,, +Vv,, )+ 3v, (3-4)
from (3-1) to (3-3). When one phase is non-excited, its phase current will vanish and
the other two phase currents are constant. For example, sections CB and BC in
Fig.2.3 show that i, =—i., e, =—e, ,and i, =0, i.e., phase a is non-excited. In this

case, the back-EMF voltage of non-excited phase a becomes

=3 n 3l o) 6-5)

which can be derived from (3-1) to(3=4). Similarly, the back-EMFs of non-excited

phase b and non-excited phase ¢ can be respectively obtained as

3 1

e, :E{vb —E(va +v, +vc)} (3-6)
3 1

€, :E{Vb _E(Va +V, +Vc)} (3-7)

It is noticed that only the back-EMF voltage of the non-excited phase has the feature of

zero-crossing, which is the basic concept of the zero-crossing point detection. As the

previous example concerning non-excited phase a, the section ¢B and BC where

rotor is located are considered to obtain. The relationship between three terminal

voltages and the waveform of the back-EMF e, produced from (3-5) are shown in

Fig.3.1 which is matched with the Fig.2.3. Thus, when the back-EMF e, equals to

zero, the position of the zero-crossing point is been detected, then the electrical angle

13



could be in the region of 0°-60" or 180°-240", i.e., section CB and BC respectively.

Furthermore, the other angles will be found with phase b and phase c in the same way.

4 CB | 4B , 4C | BC B4 | CAi
A7
o L] L [ RN s e e
Vie [7777177° pTTTTTIs T \j\

: Ny i i :
; R B
Vdc i _________ E- _________ -E __________ i __________ : i
: L v i ! i |
et M . : e
3 . o . < I 3. | SO S
ZVdc | : i E eaza{va—g v(i+vb+vc)_}g ‘
; 0 : : : ! : s
70 S el 3 _ P ey - L T
4" ! ; : | . N
0 60’ 120° 180° 240° 300° 360°

Fig.3.1 Ideal three terminal voltages and the waveform of back-EMF

The system scheme in Fig.2.4 could be changed as Fig.3.2. Note that most of the

existing sensorless techniques cannot be applied in the low speed range, since it is

difficult to sense the zero-crossing points of back-EMF voltage from a low voltage

signal. To overcome such problem, compensation algorithms have been proposed in

[11], and other strategies are also proposed such as [12].

14



2]
Driver circuit

i " :
Sl| 35—|K]} si”:j} ,;,LEH.:—JF ne F.E:Wba

WS I B A ¢ v 4 4

i Commutation Logic <
ratio g ‘ Phase Voltage
PWM control <4— Zero-crossing detection

Fig.3.2 System schematic of sensorless BLDC motor drive

3.2 Commutation Phase Shifter

By the previous method, the zero-crossing signal would be produced and shown
in Fig3.3, and the Hall-effect signal is also presented as reference. Compared with
these two signals in Fig.3.3, the zero-crossing signal advances 30 electrical degrees. In
order to produce the same commutation signal, the zero-crossing signal should be
delayed 30 electrical degrees for matching the Hall-effect signal. Thus, the produced
commutation signal will be correct with this sensorless method instead of Hall-effect

SENSor.

15



A | | ' | | ] | | | ] |
S S P N s SN N
Zero-crossing E i i E E i E i E E
signal X i E i E E | : : : E :
Ha E E i E i E \ 4 é i E E

0 60 120 180° 240 300° 360°

Fig.3.3 The relationship of the non-excited phase back-EMF,

zero-crossing signal, and Hall-effect signal

In traditional, the phase shifter; with-low passfilter will be affected by the rotor
speed. A novel phase shifter ‘which'has been proven independent of input signal
frequencies is proposed in [3], and it also can be implemented easily on a
microcomputer. This frequency-independent phase shifter (FIPS) has been improved in
[1] and the block diagram presented by Simulink” is shown in Fig.3.4. The variable ¥
which denote the decreasing increments for the counters can be set with desired

degrees ¢ of the phase shift and represented as

Y= (3-8)

¢
Thus, to produced the 30° delayed zero-crossing signal y(k), y should equal to 6

while x(k) is the zero-crossing signal.

