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ABSTRACT

Brushless Direct Current (BLDC) motor is a self synchronous motor, similar to
PMSM in structure. lts many advantages like easy speed control than other AC machines,
high efficiency, high powerldensity, low noise, and Iow\rnaintenance cost while having
' characteristics similar to DC motor makes it suitable for many applications. A three phase
BLDC motor is fed by six switch inverter operating in 120° mode and only two phases are
‘on’ at any instant. ther 60° of operation in a half cycle, one phase current is zero and other
twdphases are ‘on’. This concept led to development of four switch inverter (FSTPI) fed
BLDC motor drive..v Differenl PWM techniques used for BLDC motor drives are triangular
carrier method, hysteresis band control techniqUes. These are briefly explained. A most
popular direct current control PWM technique using hysteresis band for current controlled
voltage source inverter feeding BLDC motor is presented. In this work, first.a six switch
inverter fed is drive developed in MATLAB-Simulink using simulink and power system block
set toolboxes and its performance is evaluated with different speed controllers like Pl,
Sliding'mode, Fuzzy. Next, a FSTPI fed BLDC motor drive is developed. The dynamic
response of FSTPI—BLDCM,driVe under various operating condit_ions such as starting, speed
reversal, and load perturbation is simulated using different speed controllers mentioned
above. Results of four switch operation are compared with the six operation of BLDC motor

drive.

In four switch inverter-fed drive, capécitors in onelleg has its own affects on the
perforr_nance of the drive-and detailed analysis is done in all regions of operation. Drive
performance is compared for different values of capacitances and initial rotor positions. Due
to unbalanced voltage operation of FSTP] at high speeds commutation torque rlpple
_ problem is severe and lntroduces more noise in the drive and sometimes it may affect speed
response Commutatlon torque ripple in FSTPI drive is analyzed and compared. with its six
switch counterpart.at all speeds of operation with rated load. A new way to reduce
commutation torque ripple is presented. This developed technique is applied to forward
motoring operation of the FSTPI-BLDCM drive. This technique ensures the FSTPI fed drive
can be much more practically applied for the industrial applications. Validity of the proposed

‘scheme is verified by the simutation results.

ii



ACKNOWLEDGEMENTS

First and foremost, | would like to express my sincere appreciation to my supervisor,
Dr. Pramod Agarwal, for the patience and guidance throughout the entire duration of my
thesis. Continuous monitoring and time management was an inspiring force for me to
complete the work. Without his supervision, this thesis would never have been a success.
Working under his guidance has been a great experience which has given me a deep
insight in the area of technical research.

| would also like to express my sincere gratitude to my co-guide, Dr. Mukesh kumar
pathak, for his continuous support and evaluating my progress from time to time in

completion of this work.

| am also thankful to my Head of the Department, Dr. S. P. Gupta for providing all
facilities in completion of this work.

Last, but not the least, | would also like to thank my friends and research scholars for

their support during my work.

(_Q&Se,u&d\/

Date: KALLEM RAJENDER

Place: Roorkee..

iii



CONTENTS

ABSTRACT
ACKNOWLEDGEMENTS
CONTENTS

LIST OF FIGURES

LIST OF TABLES

CHAPTER 1 INTRODUCTION
1.0 GeneraJ

1.1 Characteristics and applications of BLDC motor

1.2 Inverter topologies for three phase BLDC motor drive
1.3 Literatdre review |
1.4 Authors contribution
_ 1.5 Conclusion
CHAPTER 2 .CUR'RENT CONTROL STRATEGIES OF VSI FOR BLDC MOTOR
2.0 Introduction
2.1 Advantages of pwm techniques
2.2 Triangular carrier method (TC)
2.3 Hysteresis band method (HB)
2.4 Conclusion
CHAPTER 3 MODELING OF FOUR SWITCH THREE PHASE (FSTP) INVERTER
| FED BLDC MOTOR DRIVE '
3.0 introduction _
3.1 Direct current.control PWM

3.2 Analysis of BLDC motor drive |

iv

10
10
11
13

14

14

18



3.2.1 Modeling of back emf based on rotor position
3.3 Mathematical modeling of pm BLDC motor
3.4 Modeling of speed controliers
3.4.1 Proportional Integral (Pl) speed controller
34.2 Sliding Mode Speed Controller |
3.4.3 Fuzzy logic speed_cohfroller
' ’ 3.5 Conclusion
CHAPTER 4 MATLAB IM_PLEMENTATION OF FOUR SWITCH THREE PHASE
| INVERTER FED BLDC MOTOR DRIVE
4.0 Introduction | '
-4.1 Four quadrant operation of FSTP inverter fed BLDCM drive
4.2 Proportional-Integral (PI)- Speed controlle_f bas_ed BLDCM drive -
4.2.1 Analysis of starting response | - |
A4.2.2A Analysié of load perturbation
4.2.3 Analy'sis of speed reversal
" 4.2.4 Analysis of regeneration
4.2.5 Analysis of commutation torque ripple
4.2.6 Novel com‘mutatio.n torque ripple in FSTPI fed motor
4.3 Sliding mode ébeed controller baséd FSTPI-BL.DC motor drive
4.4 Fuzzy Speed controller based FSTPI-BLDC motor drive
_ 4.5 Conclusion |
CHAPTER 5 RESULTS AND DISCUSSIONS
CHAPTER 6 CONCLUSION_ANDFUTURE SCOPE
REFERENCES
APPENDIX-A MOTOR PARAMETERS

