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Abstract

Permanent Magnet Synchronous Motor(PMSM) appeared at the 1950s
century. Accompany with the development of power electronic technology and
micro-computer at the 1970s century, PMSM starts to be applied in high
performance speed control systems. At the 1980s century, the development of
PMSM had been greatly facilitated by the development of rare earth permanent
magnet materials has break through, especially the turn up of 3 generation
new rare earth permanent magnet material neodymium iron boron(NdFeB)
which with high residual magnetism, strong coercivity and low price. Thus the
control performance of PMSM also had qualitative leap. From then on, AC
permanent magnet speed control system gradually replaced-the traditional DC
speed control system, to be used widely in.various high perfermance motion
control systems, and become an important branch in AC speed control field.

This thesis emphatically introduced the vector control system of BLACM
and torque ripple rejection strategy of BLDCM, and explained two types of
pulse-width modulation (PWM) technology. At last, established BLACM
vector control._ system - and BLDCM control system by using
MATLAB/SIMULINK, and-implemented simulation.

In this study, BLACM vector control experiments of two PWM
algorithms were completed by programming with CCStudio software, based on
Tl DSP(TMS320F28035) control board. The experimental results show that
there is good control effect for BLACM with vector control algorithm. By
comparing the waveforms of line voltage and phase current, SVPWM
algorithm is better than SPWM algorithm in switch loss and harmonic content.

From the BLDCM torque ripple suppression simulation result, it is
effective to reduce the ripple of BLDCM torque with dual closed-loop BLDCM
control algorithm based on CHBPWM technology.
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Chapter 1

Introduction

1.1 Background

PMSM uses anti-degaussing permanent magnet rotor to replace
winding rotor, so as.to overcome the fatal disadvantage of AC synchronous
servo motor by eliminating the electric brush of winding rotor motor.
Meanwhile, it has advantages such as small size, light weight, low inertia,
high efficient, no heating of rotor, etc.

At the present, the output power range of PMSM is high up to 1000kW,
and low to microwatt grade. It is not only covered the power range of micro,
small and middle size motors,.but also extends to large power field. Since
1980s, because of its: excellent performance of high torque to inertia ratio,
high power density, high efficient, etc;, PMSM had been widely used in
middle and small volume range. Nowadays, the usage of PMSM in military
field is dominated, almost replaced all electromagnetism motors. And
PMSM has been used widely in daily life, such as driving system of new
energy automobile, numerically controlled machine tools and precise
machine tool, air conditioning system, etc.

Foreseeable, along with the further price reduction of high field
permanent magnet and continuously perfection and improvement of motion
control theory & technology, PMSM and its driving system will have further
development and application.



1.2 Review of the previous studies

In 1971, engineer F.Blaschke of Siemens company in German came up
with “induction motor field-oriented vector control theory” which
introduced the theory foundation for high performance control. Vector
control theory had firstly been applied in induction motor control with ideal
control effect. Later, people tried to apply vector control theory into
BLACM control, and got even better control performance. Meanwhile,
vector control was easier to realize in BLACM control. Besides, accompany
with the appearance of new permanent magnet material, the power density
of BLACM increased greatly. So nowadays, BLACM vector control system
are used in most high performance servo driving systems, such as numerical

control machine, robot; etc.

1.3 Objective and outline of the present study
This thesis studied the high performance control technology of two

types of PMSM separately. Main contents are as below:

1.3.1 High performance control of BLACM

1. Firstly, in this study, the-mathematical model of BLACM is
studied, and the modularization design and simulation of
BLACM control algorithm are completed with MATLAB.

2. Sinusoidal Pulse Width Modulation (SPWM) and Space Vector
Pulse Width Modulation (SVPWM) are the two types of pulse
width modulation technologies which been mostly used in AC
motor control. This thesis has done detailed theoretical
explanation about SPWM and SVPWM, and completed the
simulation of two types PWM technology in MATLAB, as well



as compared their simulation results.

3. The BLACM vector control experiment based on T1 DSP control
board is completed by programming with C language in
CCsStudio(Code Composer Studio) software environment.

1.3.2 High performance control of BLDCM
1. In this study, the constitution and working principle of BLDCM
control system are introduced detailedly.
2. The reasons and reduction method of BLDCM torque ripple are
studied deeply, and the simulation model of BLDCM control
systemis completed with MATLAB.



Chapter 2

Study of theory

2.1 Features of PMSM

PMSM uses permanent magnet to generate air-gap field, rather than
commutator motor which using magnet exciting coil to generate air-gap
field, neither like induction motor which using the flux components of stator
current to generate air-gap field. Its advantages include simple structure, low
consumption, and high efficient.

The rotors of PMSM are-mostly made by rare earth permanent magnet
material. Because the geometry shape of rotor magnets is different, the
distribution of rotor field in space is divided as sine wave and trapezoidal
wave. Meanwhile, when the rotors rotating, the back emf wave form
generated on.stator also divided as two types: one is sine wave, another one
is trapezoidal wave.

For distinguishing these two types of PMSM, the back emf wave form
as sine wave to be called as brushless AC motor (BLACM), back emf wave
form as trapezoidal wave to be called as brushless DC motor(BLDCM).
Because the structure BLACM and BLDCM are different, so they are great
different in the motor model, control method, constitution of control system
and application range.

For generating constant torque, the stator current of BLACM required
sine wave symmetric current, while the stator current of BLDCM required
square wave current. Because of the inertia of electromagnetism, the actual

stator current of BLDCM is trapezoidal wave, not be able to generate square



current. Besides, because of concentrated winding for power supply, the
torque pulsation of BLDCM s larger than BLACM. So in high accurate
servo systems, BLACM has more competitiveness. But because the moment
generated by unit current in BLACM is smaller than which in BLDCM,
when driving same volume motor, the volume of inverter required by
BLACM is larger, and because the control current of BLACM is sine wave,

therefore the consumption when on-off will increase.

Table 2.1 The comparison between two types of PMSM

Compares Type of motor
content BLACM BLDCM
Power Low Higher 50% than
density BLACM
Torque Low Higher 50% than
inertia BLACM
Speed regulation range Wide Narrow
Control Complex Simple
method
Rotor Continuous 60 electric angle
position measure measure detection
Torque Constant Small Big
Torque ripple Small Big

From Table 2.1, BLDCM has advantages like simple control structure,
low cost, simple monitor device, compared with BLACM. But because of
the inherent defect of its principle, if without any treat, there are

disadvantages of large torque ripple and much iron core additional loss.



Those disadvantages greatly limited the application of BLDCM in high
accurate and high performance servo systems. So reduction the torque ripple

of BLDCM becomes a hot subject in servo system research nowadays.

2.2 The vector control principle of BLACM
2.2.1 Category and basic structure of BLACM

Similar as AC synchronous motor, classify according to non salient
pole and salient-pole, BLACM could be classified into two classes: surface
BLACM(SBLACM) and interior BLACM(IBLACM). Figure 2.1 is the
sectional drawing of these two BLACM.

(a) SBLACM (b).IBLACM
Figure 2.1 Sectional drawing of two types of BLACM

Because the permanent magnet is in the rotor, the SBLACM is able to
obtain induced current as soon as possible with small inductance; at the
same time, the SBLACM is not able to produce reluctance torque, but with
line effects of torque, is suitable for servo system of high speed of answer.

Due to the internal permanent magnet in the rotor, the IBLACM would
not allow the magnet to sling out by the overwhelming centrifugal force.

IBLACM has better linear torque, thus has a lower manufacturing cost than



SBLACM, and is suitable for servo system of low speed of answer. Rotor of
IBLACM does not only produce magnetic torque, but also produce
reluctance torque. Higher efficiency can be obtained by flexible application

of reluctance torque. Because of this, IBLACM receives more attention.

2.2.2 The coordinate transformation of BLACM
2.2.2.1 The structure of BLACM and coordinate system

Figure 2.2 shows the structure of BLACM. The BLACM stator is
composed of three-phase windings and magnetic cores. And the three-phase
windings are usually connected by Y-connection. A rotor position sensor is

installed to detect-magnetic pole position.

Figure 2.2 Schematic diagram of BLACM structure

The most of vector control is basically based on in the d-q reference
model. Three kinds of coordinates, i.e., A-B-C coordinate, a-f coordinate
and d-q coordinate, are used in the d-q reference model.

Figure 2.3 represents the three kinds of coordinate systems. In the d-q

coordinate system, the magnetic pole is considered as d(direct) axis, and



g(quadrature) axis is leaded 90 degree from d axis. The angel ¢is defined
as the angle difference between d axis and A axis.