16
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Fig.3.4 Block diagram of FIPS[1]

Xk 0 *| Commutation i)

3.3 Start-up Strategy for BLDC Motors

Since there is no or a little.back-EME to sensed when the motor standstill or at a
low speed, the sensorless method based-on zero-crossing detection may not be used.
An additional start-up procedure should beexecuted first to avoid this problem.

In the experiment, an open-loop start-up strategy is accomplished by providing a
rotating stator field which increases gradually in frequency, and the stator field attracts
the rotor field to overcome friction and inertia, then the rotor begins to rotate. Assume
one of the input PWM control signal shown in Fig.3.5, and its period is changed from
T, to T4, where T;> T,> T3> T4. The final period T, is determined in a trial-and-error
way based on the specification of the motor, and the value of initial period T; should
be set a little larger. From standstill to starting, the period of the input signal attenuates

with time, and the rotor will become rotating while the period equals to the final value.

17



After this start-up procedure, the motor starts rotating and the sensorless method can be

used by detecting the zero-crossing points from the computed back-EMF.

v

T T, T3 T4

Fig.3.5 The contracted PWM control signal
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Chapter 4
Description of DSP F2812

In the experiment of this thesis, a DSP board called ezDSP™ F2812 was utilized
to realize the previous theorem. The DSP chip as a microprocessor or microcontroller
in this board is TMS320F2812. It is a member of TMS320C2000 DSP generation
which is a high-performance solution for demanding control applications and
manufactured by T1. The generation TMS320C2000 is divided into two groups,
TMS320C24x and TMS320C28x. The DSP chips, TMS320F240, TMS320LF2407A,
and TMS320F2812, which belong to those two groups, are mostly used in the control
applications. A roughly specification comparison of these three DSP chips is shown in
Table 4.1, where the advantages of TMS320F2812 ean be seen obviously due to the
highest operating frequency, fastest conversion speed and 12-bit high resolution ADC
module. In addition, the on-chip memory is also the largest for users to store data.
Therefore, this chip is powerful in application and may be adaptive in the high-speed
situation.

The main purpose of using this DSP board is not only developing the algorithm
inside the chip but also utilizing its useful peripherals such as ADC module and PWM
waveform generation module to connect the motor plant and the driver circuit. The two

modules will be introduced in the following sections.
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TMS320F240 TMS320LF2407A | TMS320F2812

Frequency 20 MHz 40 MHz 150 MHz
CPU 16-Bit 16-Bit 32-Bit
Multiply/Accumulate 16x16 16x16 32x32

On-Chip Ram 544x16 2.5K x16 18K x16

On-Chip Flash 16K x16 32K x16 128K x16
ADC Resolution 10-Bit 10-Bit 12-Bit

ADC Channels 16 16 16

ADC Conversion time 6.1us 500ns 200ns
PWM 12-ch 16-ch 16-ch

Table 4.1 Specification Comparison of TMS320F240, TMS320LF2407A, and

TMS320F2812 [22]

4.1 Hardware Description

The hardware description of the DSP should be divided into two parts, the DSP
chip and the DSP board, and the manufacturers are different. Some problems which
might occur when designing the peripheral circuit were solved by the manufacturer of
the DSP board. The end user needn’t consider the problem of the compatibility when
connecting to other equipments.

The functional block diagram of the DSP chip is shown in Fig.4.1, and it can be
roughly divided into four parts, CPU, memory, peripherals, and external interface. The

external interface is not used in the experiment since no extra memory is required. To

20



enable the functions of the peripherals, some flags should be set first according to

some header files released by TI for end users to define these flags. Hence, this

experiment could directly give the specific command in programming instead of

assembling the complicated machine code of the flags.