19
20
23
23
24
25 -

28

29
29

. 34

35
42
44
45
47
57
61
63
69
70
82
84
88



- LIST OF FIGURES

Figu.re.No : , Name
1. Speed-torque characteristics of tybical Brushless DC motor (Ref: [1]) -
2. Basic circuit of six switch inverter fed BLDC motor
3. Basic circuit of four switch inverter fed BLDC motor
4. »Triangular carrier (TC) PWM current control technique
5. 'Deéoder circuit for single qua‘drarit BLDC motor
6. Hy'steresis band current control technidue
7. Hysteresi§ current controllér and decoder Circui‘t:
8. Four switch inverter for driving BLDC motor
0. Hall signals, swifching signals, back emf and currents of three phasesx
10. Implementation of direct current controlled PWM (Ref:[9])
1. Basic block diagram éf PMBLDC motor dlri\‘le syétem ‘
12, lBlo’ck diagram of Pl speed COﬁtroIIer
12 (b) - Block diagram of sliding mode controller. (Ref: [35])
1-3'. ‘ Block diagram of Fuzzy Logic Controller (FLC)
14.. ' Fuzzy sets considered for speed control
16. MATLAB -Simulink irh_plemeﬁtétion of FSTPI-BLDC motor drive
17. .HalI decoder for FSTP BLDC motor drive
18. Hall decoder for SSTP BLDC motor drive
19.' ' Refer_ence current generator and reverse switch for four quadrant operation
20. Hysteresis current controller vfér'two phases
21. .IVIATLAB model for proportional Integral (P1) Controller
22. Starting speed response of SSTPI-BLDCM for N,=1800 rpm

Page.No

10
11
12
12
15
16
16
18
24
25
27
27
30
31
32
33
34
35

36



23(a).

23(b).
23(c).
24,
25.

26.
27.
28.
29. -
30.
31.
32.
33,
34,
35.
36.
37.
38.
39.
40.
4.
42,
43.

44.

.Starting speed response of SSTPI-BLDCM for N;=1800 rpm, HHH;ija = 100
Showing voltages of two capacitors C1 and C2 with HHH;pya=100

Sh@wing voltages of two capacitors C1 ‘and C2 with HHHi,,ma|_=101

Depicting flat speed phenoménon ét starting of méchine

Starting speed response of FSTPI-BLDCM for N,e= -1800, HHH;i1a=101

Hall signals, phase currents, N and T, 6f BLDC motor at starﬁng HHHpia=101

Speed, phase current, T, response for load pertdfbation of SSTPI-‘BLDCM drive
Speed, phase .current, Te respbnse for load perturbation of FSTPI-BLDCM drive
Speed, phase current, T, response for speed reversél of SSTPI-BLDCM drive
Speed, phase current, T, response for speed reversal of FSTPI-BLDCM drive
Speed, Te, i_dc.and I_dc responses for regeneratioﬁ of SSTPI-BLDCM drive -
Speed, Te, i_dc and |_dc resb6nses for regeneration of FSTPI-BLDCM drive
Showing curreﬁts and back émfs of three phases of BLDC motor

Showing six switch inverter with six switéhes and thei.r anti parallel diodes
Phase A current response at rated load 2 N-m, 500 rpm for SSTPI fed drive '
Ph’ase A current response.at fated load 2 N-m, 18b0 rpm for SSTP! fed drive

Current responses during mode 4 commutation at 500 rpm for FSTPI fed drive

_Current responses at 1800 rpm showing commutation for FSTPI fed motoring

' CL_lrrént responses at 1800 rpm showing commutation for FSTPI fed regeneration

Proposed commutation techn.iqu~e for FSTPI-BLDC forward motoring operation
Torque response showing commutation torque ripple and hysteresis ;corque ripple
Current responses of proposed technique of FSTPI-BLDC fomérd motoring
Torque response of proposed téchnique have only hystefesis torque ripple

Simulink implementation of sliding mode speed controiler

37

37

38

39

40

41

42

43

44

45

46

47

48

49

50

50

53

54

56

58

59

60

61

62



5.
46.
47.
48,
49,
50.
51,
52,
53.
54. .
55.
6.
57.-
58. .
59.
60.

61.

Starting speed response using sliding mode speed controller of FSTPI fed drive

. Blocks of a fuzzy controller

Step Response of the speed

MATALB model fof Fuzzy Logic (FL) speed controller |

Membership function plots for inpgt and output \)ariables

Starting speed' response using fuzzy speed controller of FSTPI fed drive

Starting, speed Reversal & Load Perturbatién Response of SSTPID with Pl controller
Stérting, speed Reversal & Load ‘Perturb.ation Response of S,STP'ID- wnth SM controller
Starting, speed Reversal &“I'__oad Pe.rturbation Response of SSTPID with fuzzy controller’

Starting, Reversal & Load Perturbation Response of FSTPID with Pl controller, Hinyz=100

'Starting, Reversal & Load Perturbation Response of FSTPID with P! controller, Hiyya=101

Starting, Reversal & Load Perturbation Response of FSTPID with SM controller, Hiyi=100

Starting, Reversal & Load Perturbation Response of FSTPID with SM controller, Hiitia=101

Stérting,Reversal &Load Perturbation Response of FSTPID with fuzzy controller, Hj,5=100

Starting, Reversal &Load Perturbation Respbnse of FSTPID with fuzzy controller, Hjptia=101
Current responses and torque response of FSTPI-BLDCM at 1800 rom-and 2N-m load

Current and Torque responses of proposed technique fo reduce commutation torque ripple

62

63

66

66

67

68

72

73

73

74

75

76

77

78

79

80

81



LIST OF TABLES

Table.1.
Table.2.
Table.3.
Table.4.
Table.5.
Table.6.
Table.7.
‘Table.8.

- Table.9.