Figure 2.3 Coordinate for vector control of BLACM

As the 3-phase windings are connected by Y connection under the
assumption of symmetrical circuit, three-phase currents meet
i, +i, +i. =0. And also the power should be constant before and after the
coordinate transformation.

Equation (2-1) and equation (2-2) are known as Clarke transformation
and inverse-Clarke transformation.

1 _l _l i
L2 > 2 || ]
|:i/3:|_\/; . ﬁ _ﬁ :B (2 1)
2 2 ¢



_ 1 0
IA i
|
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Equation (2-3) and equation (2-4) depict Park transformation and
inverse-Park transformation to get d-g currents and o- currents.

i, | [cose sing][i,
|1, | L-singd cosd

iﬁ
i, | [cos6 . —sing]li, (2-4)
_iﬁ__ sing  cosd |||,

2.2.2.2 Mathematical model of BLACM in d-q axis

The d-q reference model is the most popular when we design BLACM

vector controller and-analyze its dynamic behaviors. . Usually there are four
equations in the mathematical model of BLACM inthe d-q reference model
such as the voltage equation (2-5), the stator flux linkage equation (2-6), the
electromagnetic torque equation (2-7), and the mechanical movement
equation (2-8). These equations can be expressed as following from

equation (2-5) to equation (2-8) under the d-g coordinate system.

ud = pnvld _V/qa)r + Rsid
} (2-5)

u, =py, —v,o +Ri



Ve = Ldid vy,
o } (2-6)
Ve = qlq
Te = b, (iql//d - idl//q) (2_7)
= pn [l/lriq +(Ld - Lq)idiq]
Ll ;g (2-8)
p, dt

2.2.3 Rotor field-oriented vector control

This thesis also established-high-performance BLACM control system
by using field-oriented vector control principle.

Known from equation (2-7), BLACM is a control object of nonlinearity,
and there is coupled action between current. component of axis'd and current
component of -axis .. For making BLACM to have same control
performance as DC electromotor, it must be decoupled. Rotor field-oriented
vector control is.a common decoupling control method.

Actually, rotor - field-oriented vector control is to put d-q rotating
coordinate system at rotor, and it rotating synchronously along with rotor. Its
axis d is coincident with the-direction of rotor field, axis q is ahead before
axis d electrical angle 90 “at anti-clockwise-direction, shown as Figure 2.3.

Set i, =0, equation (2-7) will be simplified as equation (2-9).

T, = v, (2-9)

From equation (2-9), the electromagnetic torque can be determined by
only torque component current when because and are constant values. This

is the main strategy for the field-oriented vector control. By using this

10



control, the BLACM can be controlled same as DC motors. Figure 2.4

represents block diagram of dual closed-loop vector control system for
BLACM.

. | Vbc
u, Up
i N
i+ Po+Y - ! 1 G Y| 2 Inverter
N P P 't |Park'| |Clarket—
o — i - Ll <
r iy Uy
i, i
Izl
Park | [Clarke Ig
i el
d 1
Vi
0 -

Position PMSM
sensor \_/

Figure 2.4 The dual closed-loop vector control system for BLACM

2.2.4 Sinusoidal pulse width. modulation (SPWM) techniques

Pulse width modulation(PWM)is the key technology in variable
frequency speed adjusting.system. There are two type common PWM
technologies: SPWM technology and SVPWM technology. The control
purpose of SPWM is to output sine wave current, while the control purpose
of SVPWM is to have the electromotor get ideal round field. These chapters
emphatically introduce the technical principle and control method of these
two types PWM, and compare their control performance.

2.2.4.1 The principle of SPWM

There is an important conclusion in sampling control theory: when

narrow pulses with same impulse (acreage) and different shape impact at

11



inertia system, their output responds are about the same. Figure 2.5 is
several classic narrow pulses with different shape and same acreage. When

they impact at a same inertia system, their impact effects are equivalent.

[

0 C L —r—— 1 0 i

Figure 2.5 The typical narrow pulses of different shapes

According to above principle, any signals with different wave shape
are equivalent with series narrow pulses with same acreage. Figure 2.6(a) is
the positive half-wave of sinusoidal wave. Equally dividing its abscissa axis
k and replace each segment with a rectangle pulse with same acreage. This

is the theory basis of SPWM technology. The rectangle pulse'in Figure 2.6
(b) is called SPWM modulation pulse.

ua4

a
o', Lo wt
A Lo
u I roabr o
Z 1
% , é
g — AL A -

Figure 2.6 PWM waveform generation method
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2.2.4.2 Three-phase sinusoidal pulse width modulation

In reality, people confirm the width of SPWM rectangle pulse wave by
crossing sinusoidal wave and triangle wave. Shown as Figure 2.7(a),
suppose the amplitude of triangle wave v_ is 1, frequency is f_, the
amplitude of A-phase sinusoidal wave v, =Msinat is M, frequency is
f..=w/27z, Make a rule that when sinusoidal wave is larger than triangle
wave, SPWM output high level; in contrary, SPWM output low level. Thus
we get a group of rectangle SPWM pulses with same amplitude but different

duty ratio (shown as Figure-2.7(b)).—Sinusoidal wave v, is called

modulation wave, triangle wave v, is called carrier wave.

ol

Figure 2.7 SPWM waveform generation method
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If pulse width modulation by using 3 phases of symmetrical sinusoidal

wavev,,, v, v, Which with phase difference 120<as modulation wave
and triangle wave v, as carrier wave, we can get 3 phases of symmetrical

SPWM pulses v,,,v,, v, . First, running logic negation operation on v,,,

o]

V., v,. toget v,,v,, V.. Then we can get 3 phase voltage wave U

AN

Ugyr Uq Which is of the same shape but different amplitude as v,,, v,

v, atoutput side of inverter by usingv,,, v, v.c(Vy, Vg, V,c ) to control

oC

the breakover and close of 3 IGBTs of upper(down) bridge arm in 3 phase

inverter, shown as Figure-2.9(a, b, c).

VT, J [V ] v,
Ve 1
DR
| Ab—= |5 g 00 010
I\ h VD BVD L/ /e '
il VTS T "
"SGR A AR D
o T I 2
VZ VrA |
; 1 VrB

VZ K VrC comparator
Ve

Figure 2.8 The principle diagram of the SPWM inverter
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Figure 2.9 The principle diagram of inverter output waveform

The load line voltage U,,, U,., Ug, Of inverter could be acquired

from equation (2-10). The wave shape of U,, Is shown as Figure 2.9(d).

UAB :UAN' _UBN'
UBC ZUBN' _UCN' (2'10)
UCA :UCN' _UAN'

Load phase voltage U,,, U,,, U, could be acquired from equation
(2-11) , equation (2-12) and equation (2-13). The wave shape of u,, Iis

shown as Figure 2.9 (e).

UAN :UAN' _UNN'
UBN :UBN' _UNN'

UCN :UCN'_UNN' (2_11)
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1 1
UNN' =§(UAN' +UBN' +UCN')_§(UAN +UBN +UCN) (2'12)

If the loads of 3 phases are completely the same, then

U, +Ugy +Uq, =0, there is
L 2-13
UNN':é(UAN'—'_UBN'_'_UCN') (2-13)

Expanding output line voltageu,, by using Fourier series, there is:

U,e =@{sin a)tZ%(—l)k sin na)t} (2-14)

In equation (2-14), n=6k+1, k  is natural number.

The amplitude u,,, and effective value u,, of fundamental wave of

ABm

output line voltage are:

U g =% =086V, (2-15)
V3V,

U,.= & =0.612V, 2-16

AB 2 ¢2 de ( )

As the same, the amplitude u,,,, and effective value u,,, of

fundamental wave of output phase voltage are:

U, =% _0.637V, (2-17)
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U, = 280 _ 0 45y, (2-18)

2

2.2.4.3 Symmetrical rules sampling method of SPWM

The real time compute of SPWM signal require corresponding
mathematical model. There are several methods to establish mathematical
model, for example harmonic elimination, area equalization, sampling
SPWM, etc. Sampling SPWM method is also divided into natural sampling,
symmetrical rules sampling, unsymmetrical rules sampling, etc. This paper

emphatically introduces the symmetrical rules sampling method.