With this functional block diagram, let’s see how to implement the motor drive

procedure. First, the signals of the motor’s three-phase terminal voltages will be sent

through three channels into the 12-bit ADC, which converts these analog signals into

digital data and stores them in the ROM. Then, the CPU will use these digital data to

execute the pre-designed process, such as the process to find the zero-crossing. Finally,

the desired signals generated from 'the pre-designed process will be sent out through

General-Purpose Input/Output (GPIO);"and thus the:procedure of the motor drive is

realized.
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Fig.4.1 Functional Block Diagram [13]

The layout of the DSP board ezDSP™ F2812 is shown in Fig.4.2. Socket U8 is

the place where the DSP chip is installed. If the DSP chip is damaged, it can be

replaced easily. Although both the JTAG interface P1 and the parallel port P3 could be

used to download the DSP programs, our experiment adopts P3 only. The connectors

P4, P7, and P8 are the GPIO interfaces, and the connectors P5 and P9 are the analog

interfaces. Note that the input voltage of the analog interface is between 0V and 3V,
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thus a voltage-decaying circuit will be needed for voltage reduction. According to the

previous example, the input signal must be connected to P5/P9, and the produced

signal will be output by P4/P8/P7. In addition, the source voltage of this DSP board is

5V and is provided through P6.

This DSP board contains six jumpers JP1, JP7, JP§, JP9, JP11, and JP12 are also

shown in Fig.4.2, which are available for users to determine the functions on the DSP

board. The jumper JP1 is used to set the operating mode. In this experiment, the

jumper JP1 is set as microcomputer mode for the use of the software CCS. The

jumpers JP7, JP8, JP11, and JP12 are'used to determine what mode the DSP will use

for bootloading on power up. The mode of running code from flash memory can be set

by these jumpers. Users can storé.theirprogram in'the flash memory and load it after

booting the DSP board instead of loading it again from computer. Finally, the jumper

JP9 is used to enable/disable the use of the Phase Lock Loop (PLL) logic on the DSP,

and the default setting “PLL Enabled” is only used in the experiment.
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Fig.4.2 Layout of ezDSP F2812 [14]

4.2 Analog-to-Digital Convefter (ADC)

The ADC module of TMS?2OF2812 willTbg utilized in our experiments as
converting the signals of the motor’s three-phase ferminal voltages. The specification
[15] 1s listed below:

B 12-bit ADC core with built-in dual sample-and-hold (S/H)

B Analog input: OV to 3V

B Fast conversion time runs at 25 MHz, ADC clock, or 12.5 MSPS

B ]6-channel, multiplexed inputs

B 16 result registers (individually addressable) to store conversion values

Since the input voltage is limited between 0V and 3V, a simple circuit such as shown in
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Fig.4.3 is used to lower down the three terminal voltages of the motor, which are

analog signals and will be input to ADC module through three channels, ADCINAO,

ADCINA1 and ADCINAZ2, shown in Fig.4.4. Actually, these analog signals V; are

converted into digital values via ADC module as

0 it V.<ov
Digital Value={ 4005x=APCLO e oy <3y
4095 it V.23V

where ADCLO is the reference voltage of the analog ground which located in pinl8 of

the port P9 shown in Fig.4.2 and 4095 is related to 12-bit resolution. The obtained

digital values will be stored in the 16 Result Registers, whose addresses can be

assigned in the on-chip memory. Further, re-scale the digital values within the range of

0~3 volts to match with the 16-bit ADC Result Registers such that the ADC output

range will be between 0000h and FFFOh. In our experiment, the three registers, Result

Reg 0, Result Reg 1 and Result Reg 2, store the converted values from ADCINAO,

ADCINA1 and ADCINAZ2, respectively.
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Fig.4.3 Voltage-divider circuit
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Fig.4.4 Block Diagram of the F2812 ADC module[15]

In general, programming skill in DSP code is used to simplify the initial setting

and extract the signal of ADC module, so is in our experiment. It is known that the

ADC control registers must be set for initializing the ADC module to determine its
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specification such as operating mode, sampling mode, and etc. Those parameters of

ADC control registers have been defined in the head files, and the users should include

all these head files in their programs for parameter setting. However, using these

parameters directly in our main function will make the program complicated. For

simplicity, a self-defined head file is further developed by constructing a structure

which define a smaller number of new parameters, each able to represent some of the

parameters related to the ADC control registers. Below show part of the structure

containing some new defined parameters utilize in our main function:

typedef struct { int16 Ch1Outy’ r//O‘utput: Channel 1 output
intl6 ChZOut; ‘//O‘utp‘ut: Channel 2 output
int16 Ch30ut; S //Output: Channel 3 output
Uint16 ChSelect; //Parameter: ADC channel selection

In this structure, ChSelect represent the four channels of ADC module are selected and

the other Ch10ut, Ch20ut and Ch3Out respectively represent the results of the signals

converted by the ADC module from channel 1, channel 2 and channel 3. To use the

parameters in the structure directly, the structure is named as adcl in main function.