Details of individual phase'reférenc_:e currents bésed on rotor position (hall signals) -
Logic rules for Fuzzy Logic (FL) speed controller ' _

Comparative results using Different Speed Controllers for SSTPI-BLDCM drive
Results of FSTPID With Pl contfoller with Hipitia=100 for different Capécitances
Results of FSTPID with Pl controller with Hina=101 for different capacitances
Results of FSTPID with SM _c§ntro|ler with Hinma,=1_00 for different capacitances
Résults of FSTPID with SM controller with Hiia=101 for different capgcitances
Results of FSTPID with fuzzy cohtro[ler with Hinma,'=10'0 for different capacitances

Results of FSTPID with fuzzy confroller with Hiia=101 for different capacitances

19

67

72

74

75

76

77

78

79



CHAPTER 1

INTRODUCTION
- 1.0 GENERAL

Electrical machines have been playing a vital role in the world since
its primitive stage. Scientists and Technelogists put efforts to realize many electrical
machines and they succeeded by developing very f’amous.lnductio'n machine and Direct
Current (DC_) machine etc. These have been supporting industries, consumer applications
and many others. To talk about DC machine, in particular, it set a trend to achieve a
superior speed ’contr’ol. Since it was developed, DC machine has become important
machine in industry and many other applications. It is well known for its simple speed control
in either'direction with above and below rated speed. But at the same time it has got some
drawbacks in its functioning like operating voltage limitation, commutation and needs

constant malntenance of brushes etc.

Technologists started pondering about other way to implement the
same .design technique of DC miachine with some major modifications to eliminate the
limitations imposed by DC machine. The result of these extensive efforts has given birth to
Brushless DC motor: In early times |t faced many problems due to limited progress in power
electrbniqs, electronics for position sensing 'and permanent magnet’s.' But in due course,
advances in these areas accelerated the improvement of Brushless DC motor. Since then
many advancements have taken place to meet application requireme_nts.\ Many new control

techniques have further improved the scope of these motors.

Brushless dc motor uses permanent magnets, which prevrously hlndered its
growth are now supporting due to reduction- of its cost and increasing its performance like -
IpOSSIbIIIty for high flux density -.even at high temperatures. Similarly, position sensing
become very easy in the form of Hall sensors as Brushless dc machine does not need so
sophisticated position sensing. All these are now making Brushless dc machine suitable for
- many new applications day by day. Norrnally six switch voltage source inverter is used in

control of three phase motors.



1.1 CHARACTERISTICS AND APPLICATIO.NS,OF BLDC MOTOR

-A Brushless DC mbtdr is a rotating self-synchronous machine with a permanent
magneét rotor and with rotor position sensor for electronic commutation. A motor meets this
definition whether the drive electronics are integral with the motor or separate from it [4].
When the motor was developed, it was aimed to get similar characteristics as that of
conventional DC motor and it so designed. This motor speed is épproximately‘ proportional
to primary DC supply voltage assuming there is~no- speed or torque regulator i.e. in open
loop. This is one of the nﬁain_ characteristics of DC motor. Figure.1 shows an example of
torque/épeed characteristics. There are,fwo torque pararﬁeters used to define a BLDC
motor, peak torque (TP) and rated torque (TR). During cbntinuou's’ operations, the motor can
be loaded up to the rated torque. In a BLDC motor, the torque remains constant for a speed
range up to the rated sp‘e.ed; The motor can be run up vto the maximum speed, which can be
up to 150% of the rated speed, but the torque starts dropping [1]. '

Peak Torque
Te

P

Torque

Rated Torque
TR

"Rated Speed Maximum

Speed

Speed ———p

Fig‘ure.1 . Spéed-torque characteristics of typical Brushless DC motor (Ref: [1])

Applications that have frequent starts, stops and reversals of rotation with load on the motor,
demand more torque than the rated torque to achieve fast action. This requirement comes
for a brief period, especially when the motor starts from a standstill and during acceleration.



During this period, extra torque is required to overcome the inertia of the load and the rotor
itself. The motor can deliver a higher torque, maximum up to peak torque, as long as it
follows the speed torque curve [1]. ' '

A BLDC motors find applications in many segments of the market. Automotive,
appliance, industrial controls, automation, aviation and so on, have appIiCations for BLDC
motors. Out of these, we can categorize the type of BLDC motor control into three major

types:

» Constant loads
e Varying loads -
- Positioning applications

- Constant load are the type of applications where a variable speed is more
important than keeping the accuracy of speed at a set speed and these include fans, pumps
, and"blow_efrs demand low cost controllers mostly operating in open loop mode [1]. Vawiﬁg
load type.applications have to handle continuously varying load over a speed range. These
demand high. spéed control éécuracy and good dynamic résponses, includes applications
like washers, dryers, compressors,A fuel control automotive, fuel pump control, electronic
steering control,'engine control and electric vehicle control. In aerospace, there are a
number of applications, like centrifuges, pumps, robotic arm controls, -gyroscope controls
and so on. Generally these applicétions use closed loop control and advanced algorithms
mal_<ing system .expensiVe [1]. Most of the industfial and automation applications come
_ under positioning applications which needs good dynamic response of speed and torque,
subjected to frequent speed reversal. For these applications accelerating, constant speed
range and decelerating periods are common with high performance closed -loop control
algorithms with separate loops for position: speed and torque control. Process controls,

_ma(_:hinery controls and cpn\)eyer controls have plenty of applications in this category.



1.2 INVERTER TOPOLOGIES FOR THREE PHASE BLDC MOTOR DRIVE

Inverter is essential to drive a three phase BLDC motor and conventional six
swrtch is the foremost choice. It has been found that the complete BLDC drive is expensive
as BLDC motor itself is costly machine. Reducing cost of complete drive is the main
objective for applications not requiring so sophisticated speed confrol. Researchers have
found a possibility of four switch inverter fed three phase BLDC motor drive. Figure.2 shows
the six switch inverter driving three phase BLDC motor without any controller.