; | :
: I :
Pl ! o
toffiy | | i aloff2
\;\ tonl ! tonZ /E/
! i
i | i

Y

Figure 2.10 The principle diagram of symmetrical rules sampling

Symmetrical rules sampling method regards every time of low

symmetry axis of triangle load wave v, as sampling time, shown as Figure

2.10. Drawing a parallel with t axis which through the cross point D of low

17



symmetry axis of v, and modulation wave v,,. Taking the cross point A

and B of this parallel and the two sides of triangle wave as "breakover" and

"close” time of SPWM, shown as Figure 2.10. 1 is the period of

SPWM(period of v ), t,

n

low level separately, t, issampling time.

D

and t, represent the last time of high level and

Here we deduct the mathematical model of symmetrical rules sampling

of SPWM, known from 0<M <1,

T

tofflzj_a
Tc

=—+a
onl 4
TC

o2 ZZ_b
T

t0n2 :_C+b
4

According to principle of similarity of triangle:

a _ Msinat,
(T./4) g
a=b

T .
a=-—<Msinat,

bz%M sin oty

From equation (2-19) and equation (2-20):

18
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()

T .
[ =Z°(1— M sin wty)

Ol

ton =1:7°(1+ M sin wt)

T (2-21)
ty, = ZC(l— M sin wt,)

T, :
tono :ZC(1+ M sin wty)
t o=t +t., =T3°(1+ M sinat,) (2-22)
%:%(u M sin ot ) (2-23)

c

In equation (2-23), t,,/T. is the duty ratio of SPWM - rectangle wave

pulse. In real systems, we could sampling the value of modulation

wave( Msinet ) with time interval T , and compute the duty ratio by

equation (2-23), then 'generating PWM pulse of this duty ratio from
processor. If sampling rapidly and continuously, PWM signals which duty
ratio continuously changing will happen, the changing period of duty ratio is

T, as well.

M is modulation coefficient(0<M <1), it-is equal to amplitude of

modulation wave v, divide with amplitude of triangle carrier wave,
Because the amplitude of triangle carrier wave v, is 1, so M is equal to the
amplitude of modulation wave v, .

Though there is minor error in symmetrical rules sampling method of
SPWM, it has been widely used in engineering operations for it simplified

the compute process greatly.

2.2.5 Space vector pulse width modulation(SVPWM) techniques
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SPWM law sampling method is expecting to get a sine wave power
supply, in which three phases are symmetrical, while voltage and frequency
are adjustable. Its control principle is to reduce the harmonic component of
output as far as possible. Though this method has advantages of simple
model and easy to realize, it has disadvantage of low usage ratio of voltage.

The most popular and effective method nowadays is voltage Space
Vector Pulse Width Modulation(SVPWM) technology. It is also called
linkage path method. This method is based on electromotor. Its control

purpose is to have AC electromotor generate round rotating field.

2.2.5.1 Voltage space vector and flux vector

\oltage space vector is.defined by space position of three phase
windings. A plane static coordinate system could be defined by three phase
stator windings, shown on Figure 2.11. This special coordinate system use
three axises with angle interval 120° to indicate three phase windings. The
voltage at three phase windings contribute to voltage space vector
u,, Ug, U., their directions always at axises, and size change according to
sine law along with time. So-the sum-of vectors(u) of -u,, u,, u. is voltage
space vectors which rotate with-angular speed ®, and ® is the angular

frequency of power supply.

C

Figure 2.11 A-B-C coordinate system
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U=Uu, +Ug +Uc (2-24)

In the same way, the space vector 1 and w of current and linkage

could be defined, and their relationship is as below:

dy
u=RI+—> (2-25)

When the rotating speed-is not too slow.in electromotor, the voltage
drop of the resistance R of stator is relatively small, so.it could be ignored.

Equation (2-25)-could be simplified as

u~dv
dt
v = [ udt (2-26)
y=yel (27
joot . .
U d(\lfante’ ) = joy el = gny, o @) (2-28)

Equation (2-28) shows that, when the amplitude of linkage w,, Iis
constant, the size of u is in proportion to ®, and the direction of u is
along with the tangent line of the round path of linkage. When the linkage
vector rotate one circle in space, the voltage vector also continuously moved
2m radian along with the tangent line of linkage round and its movement

path is coincident with linkage round.
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2.2.5.2 Basic voltage space vector
Figure 2.12 is a classic voltage-type inverter. The movement path of u
could become round by adjusting the switch status of IGBT, switch

sequence and switch time. Detailed operation is as below.

VT, ] [vD, ] [vD,
Ve i:;C | | L\ VD,

g VT T VTS

VD, [VD| O]
Vdc l—_—j-CVT4 ¢ 'VT() 6‘\[’1"')

PWM generator

Figure 2.12 The principle diagram of the SVPWM inverter

VT1-VTgin Figure 2.12 indicates 6 IGBT: a, b, ¢ indicate the 3 bridge
arms of inverters separately._When ‘the IGBT of upper bridge arm in
breakover status (At this time, the IGBT of down bridge arm must close),
the switch status of this bridge arm is defined as "1". Otherwise, the switch
status is 0. Thus a, b, ¢ forms 8(23=8) switch modes like 000, 001, 010, 011,
100, 101, 110 and 111. Among them, 000 and 111 are called as zero status,
because at that time, there is no voltage output from inverter.

By deduction, the relationship between line voltage vector

[U,. Ug U T Of output of 3 phase inverter and switch status vector

[abc]" is:
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Ue 1 -1 07fa
Ug =V, | 0 1 —1|lb
U -1 0 1|c
(2-29)

U ABm = Ve

The relationship between phase voltage vector [u, u, u.]" of output

of 3 phase inverter and switch vector [abc]" IS:

U, L 2 -1 -1ja
Ug =§VdC -1 277 «l}b (2-30)
U —1 £lA2 1T

In the formula, v, is the bus voltage of DC.

The correspondence relationship between equation (2-29) and equation
(2-30) could be shown as Table 2.2.

Table 2.2 The relation of switch state with phase voltage and line voltage

a b c Ui Ug Uc U | Ysc | Uca
0 0 0 0 0 0 0 0 0
1 0 0 Vg3 | VaB | Va3 Ve 0 Ve
1 1 0 Va3 Va3 | -2V4/3 0 Vae | -Vdc
0 1 0 Va3 | 2VaB | Va3 | Vac | Vac 0
0 1 1 -2Vye3 | Va3 Va3 -Vyc 0 Vic
0 0 1 Va3 Va3 | 2Va/3 0 -Vae | Ve
1 0 1 Va3 | -2VaB | Va3 Vac | -Vdc 0
1 1 1 0 0 0 0 0 0
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The space vector and phase angle of phase voltage could be solved by
substituting the 8 groups of phase voltage in Table 2.1 into equation (2-24).
The sums of these 8 vectors are so called basic voltage space vector.
According to the feature of their phase angle, they are named as
Ugo» Uo» Ugyr Ussor Uieer Ui Useer Uy, Separately. Among them, u,,,, U,,,
are called as zero vector, other 6 vectors are called non-zero vector. The size
and position of the 8 basic voltage space vectors are given in Figure 2.13.
Among them, the amplitude of non-zero vector is the same (length is
2V4/3), the interval between neighboring vector is 60° , while the
amplitude of the two zero vector is zero and located at the center.

By using Clarke transformation, transforming the phase voltage in 3
phase A-B-C plane coordinate system into-a-B rectangular plane coordinate

system. Its transforming formula is:

(2-31)

a % % |
ME (1, J§/22 _@2 i

According to equation-(2-31), the corresponding phase voltages in
Table 2.1 which are related to switch status a, b, ¢ could be transformed as
components in o-f rectangular plane coordinate system. Transforming

results are shown as Table 2.3 and Figure 2.13.
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Figure 2.13 The principle diagram basic voltage space vector

2.2.5.3 Flux linkage track control
Shown as Figure 2.14, if the 6 non-zero basic voltage space vector

output in turn, then the movement track of the flux linkage vector y is a

regular hexagon. And this regular hexagon is equally divided into 6 sectors,
marked as I, 11,111, IV;\V-and VI.

Obviously, only “rotating field of regular hexagon shape could be
formed under this power supply method, rather than round rotating field as
we expected.