Therefore, if ChSelect is needed, the parameter adc1.ChSelect should be used instead.

For example, in our main function, when the value of Chselect is assigned as 0x3210,
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it means that the channel A0, A1, A2, and A3 are selected. Then, call the ADC initial
function to store the change. This will complete the initialization of the ADC module
with the following code:

adc1.Chselect = 0x3210;

adcl.init(&adcl);
By the way, the sequence of each values will affect the relationship between Result
Regs and ADC channels, since the parameter Ch10Out directly point to the location of
Result Reg0. In this case, the three registers of ADC, Result Reg 0, Result Reg 1 and
Result Reg 2, will be assigned to respectiveb" store the converted values from A0, Al
and A2. Result Reg 3 will store ihe converteci Valué from A3. If the data of channel 1 is
needed, just call adc1.Ch10ut, and thewalue will be obtained. For example, in the
main function of our experiment,

Va =adcl.ChlOut;

Vb = adc1.Ch20ut;

Vc =adcl.Ch30ut;
which means the digitized values of three terminal voltagesv,, v,,and v, can be
obtained by the ADC module. Then, in the sub function, the neutral voltage v, can be
computed as

Vn = (Va+Vb+Vc)/3
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The back-EMF voltage of non-excited phase a can be computed as
Ea=Vc-Vn
Therefore, use if and else function, and it will be simple to judge the zero-crossing of

back-EMF.

4.3 Pulse-Width Modulation (PWM)

The PWM waveforms are generated by the DSP board to control the power
applied to the motor in our experiment. Both of the event manager functions, EVA and
EVB, of TMS320F2812 can supporteight PWM waveforms simultaneously, and only
six of them in EVA are used here to generate six switching states for the 3-phase power
inverters to drive the BLDC motor. Conveniently, some principal characteristics of the
PWM are programmable, such as frequency, the number of outputs, dead band,
asymmetric/symmetric waveform, duty cycle and transition mode. Since frequency,
duty cycle and active mode are important in the controller design, each of them will be
discuss below. First, the PWM frequency is obtained by dividing the CPU clock and it
will affect the current of the controller as shown in Fig.4.5, where the current of the
frequency in the middle range is clearly smaller than both ends. It means that the
power consumes more in the low end and the high end. Hence, the PWM frequency is

set at 20 KHz in our experiment to prevent unnecessary power consumption. Second,
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the duty cycle of the input signal controls the motor’s speed and there relationship is

roughly shown in Fig.4.6. The larger the duty cycle, the faster the motor’s speed.

Finally, the transition mode will influence the generating of a PWM signal. To generate

a PWM signal, an appropriate timer, such as timer 1 in EVA, is needed to repeat a

counting period that is the same as the PWM period. In the Fig.4.7, an asymmetric

PWM waveform and timer 1 is utilized for this example. A compare register is used to

hold the modulating values. The value of the compare register is constantly compared

with the value of the timer counter. When the values match, a transition (from low to

high, or high to low) happens on theiassociated output. When a second match is made

between the values, or when the end of a timet period-is reached, another transition

(from high to low, or low to high)-happens on the:associated output. Therefore, active

high and active low are the two transition modes in producing the PWM signal.

mA

10KHz 20KH= K H £

Fig.4.5 The relationship between the PWM frequency and the current of controller[23]
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Fig.4.6 The relationship between the duty cycle of input and the motor’s speed
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Fig.4.7 The two transition modes in producing the asymmetric PWM waveform[16]

The motor drive is based on the proper sequential PWM waveforms, which are
used to control the six inverters shown in Fig.4.8 for driving the BLDC motor.
Fig.4.9(a) shows the PWM waveforms controlling the six inverters and Fig.4.9(b)
depicts one of the resultant line current of the BLDC motor matching to the currents in
Fig.2.3. In the DSP code, the main purpose of generating PWM waveforms is to fulfill
the proper action of the sequence in Table 4.2. The design technique is using a pointer

labeled with a number in {0, 1, 2, ..., 5} to represent these six states. By accumulating
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the number in the pointer, the desired sequence of signals is created. Notice that the