Si{E‘} S?%E‘} o4 EJ} | . BRUSHLESS
3 = : MOTOR
] 2, A |
vde T A dh
|ieF | i 5 e
_ . HALL
— o SENSORS
DECODER.
AND
GATE DRIVER

Figure.2. Basic circuit of six switch inverter fed BLDC motor

To produce a continuous . torque, sw_itching has to be done so that only two
phases are ‘on’ based on rotbr'position‘informati‘on obtained from the hall sensors placed in
the motor. The current flowing through phases has quasi square wave for constant ripple
free torque. This is achieved using .current controllers. This configuration is used for high
performance applications requiring precise speed and torque confrol along with good
dynamic response in closed loop form. It has good control over commutation torque ripple.
Here, in this circuit, only two phases are ‘on’ at any time and the third phase is off. This
leads to the concept and pOSS|blllty of four switch inverter as two switches are redundant at
any time. Figure.3 shows the configuration of four switch inverter driving three phase
brushless dc motor without any controllers. |



In this four switch inverter fed BLDC motor, .the first leg two switches are
replaced by two capacitors of equal value. There are total six sWitching states éach- for 60
degree electrical with two 2-switch controlled states and four 1-switch controlled states.
- During 1-switch controlled states only one of four available switches operates and the
current will close its path through on of capacitor depend on which switch is ‘on’. During 2-
switch  controlled states only two of four available switches opefates’ with one switch from
each leg and which must be one from high end other is from low end. '

€31j;:; .gj%Eggk Sgﬁﬁj?k

Vde —= . di 1‘ —

BRUSHLESS

-
. 53 5"3‘
278 |k |
| ‘  HALL
| . SENSORS
DECODER
AND
GATE DRIVER

Figure.3. Basic circuit of four switch inverter fed BLDC motor

These 2-switch states are similar to the states in six-switch inverter where only. six
2-switch states are available. During 1-switch states only one switch operates to control the
current which makes the system to compromise its performance when comparedsix—switch
inverter wh_ere only 2-switch states available leaving system for no compromise. The full
details will be discussed in its specific chapter along with the advantages of four switch
inverter. From this it is obvious that to run a Brushless DC motor it is must to have an
inverter or another means to sWifching unlike induction motor where direct from mains can

be run as it needs sinusoidal supply.



1.3 LITERATURE REVIEW

In the past decades, the development of motor control power electronics
and mlcroelectronlcs technologies made the BLDC motor suitable for many applications.
These motors have been investigated and described in the engineering literature for last few
decades. Kusko and peeran have given a'fdrmal "definition of a brushless dc motor. The
deflnltlon mcludes the components of the motor and the types of circuits. to energlze the
stator wmdlngs [4]. Generally six switch .inverter is used for three phase BLDC motor. But
- later; it is found that there is possibility for four-switch inverter for its operation without
reduction in quality. A little literature survey has been done regarding topologies and
‘controlling technigques advances.

Yen-Shin Lai, and Yong-Kéi Lin presented a paper to assess the Pulse-
Width _Mddulation (PWM) techniques for BLDC motor drives. The t;riteria for *assessmentr

include driver circuit, reversal DC-link current, circulating current of floating phase.

Bhim Singh, A H N Reddy, S S Murthy proposed a hew design of speed Pl
.contr'o_ller in which variable gain PI controller is used instead conventional fixed gain speed
Pl controller as it has got 'sorhe. short comings like they exhibit poor performance when
applied to systems containing un known non-linearity like dead zones, saturation and
hysteresis. In the proposéd techhi'que the speed PI controller gain is allowed to vary in a
pre-determined range and therefore ellmlnates the problem faced by normal speed Pl

.controller [241.

_ Byoung-Kuk Lee, Tae-Hyung Kim, énd Mehrdad Ehsani, describes the
feasibility- of new inverter topolpgy which reduces the price of drive unit, which is cost
effective for commerciél units where cost is the key role. It takes the advantage of idle leg of
the traditional six switch inverter. Direct current control principle explained. The chk emf in
the idle phase is the again a problem and it is answered with a back emf compensated pwm

control strategy [9].

Abolfazl Halvaei Niasar, Abolfazl Vahedi and Hassan Moghbelli presented a
technique to eliminate commutation ripple torque. Due to unequal inductance of phases
while rotor rotating, the change in current in different phases is different, particularly at
switching time of phases causes commutation ripple torque. This problem is answered in
-above presentation [18]. '



B. K. Lee, B. Fahim, and M. Ehsan detailed overview of reduced parts
cqnverter topologies for AC Motor drives. In this they presented details of possibility for four-
switch inverter for BLDC motor. ‘

Joohg-Ho. Seng, Ick Choy expl‘aihed how to reduce commutation torque -
ripple Usihg' single current sensor in DC link [27] while Dae-Kyong Kim, Kwang-Woon Lee
-and .Byun'g-.ll Kwon presented a technique to reduce commutation torque ripple in position
sensorless Brushleéss DC motor drive [25]. ' ‘

Junyong LU, Del'ianyg LIANG, Xiangyang FENG presented -a simulation
WOrk in matlab-simulink about linear Brushless DC motor speed controlled system. Speed
-and thrust curves are presented for starting procedure and sudden load [23].

V.Donescu, D.O.Neacsu, - G.Griva presented a design technique fof fuzzy
- logic speed controller for brushless DC motor [22] while Fu Qiang, LinHui, Zhang Hai-tao
explained the possibility for single current sensor based sliding mode driving strategy for

four switch three phase BLDC motor.
1.4 AUTHORS CONTRIBUTION

A wide research is going on BLDC motor fed drives. Topological research of
inverter feeding the BLDC motor is a emerging area in the research. One of the area’s most
research ‘going on is four switch inverter fed drive and many performance improvement .
techniques presented. In this work four quadrant operation of four. switch, three phase
inverter fed BLDC motor has been implemented and ifs,performa‘nce- is evaluated and
compared with its six switch counterpart. Decoder control logic for regeneration and reverse
motoring is developéd both for six ‘switch and four 'switch‘-inverter fed drives. Many things
have been observed in forward and reverse regenerative region .as these areas very less
explored' Ar'esearch area. At present; in particular, the most research happening area in four
switch fed drive is commutation torque ripple reduction. In this work four switch inverter is
facing problem with commutation torque ripple. To make the drive mdre suitable for many
applications a novel technique is presented and it has irrjproved torque response
significantly. This novel technique is applied to forward and reverse motoring operation of
the drive. The energy storing element, cépacitor, its introduction in the inverter 'operatidn
makes the Working of inverter more complex. In this work {hese capacitors value affect on
inverter pérformance is evaluated.