How to acquire round rotating field? If rotating filed is a regular
polygon, we could acquire a similar round rotating filed. Obviously, the
more sides the regular polygon has, the more similar to round. But there are
only 6 non-zero basic voltage space vectors. If we expect the rotating filed
has as more sides as possible, there must be more switch status of inverter.
We could acquire more switch status by taking the advantage of the linear

time combination of 6 non-zero basic voltage space vectors.
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Table 2.3 The relation of switch state with u, and U,

a b c u, U,

0 0 0 0 0 U
1 0 0 2/3V,, 0 Uo
1 1 0 J/6v,, J2v,, Ueo
0 1 0 -Jyev,, J2v,, Uiz
0 1 1 ~J2/3V,, 0 Useo
0 0 1 -Ji/6v,, ~Jiy2v, Ussg
1 0 1 J6V,, ~J2V, Usgo
1 1 1 0 0 Uiy

Figure 2.14 The magnetic chain track

The method for linear time combination is introduced as below. In

Figure 2.15, u, and u,, are 2 neighboring basic voltage space vector,

x+60

t, and t,

X

are the effective time of u, and u_, separately: U, isthe

+60 x+60

reference voltage vector of output. According to the volt-second balance

principle in physics, the linear time combination relationship among U

ref 7

U, and U, Iisas below:
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Uref TPWM = Uxtx + UxiGOtXiGO (2'32)

Figure 2.15 The linear combination space vector

According to this method,-in next T,,,, period, still use the linear time

combination of u, and U, but effective time t  and t_, is different

from last time. It must be ensured that the amplitude of new U, . of voltage

ref

space vector is equal to former U, .

If it goes on that changing the effective time of neighboring basic

vector in every T,,,, Pperiod, and make sure the combined amplitudes of

voltage space vector are-equal, enough switch status of inverter could be
acquire by this method, so as to make the path of voltage space vector as a

regular polygon which is similar to round.

2.2.5.4 Computation for ¢, t_ ., and t

X+60

In Figure 2.15, according to the sine law of triangle, there are:

u
— = UL (2-33)
sin120° T, SiN(60° —0)
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U ref U xiGOterO (2_34)
sin120° T, Sin@

Known from equation (2-33), (2-34)

2U,, .
=T SIN(B0° —6)
\/§UX PWM
o (2-35)
[SSES = TPWM sind
ﬁu x+60

In Figure 2.14, zero vector u do not output-voltage, in another

000 * Ulll

word, they are not effective to electromotor. So in T period, adding

PWM

zero vectors has no influence to the system. t is the effective time of zero

vector U,, or U,,.

Toam =t +1 0 o+t (2-36)

X x+60°

For making the-movement speed ;of:linkage smooth, generally zero
vectors are not added intensively, but equally divided into several lots and
added into linkage path by several times, while the sum of effective time is

still t,, so as to reduce the torque ripple of electromotor.

7 segments SVPWM waves, which are the most popular one, are
constituted by 3 segments of zero vectors and 4 segments of non-zero
vectors which are neighboring. The 3 zero vectors are located at the start,
middle and end of SVPWM wave, shown as Figure 2.16.

See from Figure 2.16, 7 segments SVPWM has features as below:

® Every IGBT only on-off once in every T period, so as to

PWM
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reduce the wastage of switch.
The 7 segment SVPWM is start and end with zero vector u,,, and
zero vector u,,, isinthe middle.
The effective time of zero vector u,, and U

t/2=(Tpgy —t,—t_.)/2

x+60°

., arethe same. It is

|
uoum uo ueu un uso uu un 0 uoco u124 uso unl‘ uso‘ u:zo‘ u 000
l(000) (100) (110) (111} (11:?) ©D)| (000 (000)| (010) (110) (111)'(110) @O 0X000)
Sector | Sector [I
t [t t t t t t
l t120 tlso l tlao t120 l‘ i Ry 10| 140 ﬂ" .
4 Bl 2020 4 EERN 200 2 | 2 (=27 4

r**—] T i‘i T“f'
-

Lh | | [
Ugeo Uig Ugy Uy Ul o) U0 | Yooo, Uagg Uigp Uiy Ui 200 U ono
(000)| 010y O 1) (111) @ 1|) (D 0)0QO) (000) (0010 (O11) (111) © 1|) (01 ) (@Y
Sectorlll SectorV
£ t240 t300 l t300 t240 1 l t_O tBDD l t300 5 1
4 |2 2 22 2 4 4 2 2 2 4
uDDG u 240 u 300 u 111 u 300 u 240 u 000 uDDO u o u 300 u 111 u 300 u o u 000
(000) (OO (101) (111) (O1)) (01 ) (OQO (000) @00> (101) (111) (D1 ) X000 ) (000)
Sector V Sector VI

Figure 2.16 The 7 segments SVPWM waves
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/
/
L
0 ux

-TPVVM

Figure 2.17 The linear combination space vector

In equation (2-32), T,,, IS preset according to factors like switch
frequency of IGBT, etc. Neighboring basic voltage space vector u, and
U, could be confirmed by judging the sector (it will be introduced

hereinafter), but space-angle ¢ is not easy to acquire. In real system, the
influence of ¢ couldbe eliminated only if-we fully take the advantage of

a-B coordinate system. Analyzing when U, at sector |, according to

Figure 2.17, there are:

{Ua }T
Uﬁ PWM

=U

ref

cosé’ cosé’
TPWM |:Sint9':| = (onlto +|U60|t60){5in9.:|

(2-37)
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Simplifying equation (2-37),

(= Y3Tewm [V3U, Uy
RV 2 2
_ \/§U ﬁ'TPWM (2_38)
0=y
dc
U= Town — b~ g

With the same principle, we can acquire the effective time of two

neighboring basic voltage space vector when U, in other sectors, shown

as Table 2.4.

Table 2.4 Each sector basic space vector duration

Sector Basic vector duration
t =\/§TPWM ’\/§Ua _Uﬂ , t :ﬁUﬂTPWM
I A 2 2 2 vV,
= Vo (Y3, Y | 1 VBT (VAU Uy
11 VA 2 2 2"V, 2 2
tl ZMU s t_l_ =\/§TPV\/M _\/§Ua _U_ﬂ
i 2oy, P v 2 2
teo = M[& _ U_ﬁ] t = \ETPWM
> Y240 T
IV Vdc 2 2 Vdc !
t :‘ETPWM _@a _Uﬂ , :ﬁTPWM \Eua _U_ﬁ
V 240 Vdc 2 2 300 VdC 2 2
t :‘/§prrv| U t :\ETPWM _ﬁLJa _U_ﬁ
VI 300 V,. pr0 V,. 2 2
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2.2.5.5 Sectors calculation
Dividing Figure 2.14 into 6 areas which are called sectors, and mark
them as I, 11, I1I, IV, V and VI. It's very important to confirm the sector

where U, at. Because we can only confirm which pair of neighboring

basic voltage space vector to be used when we know which sector where
U, at.

Table 2.5 The necessary and sufficient condition of U_ in which sector

ref

Sector The necessary and-sufficient

condition of U, in which sector

I U,>0, U,>0 and U, /U, <3
I U,>0 and U,/|u.|>+3

I U,<0, U,>0 and -U,/U, <3
I\ U, <0, U,<0 and U,/U, <3
\

U, <0 and —U,,/|Ua|>\/§

VI U,>0, U,<0'and -U, /U, <3

Sector where U, could be confirmed by u, and U,. Their

relationships are shown as below:
Further analyzing above table, and make conclusion as below:

Suppose that By, B,, B, have relationship as below:
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B, =U,
B, =sin60°U,, —sin30°U, (2-39)
B, =—sin60°U,, —sin30°U

Compute value of P by using equation (2-39)

P =4sign(B,) + 2si gn(B,) +sign(B,) (2-40)

In Eq(2-40) sign(B) is a sign function, its definition is as follow: if
B>0, then sign(B)=1; if B<O, then sign(B)=0. Then confirming the sector

number by checking Table 2.6 according to the value of P.

Table 2.6 The sector judgment logic
P 3 1 5 4 6 2

Sector [ Il 11T IV V VI

The physical essence of SVPWM is that: SVPWM is a modulation wave
which is acquired after-added zero-sequence component into three phase
sine wave. It's a transformation of SPWM law sampling. But the modulation
process of SVPWM is completed in space, while the modulation process of

SPWM is completed in A-B-C coordinate system.

2.3 High performance control of BLDCM
Because DC motor has advantages such as easy to control, well
mechanical feature, large initial torque, etc, it has been widely used motion

control systems. But because of electric brush and inverter, there are several
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problems such as spark, noise, etc in DC motor, which influenced the
accuracy and performance of speed adjusting of DC motor. Thus a kind of
DC motor--brushless DC motor(BLDCM) which without electric brush and
inverter come out. BLDCM replaced mechanical commutator and brush
with electronic commutator, so this kind of electromotor not only reserved
the advantage of DC motor, but also have the advantages of AC motor like
simple structure, reliable running, easy for maintenance, etc. Nowadays,
BLDCM has been widely used in fields like automobile, electric bicycle,

numerical control machine tool, robot, medical equipment, etc.