PWM module has to be initialized and the same programming skill mentioned in the

previous section is used again. Another self-defined head file is developed by

constructing a structure which defines a less number of new parameters. The

parameters such as duty ratio and transition mode can be set previously in this head

file.

e
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Fig.4.8 Three phase power inverters for a BLDC motor drive
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Fig.4.9 (a) the six PWM waveforms

(b) a phase current waveform of a BLDC motor
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OSFET

Sl S4 Sz S 5 S3 S6
State
ml PWM OFF OFF OFF OFF ON
m2 PWM ON OFF OFF OFF OFF
m3 OFF OFF PWM OFF OFF ON
m4 OFF ON PWM OFF OFF OFF
m5 OFF ON OFF OFF PWM OFF
moé6 OFF OFF OFF ON PWM OFF

Table 4.2 Commutation State in 3-phase BLDC Motor control
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Chapter 5
The DSP Programming and Hardware
Implementation of Driver Circuit Based on Sensorless

Method

The objective of our experiment is to realize the sensorless control strategies
introduced in the previous chapters. This can be separated into two parts, software and
hardware. The software is programmed for the desired strategies by the tools of DSP,
and the hardware is to implement amplifiers and gate drivers in some PCBs. This

chapter will introduce all of the progesses concerning the software and the hardware.

5.1 The DSP Program

The tools of the DSP program are SDConfig® and CCStudio®. The first one
checks the connection between PC and DSP board, while the other one compiles and
executes the DSP program. The views of these two programs are shown in Fig.5.1. By
the way, the CCStudio® can show the change of the DSP memory data while the DSP
board is executing. It is convenient to assign the number of the specific parameters in

the program and easy to check which function is executing currently.
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Fig.5.1 (a) The view of SDConfig"®

(b) The view of CCStudio®

Since the DSP board has been introduced in Chapter 4, this section will focus on
the program of the executing process, which is written in C code and divided into
several parts according to their functions. Some peripheral files provided by the
manufacturer must be included, where the defined parameters will be utilized in our

main function. The flowchart of the program is shown in Fig.5.2 with the main
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function on the left side and the interrupt function on the right side. The interrupt

function contains some self-defined modules and executes when the change of the

parameter “EnableFlag” occurs.

In the main function, only the initialization of the DSP board is concerned. In

F2812, all the peripherals which will be utilized should be initialized by setting the

corresponding parameters. The released references such as TMS320F2812 Data

Manual [17] or TMS320x281x DSP Event Manager Reference Guide [16] show how

to set the parameters. At the end of the main function, an infinite loop is located. When

the parameter “EnableFlag” is set tg'be 1, the interrupt function will be executed. In

addition, the self-defined modules ‘'should be named in the main function, and the

parameters in these modules can be set'if needed.

In the interrupt function, five self-defined modules are included to execute the

specific function. The ADC_ DR module drives the ADC of the DSP. It allows the ADC

to convert the analog signals and store the digitized signals in the memory. The

Start UP module is utilized to drive the motor from standstill by creating the

time-variant period of the PWM waveforms. This could also determine the final speed

of the start-up by limiting the period of the PWM waveforms when the motor is

rotating. The MOD module is utilized to check if the state is changed. Its output

represents the six states of the sequence in Table 4.2 with a number in {0, 1, 2, ..., 5}
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for normally operating the BLDC motor. When a state is going to be changed, this

module will receive a trigger. Then, it will output the represented number of the next

state. The PWM module drives the PWM of the DSP to produce the waveforms. It is

commanded by the output of the MOD module as the introduction in Section 4.2.