1.5 CONCLUSION

It is concluded from above that the Brushless DC motor is popularity gaining for many
applications. Researchers and technologists have presented- many speed controlling
- techniques, performance improved techniques and research is being done in a wide range.

Cost reduction of drive and torque ripple reduction are main areas of research in present
days both in sensor and sensor less mode. Apart from above presented popular inverter
_. topologies there are other switching topologies are there which suits various applications.
Popular current controlling techniques are presented in second chapter while third chapter
devoted to mathemafical modeling of BLDC motor. A novel techniqL_Je'is presénted in this
work to reduce the commutation torque ripple in the FSTPI-BLDC motor and different speed
controllers and their performahde‘eVaIuation is presented in further coming chapters with

comparison.



CHAPTER 2
CURRENT CONTROL STRATEGIES OF VSI FOR BLDC MOTOR

2.0 INTRODUCTION

Most of the applications of three-phase voltage-source pulse width
modulated (VS-PWM) con-verters.—ac' motor drives, active filters, high power factor ac/dc
converters, uninterruptible power supply (UPS) systems, and ac poWer supplies—have a
controlv structure comprising ‘ari internal - “current feedback loop”. Consequently, the
pérformahcé of the oon\)erter system largely depends on' the current control strategy.
Theréfore; current control of PWM converte.rs is one of the most important subjects of
modern power electronics. In this chapter a most used current control methods are
presented. In comparison to conventional open-loop voltage PWM converters, the current-
controlled- PWM (CC-PWM) cbnvérters have many advantages [30]. The quality of the
current waveform generated by a current-controlled, voltage source inverter, depends
basically on. three factors: -(a) The switching frequency of the PWM modulator. (b) The

type of current waveform being generated and (c) the modulation method used.

For Brushless DC motor current waveforms are quasi square
wave. One of the most populaf current source inverters is the current controlled voltage
source inverter (CCVSI). The CCVSI allows an easy control of power in the four quadrants,
with current reversal -[;28].. There are three m'_élin current control techniques are being -used

for BLDC motor drives. 'They-are as follows:
1.' .Triangular carrier method. |

2. Hysteresis band method.

3. Periodical sampling metﬁod.

First two are very famous in controlling the current in BLDC motor [28]. These two are

~ discussed in detail in the following sections.



2.1 ADVANTAGES OF PWM fECHNlQUES' '
Advantages of current controlled PWM converters:
1) Control of instantaneous current Wévefqrm and high accu.racy.‘
2) Peak current protection.
3) Overloéd rejection.
4) S.upervior dynamic performance.
- 5) Compensation for semiconductqr voltage drop é_nd dead tjmeé of the converter.
6) Compénéation fdr the dc—link and :ac-side voltage changes. |
2.2 TRIANGULAR CARRIER METHOD (TC)

This technique is also known as triangular Pulse Width Modulation (PWM).
This technique is very famous for sinusoidal current control and it-is also used in 'qua'si
-square cu_rrent control in BLDC motor applications. The following circuit shows the control

strategy of the technique.

o Swifching
From speed controller _ comparator signals
’ | rof ———pl + |€rTOr current PWM 31
- I g B 82

' - controller decoder .

' : : —»$3

| W st

I_actual . Trangular T T T

carrier
H1 H2 H3
Rotor pq'sltion signals

Figure.4. Triangular carrier (TC) PWM current control technique

The TC method shown in Figure.4, takes the error between reference current generated
. from. speed PI controller and actual current sensed. Then the error will be processed
- through current Proportional (P) controller or Proportional plus integral (Pl) controller.

1
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This controller needs to be designed properly. Empirical equations to find values for Pl
controller cOnstants‘are' available. Based on the type of current contrbller, P or PI, two types
of triangular carrier PWM techniques available and those are TC-P and TC-PI. The output of
this controller is compared -with a fixed amplitude and frequency triangular wave: the
triangular carrier. The values of Kp and Ki determine the transient response and steady
state error of the TC method. |

JuruTrL

Py

sudfching signal
clecoder T

£ 1 5

frem LDD— v P 352

meter  HZ | ; — 82 '

- —s2

SZ* .
2 l L—r ——s:

Hall signal decoder
Figure.5. Decoder circuit for single quadrant BLDC motor

The Figure.5 shows the decoder circuit for a single quadrant BLDC motor. The
Hall si‘gnals-- are Adecoded.so that proper a continuous torque is developed in the motor by
operating proper switches based on rotor position. The PWM signal from comparator will be
logical ‘AND’ed to have PWM effect on the switches there by supply voltage to control the
current. TC-P gives befter berformance than TC-PI techniqué as latter one is strongly
affected by the failure to follow the reference because the error accumulates in the

integrator and finally produces an ‘overshoot [28]. .
2.3 HYSTERESIS BAND METHOD (HB)

This controlling technique is most used for current controlling in BLDC motors and is also
known as hysteresis current controller. Hysteresis control schemes are based on avnonlin‘ear
feedback'loop with two level hysteresis comparators.

11
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Figure.6. Hysteresis band current control technique

4 " The ,reference current generated from the speed controller is fed to phase
current reference generator, which actually generate individual phase currents based on
rotor pe_eition. In four switch inverter only two phases are contr_olled.'Generated phase
reference currents ia;,ef and iy_rer are compared with sensed actual phase currents i, and i.
The errors are then sent to hysteresis current controllers to prod.uee PWM signal. PWM
signal is then sent to the decoder circuit shown in Figure. 7. The HB method operates the
switches when the erfor exceeds a fixed magnitude: the hysteresis band. This type of circuit
needs comparator if if is irnplemented in analog circuits. In this case the ewitching.frequency
is not determined as in TC method, but it can be estimated [28]. In the case of TC-P, the
generated current has a permanent error due to scalmg factor. In the TC-PI case the error