2.3.1 Basic structure and working principle of BLDCM
At first, this chapter introduced the structure and working principle of

brushless electromotor.

2.3.1.1 Basic structure of BLDCM

Basic structure of BLDCM is shown as Figure 2.18. The structure of
BLDCM is similar with BLACM. The rotor of BLDCM s also constituted
with permanent magnet.-There are 2 types BLDCM: surface BLDCM and
interior BLDCM. But for acquiring the trapezoidal wave of back emf, the

shape of rotor magnets of BLDCM must be camber (tile-shape).

N N [/ NS
u R — —
] TS\ SN
S N7 5 y o’f \\ - & ,"‘/
SN SN N S:IN /
e E[ e — ) _—
(a) SBLDCM (b) IBLDCM

Figure 2.18 Sectional drawing of two types of BLDCM
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The armature of DC motor is at the rotor, while the stator is static to
generate motionless field. For having DC electromotor rotation, the current
direction of armature must be continuously changed by using inverter and
electric brush, as as to keep two filed directions perpendicular with each
other all the time. Thus constant torque will be generated to drive
electromotor rotating continuously.

For removing brush, BLDCM put armature at stator, and making rotor
with permanent magnet. This structure is just contrary with DC motor. It can
always keep the space angle between stator field and rotor permanent
magnetic field at 90 so-as to generate torque to drive motor.

2.3.1.2 Principle and feature of BLDCM

BLDCM control system is mainly constituted with main part of motor,
position sensor of rotor, and phase-shifting circuit constituted with
controller and inverter. The whole structure of BLDCM control system is
shown as Figure 2.19.

Here the basic working principle of BLDCM is explained by taking

working method of three-phase six-status as example. Its-control circuit is as
Figure 2.20, running principle-as Figure 2.21.

DC

power supply Inverter

Position
Sensor

Controller

Figure 2.19 The diagram of BLDCM control principle
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Driving Circuits

AT

Control Circuits

Figure 2.20 The diagram of BLDCM control circuit

To deducting the status of 2 fields as below. Other situations can be

deducted by the same way.

(1

(I

When rotor rotating at position shown in Figure 2.21(a), position
sensor will output according pesition information, and control VTg
and VT; to breakover (refer to Figure 2.20). At that time, there are
two-phase windings A and B breakover. The direction of current is:
positive pole of power supply — VT; — A phase — B phase— VT —
positive pole of-power-supply. Windings of armature will generate
magnetic motive force F,, which will interact with field of rotor to
drive electromotor rotating clockwise.

When rotor rotating at 60 <lectrical angle, shown as Figure 2.21(b),
position sensor will output according position information, and control
VTgand VT, to shift phase, that is to make VT, and VT, breakover. A
and C phase power on. The direction of current is: positive pole of
power supply — VT; — A phase — C phase — VT, — positive pole
of power supply. The magnetic motive force generated at that time is

shown as Figure 2.21(b). Thus it makes the electromotor to rotate
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clockwise. Other situations can be deducted by the same way. Every
time, the phase of rotor will change when rotated 60° electrical angle,
and one of the power tubes will change its phase as well. Every power
switching element breakover 120° electrical angle. The logic of
shifting phase and breakover is VTg, VT1 — VTy, VT, — VT, VT3 —
VT3, VT4— VT4, VT5— VTs, VTg— VTs, VT;. This breakover order
will ensure the rotor always to be effected by torque of

electromagnetism and continuously rotating clockwise.

A’

(@) VT4, VTg breakover (b) VT4, VT, breakover
Figure 2.21 The diagram of BLDCM working principle

2.3.1.3 Mathematical model of BLDCM
Suppose that three-phase winding is complete symmetrical, magnetic
circuit is unsaturated, and do not take vortex and magnetic hysteresis loss

into consideration, then the equation of three-phase voltage could be shown

as:

u, r 0 0fi, L M M| [i] e

u, |=|0 r Ofli,[+|M L M |p|i,|+]|&, (2-41)
u 0 0 rjli M M L i e
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u,.u, U, : Phase voltage
i,.i,,i. 2 Phase current

e,.e e :Back emf

L : Self-inductance of winding (H)
M : Mutual inductance of winding (H)
P : Differential operator (p=d/dt)

Among them, the electromotive force of square wave and trapezoidal

wave of A phase is shown as Figure 2.22.

ACHER

E

5] )

ot

Figure 2.22 The waveform of A phase current and back emf wave

Because, The connection type of three-phase winding is star connection, So

i, +i, +i, =0 (2-42)

M i, +M iy +M i, =0 (2-43)

So equation (2-41) can be simplified as !:
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u, r 0 Ofi, L-M 0 0 Ll [e,
u, |=|0 r 0fi,|+|] 0 L-M 0 |pli,|+|e, (2-44)
U, 0 0 rii 0 0 L-M i | |&

Based on this mathematical model of the equivalent circuit for BLDCM as

VT, ] [vD, ] VD,
V. l:gc | ! I 7A VD,
2 LV, s ks

AN ’b ' FAN

{ | I’.c Lc
v, Vs VT, VD, VT M e e R
def| =% C‘ |

| a;jg Vki VD,

PWM generator

follows!!:

Figure 2.23 The equivalent circuit for BLDCM
The formula of electromagnetic torque

T - e,i, + e, +€.l; (2-45)

@

o s the machinery angular velocity(rad/s) of motor.

From equation (2-45), the value of electromagnetic torque is in a direct
ratio with the phase current, so the torque of BLDCM could be controlled
by adjusting the amplitude of square current of inverter. For generating
constant electromagnetic torque, it requires that the current of stator must be

square wave, back emf must be trapezoidal wave. While within every half
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cycle, the last time for square wave is 120< for flat-topped part of
trapezoidal wave of back emf is 120° , those two should sync completely.

Because BLDCM always has two phase breakover other phase

disconnect at any time, so the equation (2-45) can be transform into:

T - €y T8k Tl _ 2e,i, (2-46)
(]

The motion equations of BLDCM:

T,-T, -Bo=1J dg (2-47)
dt
T. : Phase voltage

: Phase current

-

: Back emf

- W o

: Self-inductance of winding

This chapter at first analyzed the basic structure and working principle
of brushless DC electromotor. Then based on that, analyzed and deducted
the mathematical model of BLDCM by taking two-phase breakover star like

three-phase six-status BLDCM as example.

2.3.2 Astudy about reduction BLDCM torque ripple
2.3.2.1 Definition of torque ripple and reasons

Because BLDCM has advantages like easy to control, well mechanical
feature, large initial torque, etc, it has been widely used motion control

systems. But because of the inherent problem of torque ripple in BLDCM, it
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is application in high accuracy and high stable field has been limited badly.
So to resolve torque ripple problem of BLDCM is a hotspot in current
studies.

The definition of torque ripple is that it is the ratio between the
difference between maximum and minimum electromagnetic torque and

average electromagnetic torque when running in rated condition

T, = @xloO% (2-48)

T.  :Torque ripple
T - Maximum electromagnetic torque
Ton - Minimum electromagnetic torque

T, :Average electromagnetic torque

The main reason of torque ripple is because there is difference between
main body of. electromotor and its control system. Referencel*® and
reference™ introduced the types of torque ripple in details. Torque ripples
are divided into below types:

® Torque ripple caused by grooves: Because there is stator grooves,

the reluctance of stator will change along with the changing of
rotating angle of rotor. Thus to cause torque ripple.

® Torque ripple caused by armature reaction: The exist of Armature

reaction will cause the aberration of air-gap filed of permanent
magnet. Thus to cause torque ripple.

® Torque ripple caused by machining: Machining and inconformity of

material is another important reason for causing torque ripple.
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Torque ripple will be caused by defaults in process error like
friction torque unequal, electric parameters of each phase of
windings unsymmetrical, performance of each permanent magnet
inconformity, etc.
® Torque ripple caused by commutation of current: In every
commutation moment in BLDCM, because of the exist of
inductance of stator winding, the phase current can not change
suddenly, so the current is not the ideal square wave current. Thus
to cause torque ripple.
Among them, commutation of current is the main reason for causing
torque ripple in BLDCM.
For BLDCM of 2 phase breakover star-shape 3 phase 6 status, there are
two phase breakover at any time. Figure 2.24 is the back emf and current
wave of BLDCM in ideal status.

| | 1 ! | !
e | | ! ; : !