Finally, the Zero_Cross module is to realize the sensorless method in Chapter 3. The

concept of this module is based on the ideal relationship between the terminal voltages

and back-EMF shown in the Fig.5.3. The six segments are labeled as m1, m2, m3, m4,

m5 and m6 matched with the Table 4.2 in order to connect with the MOD module and

PWM module. Since each of them only has one zero-crossing point, it is convenient to

develop six cases in the Zero Cross module for judging the zero-crossing point. For

example, in the case m1, the zero-crossing point is only occurred in the back-EMF e,

and the terminal voltage v, should be zero. Therefore, just compute the back-EMF e,

by the two terminal voltages v, and v, receieved from ADC and the other two

back-EMFs needn’t be calculated. When the zero-crossing point is detected, a trigger

will be produced. However, this trigger should not directly pass to MOD module since

the reason has been introduced in Section 3.2. So, a delay function is needed to let the

trigger signal delay 30 electrical degrees for matching the Hall-effect signal.
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Fig.5.2 The flowchart of the DSP program
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5.2 The Hardware Implementation of Driver Circuit

To drive the BLDC motor, it is required to implement its driver circuit based on

the six digital signals provided by PWM module of the DSP board, and the hardware is

shown in Fig.5.4, including three parts: signal amplifier, half bridge driver unit and
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power MOSFET. The function of signal amplifiers is to appropriately enlarge the six

digital signals before passed to the half bridge driver unit since the output high voltage

of the DSP board is only 3V and the required minimum input voltage of IR2110 is 9.5V.

Two kinds of amplifier IC, TL072 and HA17741 with different slew rates, are chosen

to design the signal amplifiers for different frequencies. The IC TL072 is capable to

enlarge the 20KHz PWM signals since its high slew rate is up to 13 V/ i s. The other

IC HA17741 is utilized to enlarge the fully on PWM signals. In such case, all of the

input signals will still be square waveforms after amplifying.

The function of the half bridgeunit is compesed of three driver ICs, IR2110,

which provide the floating channel at high side used to drive an N-channel of the

power MOSFET and its high anddow side referenced output channels are independent.

In addition, if one of the channels detects under-voltage, the action lockout will be

started to ensure sufficient gate bias for the power MOSFET. The typical connection of

IR2110 to power MOSFET (IRF640N) is shown in Fig.5.5. Each IR2110 connects two

power MOSFET and drive one phase of BLDC motor, and the bootstrap capacitor is

utilized to charged enough voltage at the beginning for giving the floating voltage to

the capacitor of power MOSFET S1. This is achieved by turning off the PWM signals

in a short time at the beginning and required a waiting loop in the PWM module of the

DSP program. Finally, the supply voltage is connected to Vin, and the ports, R, Y and
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B, are then connected to the 3 phases of the BLDC motor. With the six power

MOSFET as the inverters, this completes the driver circuits matched with that of

Fig.3.2.
-15Y l _ +15Y WiUSE
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R TLO72 s 6 T 1
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Fig.5.4 The motor driver circuit
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TLO072 HA17741

Supply voltages 15V 15V
Temperature 25°C 25°C
Input offset voltage 3mV 1 mV
Input offset current 5pA 18 nA
Input bias current 65 pA 75 nA
Common-mode rejection ratio 100 dB 90 dB
Slew rate at unity gain 13 V/us 1 V/ps
Rise-time overshoot factor 0.1 ps 0.3 ps
Large-signal differential voltage 200 V/mV 106 dB
amplification

Table 5.1 The electrical characteristics of TL0O72 and HA17741 in typical condition

IR2110
VBias 5V
Temperature 25°C
Logic “1” input voltage (min) 95V
Logic “0” input voltage (max) 6.0V
Turn-on propagation delay (typ-) 120 ns
Turn-off propagation delay (typ:) 94 ns
Shut down propagation delay (typ.) 110 ns
Turn-on rise time (typ.) 25 ns
Turn-off fall time (typ.) 17 ns
Delay matching (max) 10 ns
Vout 10~20V

Table 5.2 The electrical characteristics of IR2110

IRF640N

Drain-to-source breakdown voltage (min) 200V
Static Drain-to-source on-resistance (max) 0.15Q
Gate threshold voltage (min) 20V

(max) 4.0V
Drain-to-source leakage current (max) 25 uA
Rise time (typ.) 19ns
Fall time (typ.) 5.5ns

Table 5.3 The electrical characteristics of IRF640N
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Fig.5.5 The typical connection of IR2110 to power MOSEFET [18]