_ source is the overshoot of current [28]

ia* IT
Hysteresis 1 ’ i
ia conirol , Switching
}‘Q\ U REigisisiginn sjgna,s
b - ‘?’ vz . - -
™ ; 81
1) H1 m— o S = By
from ey 1 =2
moter HZ | . — B3
—{or— g%
; ' )=
H2 ————-LJ"- T 3
Hall signal decoder . '
LW . 2

- Decoder circult
Figure.7. Hyéteresis.current controller and decoder circuit
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Hysteresis current controllers are easy to implement and it has good performance for
controlling currents in BLDC motor drives while TC methods best suits for sinusoidal current
controlling. In BLDC motor drives hysteresis band and triangular carrier methods takes first
and second place respectively while periodical sambling “method is the last one in
-performancé. Distortion is more in periodical sampling method and it is unable to follow the
reférence_current as quickly as HB and TC do [28]. Hysteresis current controllers are used in
‘direct current controlled PWM'’ technique very often used in BLDC motor drives'. ‘In this work

direct current controlled PWM technique is used.
2.4 CONCLUSION

Like any'other electric drives, BLDC vmoto'r driVes need inner current feedback loop. So, the
performance of the drive largely d'epends"on the berformance of current controller. Pulse
Width Modulation based current controlling techniques have b_ecome popular due to its
advantages. Triangular carrier (TC) PWM method unanimously best suit for sinusoidal
currents while hysteresis band-and triangular carrier methods are best suit for BLDC motor
current control. The choice between them is decided by the inductance of the circuit. Most of
the BLDC motor drives use HB current controllers for its current control. Direct current
control PWM techniune is mostly used current control technique in BLDC motors. Periodic

sampling method is inferior to the above two methods.
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CHAPTER 3
MODELING OF FOUR SWITCH THREE PHASE (FSTP) INVERTER

'FED BLDC MOTOR DRIVE

3.0 INTRODUCTION

A permanent magnet brushless d¢ (PMBLDC) m'otof drive is a combination
of ac machine, rotor position sensor and inverter that results in a system producing a linear,
speed-torque charaéteristic similar to the conventional dc motor and due to this motor is
| named as brushless dc motor. It has 3-phase Windings on the stator similar to 3-phase
-squirrel. cage induction motor and magnets are placed on the rotor to prbvide air gap flux for

brus_hlesé rotor construction. It has trapezoidal induced emf in stator phase windings when
driven at any rotor speed. The quasi-square wave ac current is fed to stator phase winding
thfough electronic commutator (uSing cuffe‘rit controlled voltage source inverter -and rotor
position sensor), which results in constant torque. At any instant of time, two out of 3-phase
stator winding of the moior carry currents in proper synchronization with rotor magnets
position and develop electromagnetic torque. The output tordue is dependent upon the
amplitude of stator current and the flux produced by PM rotor. The use of high energy
density permanent magnet material has resulted in reduced motor weight, increased

efficien_cy,. high torque, and low rotor inertia with associated fast reéponse.

In this chapter a detailed description is given about direct current control
PWM technique in the four switch inverter topology. Analysis and mathematical modeling of
drive is presented. Mathematical modeling of different speed controllers used in this work is

presented.
3.1 DIRECT CURRENTCONTROL PWM

As éhown in-. Figure.8, the developed four-switch three-phase BLDC
_ moto>r drive consists of two swifch legs with switches S1, S2, $3, S4, and split capacitors.
Two phases of the motor are connected to the switch Iégs and the other phase is connected
to the midpoint of DC-Link capacitors. A PWM control strategy is used to control the three-
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phase currents. to take a form of quasi square waveform in order to synchronize with the
trapezoidal back EMF to produce constant.

C1 o~ _.{E'}S 1 _%E?S e BRUSHLESS

':V B

=T

HALL .
SENSORS
DECODER :
" AND
GATE DRIVER

Figure.8. Four switch inverter for driving BLDC motor

For forward motoring operation, the BLDC motor is supplied by the four-switch inverter, ideal
back EMF of three-phase BLDC motor and the Qesired current profiles are described as
' shown in Figure.9. From the detailed investigation of the four-switch configuration and back
EMF and current profiles in Fi_gu're_s. 8 and 9, a PWM control strategy for the four-switch
three-phaée BLDC motor drives is expléined as follows: Under the balanced condition, the

three-phase currents always meet the foIIowing condition, such as
1r,,+1,,+jc =0 | . (1)
The above equétion is re written as,
I,=-U,+1,) | (2)

Equation (2) implies that one of the three-phase currents equals the summation of the other
phase currents. it means that control of the two-phése currentsf can guarantee the

generatio'n of the 1200 conducting three-phase currents prbfiles. For completing this task,

the‘two-phase currents are directly controlled using the hysteresis current control method for
four switches, and is called as direct current controlled PWM scheme.
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Figure.9. Hall sensor signals, sWitching signals, back emf and currents of three phases

Based on the direct current contrélled PWM, the four-switch three-phase BLDC motor drive
can be divided into six operating modes and the switching sequences are determined
accbrding' to the operating modes. The detailed switching donduction status is depicted in
Figures. 9 and 10 As an example of the phase A, the direct current control mechanism can

be more clearly visualized with the help of Flgure 10.
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Figure.10. Implementation of direct current controlled PWM (Ref:[9])
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(1)Case1: Ia >0

Period 1: Ia < Lower Limit (LL)—Switch S1 is turned on.
Period 2: Ia > Upper Limit (UL)—Switch $1 is turned off and D3 is turns on.

Period 3: LL < Ia < UL and' dia It >0 —Switch S1 is turned on.

Period 4: LL < Ia < UL and 914 =0 —Switch S1 is turned off and D3 is turns on.

(2)Case2: Ia <0

, APer.iod 1. Ia > Uppeir Limif(UL‘)—»Switch S3 is turned on.
Period 2: Ia < Lower Limit (LL)—Switch S3 is turned off and D1 is turns on.

Period 3: LL < Ia < UL and dl%t <0 —Switch S3 is turned on.
Period 4: LL < Ia < UL and dla s >0 —»Switch S3is turned off and D1.is turns on.