Em T N ! | o

by — ! 1 ! :‘—“
I ! J

A : } } | >
! 1 | | oot
| 10! |
} ] | ‘l o }
L s o

.em i ! i b | i i

m i | |

B | l |

1 | L et

S —

\ajt

Figure 2.24 The emf waveform and current waveform of ideal state
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Known from equation (2-46), electromagnetic torque is:

T, = 2l (2-49)
@

e, : The amplitude of trapezoidal back emf

i, : The amplitude of phase current

Suppose the main body of electromotor is under ideal status, then e,
Is constant. Known from-equation (2-49), electromagnetic torque T, is in
proportion to phase current i . If current is ideal square-current as Figure

2.24 shown, then electromagnetic torque ripple is zero. But in real system,
because of the exist of inductance of stator winding, the phase'current can
not change suddenly, so the current is not the ideal square wave current, but
a phase current wave with two peaks shown as Figure 2.25. Known from

equation (2-49), torque ripple will certainly increase if phase current i has

peak.

2.3.2.2 Reduction for BLDCM torque ripple

Known from above analysis, the main reason for torque ripple is the
aberration of phase current wave when transforming phase in BLDCM. So
only if keep the phase current wave similar with square wave, the torque
ripple could be well reduced. For achieving this purpose, we can use
strategy of current hysteresis band pulse width modulation(CHBPWM) to
directly control BLDCM phase current.
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Figure 2.25 Phase current waveform distortion caused by the inductance

2.3.2.3 Basic principle of CHBPWM

The basic principle.of CHBPWM is that in” current feedback-loop,
using current hysteresis.controller to compare-the size of reference current
and feedback current, so as to generate PWM trigger signal. CHBPWM is a
thought based on feedback control that to have actual phase current follow
the reference current to fluctuate in a small range, shown as Figure 2.27.

Figure 2.26 is the control block diagram of CHBPWM. The working
principle of CHBPWM is: when the absolute value of the difference

between reference current(i;) and feedback current(i, ) is larger than width

of hysteresis(h), the switch tube VT, of inverter breakover, switch tube VT,
off, electromotor connect the positive side of DC bus, the current start to

rise. In contrary, the current start to reduce. Selecting proper width of
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hysteresis could have the actual current continuously follow the wave of

reference current, so as to realize the stable control of current.
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Figure 2.26 The block diagram of CHBPWM control
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Figure 2.27 The principle diagram of CHBPWM
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Chapter 3

Simulation for BLACM and
BLDCMcontrol

3.1 Simulation design for high performance control of BLACM
3.1.1 Simulation model of BLACM
By analyzing mathematical model of BLACM-and principle of vector
control in last chapter, simulation model of high performance variable
frequency speed-adjusting system has been designed based on SPWM and
SVPWM with MATIAB/SIMULINK. Design methods for simulation model
of BLACM and models of every function module are introduced as below.
The simulation model of main body of BLACM could be called from
SIMULINK 'module database (shown as Figure 3.2.). For different BLACM,
related parameters need to be set, for example the number of rotor pole pairs,

windings of stator, linkage, etc.-Operation is.shown as Figure 3.1.

3.1.2 Simulation model of space vector transforming

M language applied with MATLAB transformed formula of space
vector transforming equation (2-1), equation (2-2), equation (2-3), equation
(2-4) to M program shown as Figure 3.3. Then using module of
User-Defined functions in SIMULINK to pack M program as module shown

in Figure 3.4.
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Figure 3.1 The block diagram of simulation model for BLACM

) Block ParametersfFM_va‘“;-_m l I__.I--:...'h ﬁ

Permanent Magriet Symchronous Machine (mask) (link)

Implements a 3-phase permanent magnet synchronous machine with
zinuzeidal or trapezoidal back ENF. The sinusoidal machine iz modelled
in the dq rotor reference frame and the trapezoidal machine iz modelled
in the abe reference frame. Stator windings are connected in wye to an
internal neutral point.

The preset models are available only for the Sinuszoidal back EMF machine ||
type.

Configuration Parameters Advanced

Stator phase resistance Rs (ohm):

6.020

=

Inductances [ Ld{H) Lai(H) 1: ,
[9.2e-3, 9.2e-3] ’

Specify: |Torgue Constant (N.n / A4 _peak)

Flux linkage established by magnets (V.=z):
0.047333 i |

Voltage Constant (V_peak L-L / krpmi:
85, 8532

Torque Constant (Nom / 4 _peak):

0.710 i

l Inertia, friction factor, pole pairs [ Tike.m'2) Fillms) p(l:
[0.81e-4 0 10]

Initial conditions [ wmirad/s) thetam(deg) ia, ib(4) 1: ||
[0,0, 0,0]

[ (0] 4 H Cancel H Help ] Apply

Figure 3.2 The parameters set interface of the BLACM model
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Figure 3.3 Mprogram of vector transform
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Figure 3.4 The block diagram of vector transform module
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3.1.3 Module of variable frequency power supply

Module of variable frequency power supply in BLACM control system
is divided into 3 parts: PWM generator, DC voltage source and inverter.
Among them, SPWM generator, DC voltage and inverter could be applied
with modules in SIMULINK directly. Shown as Figure 3.5.

—a A

2|Signal(s)Pulses

_._EB

PWM Generator

L YYRE
o O
Universal Bridge _J

+ |
310V

Figure 3.5 The block diagram of power supply module

There is no SVPWM generator module in toolbox of SIMULINK. But
we can establish SVPWM generator module shown as Figure 3.6 by

applying the principle of SVPWM introduced in chapter 2.
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Fig.3.6-The block diagram of SVPWM generator

3.1.4 Module of PI controller
Directly applied with PI controller module in SIMULINK shown as

Figure 3.7. This module provided settings for related parameters.

oA PI P

Figure 3.7 The block diagram of PI controller module
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3.1.5 Simulation result and analysis of vector control for BLACM
Simulation modules established above have contributed to dual close
loop vector control simulation system of BLACM shown as Figure 3.8 and
Figure 3.9. Figure 3.8 is applied with SPWM technology, Figure 3.9 is
applied with SVPWM technology.
Before simulation, first, set the parameters of BLACM, nominal load

T, =2nm, reference speed @*=200rad/s. At first, no load, add nominal load

when t=1s. Simulation results are shown as Figure 3.10 and Figure 3.11.
Figure 3.10 and Figure 3.11 show the results of the BLACM control
with dual closed-loop-vector control algorithm. This dual closed-loop vector
control system enhances the control performance of BLACM. The control
effect even can be comparable with DC-motor control performance. Thus,
the dual closed-loop vector control algorithm has been widely used in

high-performance speed control systems of BLACM.
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From Figure 3.10 and Figure 3.11, the simulation results are similar,
and can not determine what kind of PWM performance is superior, so made
the following simulation to compare the performance of SPWM and
SVPWM.

1000 T T T T

800 — —
600 [— —
400 — =

200—

0 ‘l
-200 fi

400~ B
600~ B

-800 — —

1000 L I L I L L I
9.6 965 97 9.75 9.8 9.85, 9.9 9.95 10
time 4

Figure 3.12 The simulation results of line voltage u,, for SPWM

1000 T T T T T

800 —
600 —
400[—

200[—

|
-200 ‘

400~ —
-600 [~ —

-800[— —

100 I I I I I I I
9.6 9.65 9.7 9.75 9.8 9.85 9.9 9.95 10
time

Figure 3.13 The simulation results of line voltage u,, for SVPWM

Figure 3.12 and Figure 3.13 are the Simulation results of line voltage

U, for SPWM and SVPWM. By analyzing the density of line voltage

waveform can determine the level of the IGBT switch device loss. The more
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frequents witching, the shorter life expectancy of IGBT.SVPWM line
voltage waveform is less dense; then, switching loss is smaller than SPWM.

Figure 3.14 and Figure 3.15 are the phase current i, harmonic
analysis using FFT(Fast Fourier Transform Algorithm) for SPWM and
SVPWM. If THD(Total Harmonic Distortion) is larger, the phase current
will have more harmonics. Because of the SVPWM THD=3.61 is smaller
than SPWM, so SVPWM has better harmonic suppression effect.