5.3 The Noise Problem during Feedback

In our experiment, the nois¢ generated by the PWM signals during feedback may
cause the mistakes of the computation in‘the Zero Cross module of the DSP program
since the sensitivity of the ADC module of the'DSP board. To overcome this problem,
a hardware solution and a software solution are both considered. In the hardware
solution, the low-pass filter with a voltage amplifier is shown in Fig.5.6, which is
developed to eliminate the noise and reduce the terminal voltages from 0 to 3V, as the
desired input of ADC module. All the scale of the components in Fig.5.6 is given in a
trial-and-error way under experiment. By selecting the proper resistors and capacitors,
the 20KHz PWM signals are eliminated and the 70Hz terminal voltage signals are
reserved. Thus, the shape of the resulting feedback waveforms becomes trapezoid and

achieves the ideal waveforms of terminal voltages shown in the Fig.3.1. By the way,
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the practical waveforms have a little offset, but it will not affect the computation of

back-EMF since the computation method introduced in section 3.1 can avoid such

problem.

The software solution is utilized two programming techniques in the Zero-Cross

module of the DSP program. One is using moving average method to smooth the

violent variation of the input signal. The ADC module of the DSP board reads 4 times

of the input signals. Then, the average of these signals is computed and assigned to the

corresponding variable of the program. Second is discarding the first few scans of the

ADC signals when the new phase commutationoccurs. When the zero crossing point

appears, the trigger will be put-off in a short delay to prevent the error computation.

Note that the delay can not be longer than the period of the phase commutation.
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Fig.5.6 The low-pass filter circuit
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Chapter 6

Experiment Results and Analysis

Since the control method and the implementation of hardware and software have
been introduced in the previous chapters, the experiment results are presented in this
chapter to verify those strategies and methods. The three parts of the results will be
shown in the following sections: the signals dealt with the low-pass filter, the results of

start-up strategy and the results of sensorless strategy.

6.1 The Whole System of.the Experiment

Fig.6.1 shows the complete hardware connection of the whole system. The DSP
program is compiled to the machine code by the eomputer, and then the machine code
is downloaded to the DSP board through printer port. While the program is executing
on the DSP board, the PWM signals are sent to the driver circuit for driving the BLDC
motor. Then, the feedback signals dealt with the low-pass filter are passed to the ADC
module of DSP board. The 3-phase BLDC motor, ALIGN BL400S, shown in Fig.6.2 is
used as the experiment plant. This motor is small and has high efficiency and low

power consumption with its specifications is simply listed in Table 6.1.
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Fig.6.1 The complete hardware connection of whole system

Low-Pass Filter

Fig.6.2 The BLDC motor
Input Voltage DC74~148V
Dimension Shaft =3.17 mm

27.5%28 mm

Weight 58¢g
Max Output Power 190 W
Pole numbers 8
Maximum unload speed 11182 rpm
(with input voltage 11.7V)

Table 6.1 The specification of the BLDC motor [24]
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6.2 The Experiment results with Low-pass Filter

Since the noise caused by the PWM signals may cause the computation error, a
low-pass filter is utilized to deal with these terminal voltage signals. Observed by the
oscilloscope, the terminal voltage signals shown in Fig.6.3 (a) are quite different after
dealt with the low-pass filter. The noise contained in the original terminal voltage is
eliminated by the low-pass filter, and the trapezoidal shape of the signals is retained.
Through this method, the results of the three filtered terminal voltage signals shown in
Fig.6.3 (b) are close to those in the Fig.5.3. Hence, it will enhance the back-EMF

computation and the zero-crossing point will be detected correctly.
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Fig.6.3 (a) The comparison between the original terminal voltage
signal and that dealt with the low-pass filter
(b) The result of the three terminal voltage signals dealt
with the low-pass filter