" The same expladation can be ap'pliedto the control of the phase B. Also, the voltage and

~ current equations for each mode can be expressed as:

'Mode 1: ¥, = 2RI, 4—2Ldlc/‘#+ecb

Mode 2: ¥, +V,, =2RI, +2L‘”4t+e

Mode 3: ¥, =2RI, +2LY/ +e,,

Mode 4: —V,, = 2RI, +2L‘”/dt+ebc
ode 5: dl,/ .
Mode 5: — (V, +V.,)= 2RI, +2L ot e,
. _ dI
Mode 6: -V, =2RI_ +2L & T Cea

As shown in Flgure 9, specral attention should be pald to the Mode 1 and
Mode 5. ln these modes, the phases A and B are conductlng current and the phase C is
regarded as a silent phase, so that it is expected that there is no current in the phase C.-
However the back EMF of phase C can act as a-source_and causes the additional and
unexpected current resulting in current distortion in the phase A and B. Therefore, in the
direct current controlled PWM, the back EMF compensation problem should be considered.

17



As an example of Mode2, if the phase A current is éontrolléd and determines the switching
signals of S1 and S4, the phase A current can be regarded as a constant current source. In
this case, the phase B current can be distorted by the phase C current. On the other hand, if
the phase B is controlled, the phase B current can be é constant current source, and then
the phase A current gets distorted. The same explanation can be applied to Modé V. But, if
the phase A and B are regarded as independent current source, the back EMF of phase C
cannot act as a current source, so that there is no current in the phase C. It means that in
the direct current controlled PWM, the phase A and phase B currents should be controlied
independently and the switching S|gnals of S1 (83) and S4 (S2) should be determined
independeht[y. This way direct current control eliminates the back emf problem [9].

3.2 ANALYSIS OF BLDC MOTOR DRIVE

The drive Systém considered here consists of speed controller, the reference
current ‘generator, hysteresis current controller, PMBLDC motor and inverter. Speed
controllers used in this work are Pl, sliding mode, fuzzy logic separately. Modeling of these
speed controllers has been done in coming sections. Hysteresis current controller’is used to

implemeht direct current control PWM technique.

%m T
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(3) r‘,' 83 t 1 ) b?%ﬁﬁ «gw‘“ - . f}ﬁaﬁ% - . 3,‘9 I iy

r it b et o , . £ it
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<
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Figure.11.Basic block diagram of PMBLDC motor drive system

18



The input to the reference current generator is reference torque (7") and the roter position
signals. The magnitude of the three phases current (I°) is determined by using reference

torque (T") and the torque constant K, is as:

I = T/' I <
K - (3)
Dependmg on the rotor posrtron the phase reference current generator generates the

reference currents (i, ,zb) by taklng the value of reference current magnltude asl -I" and

Zero as follows '

(AT [H2 H$ Rotor position angle lo reference( 7o) | lo_reference( 7} )

| Tlo[ 1 0° ——60° r -I
ERECEC 60° —-120° r 0
T 1[0 120° ——180° o T
o[ T|o0 180° — —240° | o | 7
O T [ 1  240°——300° - r | o
01 0 11 300°--360° ) 0 -

Table.1. Details of individual phase reference currents based en rotor position (hall signals).

These reference currents are fed to the hysteresis current controller. Detail of hall signals

and reference currents is given in Figure.9.
3.21 _I\_llodeling- of back emf based on rotor position

- Phase back emf in the PMBLDC motor is trapezoidal in nature and is the functions of the -
speed and rotor position angle. The normalized functions of back emf are shown in Figure.9.

From this, the phase back emf can be expressed as:
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e, =E For 0° <8 <120°

e, = (6%)@—9)'—15 . 120° <6, <180°
e, =—E ' : 180° < 6, < 240°
emeééﬁmLanyiz | ' 240° < 8, <360°

Where, E = K,»,and e, can be described by E and normalized back emf function shown
in Figure.9. e, = E.f,(6,). Where, f,(6,) is a back emf function. Similarly for other two
phasese,,, ¢, can be modeled.

3.3 MATHEMATICAL MODELLING OF PM BLDC MOTOR.

The PMBLDC niotq' is modeled in the stationery reference frame using S-phase abc

variables. The general volt-ampere equations can be expressed as

Vo, =Ri, + pA, +e,, , . | . @)
Vy, = Riy + pA, +e,, . : %)
v, =Ri.+pl +e, l (6)

Wherev,.,v,, and v_ are phase voltages designed as

an ?

v, =V, —v,, andv, =v_ —v,, where v, ,v,,v, and v, are 3-phase

van-=vao _vno ' co
and neutral voltages referred to the zero reference potential at.the midpoint of two
capacitors in the inverter. R is the resistance per phase of the stator winding, p is the time

differential operator and ¢, ,¢,,,e,, are phase to neutral back emf’s. The-ﬂa,/’tb and A, are

total flux I-i'rikages of phase windings a, b and c respectively. These values can be expressed

as -

z’a = Lsia _M(ib +lc) | . (7)
Ay =L, —MG, +i) | | - (8)
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Z’c = Lsicv_M(ia +ib)' ) ' . | _ - , (9)

- Where Ls and M are the self ahd‘r'nutual inductances respectively, the PMBLDC motor has
no neutral connection and hence this results in

i +i 41 =0 | | | (10)
: Sgbstituting equation (10) into equations (7), (8) and (9) the flux linkages are giveﬁ, as
A, = ia,(L’S ¥M)

A =iy (Lg + M) and 2, =i (L + M) | O

By substituting equation (11) in volt-ampere equations (4)-(6) and rearranging these

| equations in a current derivative of state space form, giving

pi, = (v,,,,'—'Rz;, —e;,,)/(Ls +M) S (12)
Py = (v, — Riy —e,)[(L, + M) _ o (13)
pi. = (v — Ri, =€, )/(L, + M) | o (14)

| The developed electromagnetic torque may be expressed as
T, = (eyi, + epi, +e.,i,)/(®,) ' (15)