Fundamental (31.8471Hz) = 3609 , THD= 4 32%
3F T T T T T T T T T

‘ I The frecuency spectrum of phase current

26 B

Mag (% of Fundarmental)
=
T
|

0 05 1 15 2 25 i 35 4 4.5 5
Frequency (Hz) 4

Figure 3.14 The phase current harmonic analysis using FFT for SPWM

Fundamental (31.6471Hz) = 3 .61, THD=3.61%

‘ I e frequency spectrum of phase current | |

251 1

2k -

16 B

Mag (% of Fundamental)
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051
0 W. LM“ ..L._ L " J|| Il i "

0 05 1 15 2 2.5 3 35 4 4.5 5
Frequency (Hz) X 104

Figure 3.15 The phase current harmonic analysis using FFT for SVPWM
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3.2 Simulation design for high performance control of BLDCM
Figure 3.16 is the block diagram of dual closed-loop control system of
BLDCM, which mainly includes 5 parts: main body of electromotor, speed

Pl controller, module of reference current, current hysteresis controller and

inverter.
Current
Sensor
Ia Ib Ic
i* v
a
a)* | Calculation i* >
£ ASR || cachphase | 2JICHBPWM }|—| Inverter BLDCM
reference current I, N
o 0 | HALL
Sensor

Figure 3.16 The dual closed-loop control system of BLDCM

This thesis established simulation model of BLDCM dual closed-loop
control system with MATLAB/SIMULINK simulation tool and M language
programming. The function-and structure of -each modules are described as

below:

3.2.1 Simulation module of BLDCM

The simulation model of main body of BLDCM could directly call the
BLDCM module in SIMULINK module database (Figure 3.16). For
different BLDCM, related parameters must be set, for example pole pairs in
rotor, stator windings, linkage, etc. Operation is shown as Figure 3.17.
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W Block P: < BLDCM o X ]

Permanent Magnet Synchronous Machine (mask) (lirk)

Inplements a 3-phase permanent magnet synchronous machine with simseidal
or trapezoidal back ENF. The sinusoidal machine is modelled in the dg

reference frame and the trapezoidal machine is modelled in the abc
reference frame. Stator windings are connected in wye to an internal
neutral point.

The preset modsls are awailable only for the Sinussidal back ENF machine
type.
Configuration | Parameters | Advanced

Stator phase resistance Rs (ohm):
4. 765

||| stator phase inductance Ls (H)

il 0.0z

|| Specify: [Flux linkage established by magnets (V.s) -

Flux linkage established by magnets (V.s):
0.1848

Voltage Constant (V_peak L-L / krpm):

7. 4088

Torque Constant (N.m / & peak):

Wl [o. 7382

Back ENF flat area (degrees):

120

|| Tnertia, friction factor, pele-pairs [ Tlkzm®2) FiK.m.s) p(l:
[0. 0001051 4. 047=-005 2] g
Initial conditions [ wmirad/s) thetami{deg) ia,ib(4) ]:

[o,0, 0,0]

| A N Ll il g e vl

i OK Cancel Help seply i

Figure 3.17 The parameters set interface of the BLDCM model

3.2.2 Speed PI controller
Applied PI controller module in SIMULINK. This module can not only

set proper value of K and K, but also saturation limiting the output.

) Pl P

Figure 3.18 The block diagram of PI controller module

3.2.3 Reference current module
This system is applied with rotate speed & current double closed loop

control system, taking the absolute value of the output Is of speed loop as
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reference current value. According the the feedback signal of rotor position,

Isis divided intoi’, i; and i . Then hysteresis comparing i, i;, i; Wwith
feedback three phase current, so as to realize the control for current. This
model could use the program coded with embedded MATLAB function in
User defined functions module. The structure of program is shown as Figure
3.19. What must be explained that in actual control system, we can use three

hall sensors to judge the position of rotor.

Embedded MATLAB Editor Black: bl [-=2:|i=) [mSem

e N B B = S

Ele _Edit Window =

JEmlsRag o amE/ 0

Text Debug Tools

a

b

functierifia, ib, iglv= fen(thetam, Is)

U

P e e W . weas

L

el BRI
|

ion

e 00 =1 O

10
11
12
13
14
15
16

1l

%#eml

pos=thetam—floor (thetam/2/pi) *24p1;

if pos<pi/3
1a=Is;1b=-Is; 1c=0;
elseif pos<2#pif3
ia=Is;ib=0; @c=-Is;
glseif pos<dpi

1= ab=T8 1 =)
elseif pos<dspif3
1a=I=z;ib=Is;ic=0;
elseif pos<hspi/3
1a=I=z;ib=0;1c=1Is;
else
1a=0;ib=-Is;1c=Is;

end

Ready

Ln 1 Col

Figure 3.19 M program of reference current module
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3.2.4 Current hysteresis control module
Three PWM signal a, c, e were got after Is divided into i, i, i and

hysteresis compared with feedback 3 phase current i_, i , i . Other three

b

PWM signal could be got after "not™ logical operation to these three PWM

signal.

[
>
'Y
L4

double
Data Type Conversionl
double
Data Type Conversion3
double ~ {
Data Type Conversion5

'Y
L4

Logical
Operatorl
Logical
Operator2

Logical
Operator

L hoolean Pp{NOT

p{NOT

Data Type Conversion2

L} boolean

Data:Type Conversion
Data Type Conversion4

11

g i1}

Relay5

Relay3

fr.
Ir
Relayl
a!
g}

Figure 3.20 CHBPWM Control Module
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3.2.5 Inverter module
Simulation model of inverter could be easily established and set related
parameters by using DC power supply module and Universal Bridge

inverter module of SimPowerSystem Toolbox. Shown as Figure 3.21 .

ok

1
DIV ﬂ

Figure 3.21 The block diagram of inverter module

s T o o R =
| = |

3.2.6 Simulation BLDCM torque ripple reduction

Simulation models established above together contributed to simulation
block diagram of BLDCM dual closed-loop control system shown as Figure
3.22.

Before simulation experiment, first, set the parameters of BLDCM.

Simulation results are shown as Figure 3.23 to Figure 3.24.
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Figure 3.23 The Simulation result of speed
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Figure 3.24 The Simulation result of torque
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Figure 3.25 The Simulation result of phase current

Figure 3.25 is the output wave of A phase current under CHBPWM
control mode. Compared with Figure 2.25, there is no noise current in A
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phase current, phase current is similar to square wave. Thus the purpose is
realized that reduction the torque ripple when transforming phase in
BLDCM.

In this chapter, by using CHBPWM modulate mode, to have the current
through windings of stator more likely to ideal square wave current, so as to
effectively reduction the torque ripple when transforming phase in BLDCM,

and improved the control performance of BLDCM greatly.
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Chapter 4

The experiment for the vector
control of BLACM

4.1 Experimental apparatus for the vector control of BLACM

The BLACM control system is composed of hardware part and
software part. The hardware part contain host computer, control board
(include control module, driver module, communication module, power

supply module), BLACM, load torque motor, and oscilloscope, as following
Figure 4.1.

BLACM Load
7 torque motor

Oscilloscope

Figure 4.1 The hardware set-up of BLACM vector control system
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Host computer supply CCStudio(Code Composer Studio) interface for
programming, building, debugging, and controlling motor real time. The
motor control software on control module control BLACM via driver
module, and the real time status can be sampled and be sent to host
computer CCStudio interface via communication module. The whole need
power is generated by power module from main supply. The load torque
motor supply the load torque for BLACM, and the phase current and voltage
of BLACM are sampled by oscillograph.

The control board black diagram as following Figure 4.2, there are
control module, driver module, communication-module, power supply
module. The DC-bus voltage is 24V,and three pulse width modulation
(PWM) signals are from TMS320F28035.Two phase currents of the
BLACM (ia and ib) are measured by shunt resistor, and are sent to the
TMS320x28035 via two analog-to-digital converters (ADCs),and achieve
current feedback loop. And the position and speed of rotor are measured by
position sensor, and are sent to the TMS320F28035, and achieve
position/speed feedback loop.