49



6.3 The Experiment results of Start-up strategy

With the start-up procedure, the motor driven by the PWM signals with decaying
period can rotates from standstill. In Fig.6.4, the three experiment results show the
appearance of the attenuate PWM signals produced by the DSP board. The duration of
the start-up procedure may influence the rotor rotation since the supply voltages for
motors in different size are not the same. Hence, it is important to choose the proper
duration by setting the value of parameters defined in DSP program. In the experiment,
the duration is almost 2 sec. when the duty ratio of the PWM signals is 0.2, but it may
be less than 1 sec. while the duty ratio is larger than 0.5. This is because the larger the
duty ratio is, the more the excited current will be. Finally, the motor is starting when
the period is fixed in the final-walue and the sensorless procedure will executed
immediately to keep the rotation or change the motor speed. The terminal voltages

measured by oscilloscope are shown in Fig.6.5 when the start-up procedure is ended.
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Fig.6.5 The terminal voltages at the end of start-up procedure

6.4 The Experiment results of Sérn'so_rless strategy

In order to do the sensorless procédu!‘e', the “di'gitized signals converted by the
ADC module should be checked:if they are cqtresponding with the input signals.
Fig.6.6 shows that the ADC module absoluteiy converts the input signals into digital
signals. Then, the back-EMFs, computed by the Zero-Cross module of DSP program
with the equations (3-5)—(3-7), are shown in Fig.6.7. The relationship between the
digitized signals and the back-EMFs is shown in Fig.6.8. These experiment results and
Fig.5.3 are matched and the zero-crossing point can be well detected since the error of
computation is reduced. When the zero-crossing point is detected, the trigger

determined in the Zero Cross module of DSP program is delayed 30 electrical degrees

to produce the correct PWM signals, which have been introduced in Section 3.2, and
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the relationship between the delayed trigger and the back-EMFs is shown in Fig.6.9.

After the start-up procedure, the sensorless procedure is executed immediately to

keep the rotation and the motor speed can be regulated in this process. From Fig.6.10

to Fig.6.13, the experiment results are shown when the motor is rotating with the

different PWM duty ratio.
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Fig.6.6 The results of digitized input signals by ADC module
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Fig.6.8 The relationship between the digitized input signals and the back-EMFs
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Fig.6.9 The appearance of the delayed trigger with the digitalized input signal and the
back-EMF
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Fig.6.10 (a) The PWM signals (duty ratio = 0.2)
(b) The enlarged PWM signals

(¢) The terminal voltages
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Fig.6.11 (a) The PWM signals (duty ratio = 0.37)
(b) The enlarged PWM signals

(c) The terminal voltages
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Fig.6.12 (a) The PWM signals (duty ratio = 0.8)

(b) The enlarged PWM signals
(c) The terminal voltages
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Chapter 7
Conclusions

The main purpose is to achieve the sensorless driving technology and implement
it to steer the BLDC motor from standstill to a fixed speed. In addition, the motor
speed can be regulated by changing the duty-ratio of PWM signals. During the
operation, the start-up procedure is executed first until the period of the output signals
matches to the desired value, and then the sensorless procedure is started immediately.
This completes the rotation of the BLDC motor from standstill to a fixed speed. The
duration of the start-up procedure,.tuned in the DSP program, may influence the rotor
rotation since the supply voltages for motors-in different size are not the same. Usually,
big motors need more power, which means the start-up duration should set a little
longer for larger excitation current. On the other hand, the R/C motor used in the thesis
is small and need less power, so the duration of the start-up procedure could be
shortened.

The feedback technology is utilized to grab the 3-phase terminal voltages of the
motor for sensorless control strategy processing, but the ADC module of the DSP
board is sensitive and may record the noise caused by PWM signals. The computation
error may occur correspondingly, so a low-pass filter designed by trial-and-error way

and some techniques applied in the DSP program are used to avoid such problem. As a
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result, the zero-crossing point will be well detected, and the produced PWM signals

may not be delayed to influence the rotation. By the way, if the low-pass filter is not

used, the motor may fail to rotate or rotates unsmoothly.

The whole system is established to achieve the BLDC motor drive, and all of the

strategies is implemented in the DSP program and executed on the DSP board. In the

program, all the functions of the strategies are divided into several modules connected

by the internal signal parameters. In the future, a PI or PD controller may be developed

as a module of the program to connect with the corresponding internal signals such as

ADC memories or PWM output control to achieve the goal. Additionally, the starting

and the duty ratio changing instructions are’commanded directly by the computer in

the real-time mode since it is convenient to observe the change of the memory. These

instructions may be given by other input signals from external voltages through the

interfaces of the DSP board as the future work.
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