And the following Figure 4.3 is the major features-of the control board
which is split into several sections called macros. For example, macro [M1]
is located in the upper-right hand corner of the board and is responsible for
providing isolated USB emulation.™™®

The control module is based on TMS320F28035 chip, one of
TMS320F2803x devices, as the processor and controller for motor control.
TMS320F2803x devices are part of the family of C2000 microcontrollers
which enable cost-effective design of intelligent controllers for three phase
motors by reducing the system components and increase efficiency. The
TMS320F28035 provides the power of the C28x core and Control Law
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Accelerator (CLA) coupled with highly integrated control peripherals in low
pin-count devices. It is code-compatible with previous C28x-based code, as
well as providing a high level of analog integration. An internal voltage
regulator allows for single rail operation. Enhancements have been made to
the HRPWM module to allow for dual-edge control(frequency modulation).
Analog comparators with internal 10-bit references have been added and can
be routed directly to control the PWM outputs. The ADC converts from 0 to
3.3-V fixed full scale range. And the highlights as following:

® High-efficiency 32-bit CPU

® 60-MHz device

® Single 3.3-V supply

Integrated power-on and brown-out resets

Two internal zero-pin oscillators

Up to 45 multiplexed GPIO pins

Three 32-bit CPU timers

On-chip flash, SARAM, OTP memory
Code-security module

Serial port peripherals (SCI/SPI/I2C/LIN/eCAN) .
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4.2 Software design for the vector control of BLACM

The software parts contain the motor control algorithm and the
program. There are two arithmetics SVPWM(Space Vector Pulse Width
Modulation) and SPWM(Sinusoidal PWM) to be studied in this paper. The
results will be compared to find the difference of these two algorithms.

The program is implemented by C language in CCStudio(Code
Composer Studio), the tool which is developed by TI(Texas Instruments) as
an integrated development environment (IDE) for Texas Instruments’ (TT)
embedded processor families. CCStudio comprises a suite of tools used to
develop and debug embedded applications. It includes compilers for each of
TI's device families, source code editor, project build environment, debugger,
profiler, simulators, real- time operating system. And the version is V4. The
software structure of BLACM vector control system as following Figure
4.4,

u, 0y
1 | u; i
Park'| |ClarkeT—] S PWM6
= <
Ug
i )
<] L
Park | [(Clarke Iz
: <
d |
B
0
Positi Position
osition Detection
compute The program structure of DSP

Figure 4.4 The software structure of BLACM vector control system

70



The BLACM vector control system software can be divided into two
parts: main function and motor control function. The initialization program
of main function complete the initialization of core and the peripheral units,
the initialization of variables and parameters, and the initial rotor position
detection of the BLACM. The background program of main function
completes the management of program parameter and 1/0. There are three
interrupt programs in motor control function: Timer T, underflow interrupt,
optical encoder zero pulse capture interrupt and power protection interrupt.
The Timer T, underflow interrupt program complete the sample handling of
feedback variable, vector control, double-loop (current, speed) adjustment
control, PWM signal generation and the processing of soft faults. The T,

underflow interrupts program flow chart.as shown in Figure 4.5.

‘ A 4
Clarke
Calculation ofthe ransformEod
motor speed and rotor
electric Angle \Il
Park
transformation
N v
Speed-control? i,, i; current
regulation
- Inverse-park
Speed adjustment transformation
> v
Inv -clark
Feedback current pverse-clarice
sampling transformation
PWM
Flow judgment? v
Fault processing
Disconnect motor power

Resumes the scene
setb ea

Figure 4.5 The flow chart of T, underflow interrupts program



For the programming of SPWM and SVPWM, refer to chapter 2 for
detailed PWM principle. With T; programming tool CCS4, writing C
programs, refer to appendix.

4.3 Experimental result and analysis

According to the experiment equipment and software which are studied
above, completed two types PWM (SPWM and SVPWM) vector control
experiments respectively, analyzed and compared the results.

With the same equipments and set-up, the same motor initialization
setting, set the same motor speed and the initial load torque. The BLACM
parameters as the following Table 4.1.

Table 4.1 The parameters of BLACM

Rated Voltage 36V
Rated Center 1.3A
Rated Power 46 W
Rated Speed 4000 rpm
Peak Torque 0.387 Nm
Pole pairs 4

4.3.1 The experimental results of vector control

Control the motor work at speed 300rpm, 1600rpm, 2500rpm, which
means the motor work at low, medium and high speed. The experimental
results as following Figure 4.6, Figure 4.7, Figure 4.8 and Figure 4.9. X-axis

coordinate is the sampling points. Y-axis coordinate is the speed (rpm) value
and iq (A) value.
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From the equation (2-9), the motor pole pairs and the flux of rotor are
constant, so the stability of i; waveform can be used to reflect the

performance of the motor torque control.
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Figure 4.6 The speed of SPWM vector control
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Figure 4.8 The speed of SVPWM vector control
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Figure 4.9 The iy of SVPWM vector control
The reason of the ladder-like waveform in Figure 4.7 and Figure 4.9 are

that load torque is provided by the load motor, and its value is not a constant,

becoming bigger when the motor speed increasing. From Figure 4.6, Figure
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4.7, Figure 4.8 and Figure 4.9, the fluctuations of speed and ig at speed
300rpm is a little larger than at speed 1600rpm and 2500rpm. It indicates
that there is more high performance for BLACM at medium speed and high
speed with vector control algorithm.

From Figure 4.6, Figure 4.7, Figure 4.8 and Figure 4.9, the
experimental results of SVPWM algorithm are similar with the results of
SPWM, and it is coincident with simulation results in chapter 3, so made the

following experiment to compare the performance of SPWM and SVPWM.

4.3.2 The analysis of line voltage waveform

With Japanese YOKOGAWA DL750 waveform recorder, sample the line
voltage wave for two PWM control arithmetic as shown in Figure 4.10,
Figure 4.11. 1t is obvious that the switch density of SVPWM control
arithmetic is lower than SPWM control arithmetic, thus lower switching loss.
It is coincident with the simulation result in chapter 3.

The more power tube (IGBT, MOSFET) switch times per unit time, the
more switch loss, the shorter life time. Therefore, this SVPWM advantage is

important in practice system.
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Figure 4.11 The line voltage wave for SVPWM control arithmetic
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4.3.3 The analysis of phase current waveform

The phase current waves of two PWM control arithmetic with DL750
as following Figure 4.12 and Figure 4.13, Compare above two figures, the
difference is tiny, and analyze the phase currents data with FFT, as

following Figure 4.14 and Figure 4.15.
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Figure 4.13 The phase current wave for SVPWM control arithmetic
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From above FFT (Fast Fourier Transform) analysis results, the THD
value of phase current with SVPWM control arithmetic is smaller than
SPWM control arithmetic, thus the harmonic parts of phase current with
SVPWM control arithmetic is more smaller. It is coincident with the
simulation result in chapter 3.

The main damage of too high harmonic part to motor is the increase of
power loss, the reduce of efficiency, along with the temperature rise,
increased motor noise, even destroy the motor when harmonic part is more

higher.

Fundamental (106.667Hz) = 0.1836 , THD= 8.05%
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Figure 4.14 The phase current harmonic-analysis using FFT for SPWM
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Figure 4.15 The phase current harmonic analysis using FFT for SVPWM
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Chapter 5
Conclusion

For PMSM advantages, it is widely used in numerically controlled
machine tools field, fire control field, aerospace field, and so on. In this
paper, the present situation of PMSM control are summarized and
generalized based on consulting lots of literature. First introduce the
principle of rotor flux-orientation vector--control for BLACM, and
decoupling control -for BLACM with SPWM and SVPWM technology.
Second, introduce the method to reduce torque ripple with application of
CHBPWM inverter based on studying the structure and control algorithm of
BLACM, and complete the MATLAB/SIMULINK ' simulation. Last,
Complete BLACM vector control experiments based  on DSP
TMS320F28035.The experiment result is coincident with simulation.

From the experiment that-already done, some conclusions can be made
as follows:

1. From the experiment, the control performance of BLACM vector
control algorithm is excellent, even comparable with the control
performance of DC motor. And summed up the control performance of
BLACM vector control algorithm is better at medium speed and high
speed than at low speed.

2. From the experiment, by comparing the line voltage waveforms of
SPWM and SVPWM control algorithm, there is less switch loss with
SVPWM control algorithm. It is very important in the real system.

3. From the experiment, by comparing the FFT analysis results of phase
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current with SPWM and SVPWM control algorithm, SVPWM has
better harmonic suppression effect.

From equation (2-15) and equation (2-29), the amplitude of SVPWM
inverter output line voltage is same as the DC bus voltage, so DC power
utilization rate was increased 15% than SPWM.

Through the analysis of the simulation result, CHBPWM inverter can
effectively reduce the torque ripple of BLDCM, and dual closed-loop
control algorithm also greatly can make improvement of the BLDCM

control performance.
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Appendix

The schematic of control board:
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