Where w,is the rotor speed in electrical radian/sec. The torque expression runs into the
computational difficulty at starting as induced emf is zero. The back emfs are expressed as

function of position 6., which can be writtén as

€an >= kb 'fa (er)'a)r | | | - (1 6)
ey =k;.1,(6,).0, | | (17)
¢ =, £,(6,)0, | - | (18)
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Where Ja(6,), £,(6,),and f_(6,) are functions of rotor position with a maximum of +1 or -1

are identical to induced emf in shapes as shown in Figure.9. Substltutlng equatlons (16) -
(18) into equation (15), the torque expression becomes

T, =k, {f. (00, + 1,80, + £,(8,)i,} < - (19)
The mechanical equation of motion in speed- derivative form can be expressed as:
po=(p/{T, T, -Bo,)|] o (20)

Where P |s the number of poles; T,, the load torque in N-m; B is the frictional coefflcnent in
N- ms/rad, and J is the moment of inertia, kg-m? . The derivative of the rotor position (6.) in

- state space is expressed as: -
6. =, - | 1)

Substituting equatlon (1 0) in the volt-ampere equatlons (4)-(6) and addmg them together

gives:
'vm+vbo+vw—3v —R(z +zb+z)+(L +M)(pz +pzb+pz )+(e,, +e,, +e,) (22)

Substituting equation (10) in equatlon (22) gives

vao + vbo + vco - 3vno = (ean + ebn + ecn) | ) . . | . (23)
Thus,
vnO = [vao + vbo + Vco - (ean + ebn + ecn )]/3 ) ' (24)

The set of differential equations mentioned in equations (12), (13), (14), (20) and (21) define

the developed model in terms: of the variables i,,i,,i.,®,,0, and time as an independent

variable.
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3.4 MODELLING OF SPEED CONTROLLERS

» Feedback control is used in practice in many control applications. The
benefits of this control method are that it is possible to keep some physical quantity at a
strict level or chénge the value of the quantity, quickly and despite of the disturbances that
mighi occur. The basic requirement fhat a cohtrolvsyste-m should.be éble’to fulfill is stability.
| This means that a control system should remain stable in all circumstances. The quality of
the control can be measured by analyzing the accuracy, and robustness of a control system.
If the output signal of the process grows, the measurement signal (feedback) grows as well.
This means that the error'signal becomes smaller and the control signal becomes smaller
too. This makes the process output signal to go down, which means that error sigrial goes
-towards zero and the output of the process towards reference value. In this work, three
speed controllers have been used. Each speed controller has been modeled separately as
given .below. Each speed controlled is followed by a limiter. Generally'the speed error, which
is the difference of reference speed and actual speed, is given as input to these controllers.
These speed COntrolle_rs‘prdces_s the speed error and give reference torque value as an
output. Then the toque value is fed to the limiter which gives the final limited reference

to_que. The speed error at any nth instant of time is given a .
) a)re(n) = wr(n) —a)r(n) L - . (25)

~ ‘where wjy is the reference speed of the motor and wyy, is the actual speed of the motor
Various speed controllers used in this work are explained in the following sections.
3.4.1 Prbpdrtional Integral (Pl) speed controller

The Pl speed controller is. the simplest speed controller compared to any other speéd
controller. The general block diagram of the. Pl speed controiler is shown in FigUre.12. The

output of the speed controller at nth instant is expressed as follows:
TEn) = IEn—l) + Kp {a)re(n) - a,)re(n—_l) } + Ki a)re(;q) . (26)
where T, is the torque output of the speed controller at the n®" instant.

Ky and K; are proportional and integral gain constants .

" Wrem is the speed error at (n-1)th instant
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Figure.12 Block diagram of Pl speed controller

The numerical values of these controller gains depend on the ratings of the motor and they
are presehted in the Appendix-A -for the motor drive system used in this work; Tuning and
Matlab implementation of Speed Pl controller is explained in coming sections. ThéApurpose
of P controller is to decrease. the steady-state error, but it hgs the side effect, that is, larger
overshoot and could give rise to the oscillation. The purpose of I controller is to eliminate the

steady-state error.
3.4.2 Sliding Mode Speed Controller

Th.e sliding mode, controller (SMC) is a special case of variablé structure
control [35]. The problem associated with Pl speed controller (Pl parameter tuning) is’
overcome in the sliding mode controller. The SMC provides the robust performance in terms
of system' parameter variation and load changes. The system .respon'se in the phase 'plan'e
is fofced to a sliding line. In the time domain, the corresponding system output response is
exponential. The block diagram of é sliding mode controller is given in Figure.12 (b). The
‘response -of sliding mode controller is insensitive’ to the parameter of the motor, and
depends on the élope of the sliding line. The main drawback of the sliding mode controller is

the chattering action in the controller output.
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’Figure.12' (b) Block diagram of sliding mode controller

3.4.3 Fuzzy logic speed controller

The conventional speed controllers for PM BLDC 'motor drives suffer from the problem of
stability, besides these controllers show either steady state error or sluggish response to the
perturbation in reference setting or during load perturbation. The motor contrbl issues are
traditionally handled by fixed gain Pl and Proportional-integral-derivative (PID) controllers.
HoWever,. the fixed-gain controllers are very sensitive to parameter variations, load
disturbances, stc. Thus, the controller parameters have to be continually adapted. However,
it is often difficult to develop an accurate system mathematical model due to unknown load
‘variation, temperaturé vafiations, and unknown and unavoidable parameter variations due to
saturation and system disturbances. In order to overcome the above problems, the fuzzy-
‘logic controller (FLC) is being used for motor control purpose. The mathematical tool for the
FLC is the fuzzy set theory 'intro.d\uc.ed by Zadeh [28]. As compared to the conventional PI,
PID, and their adaptive versions, the FLC has some advantages such as:

1. It does not need any exact'system mathematical model.
2. It can handle nonlinearity of arbitrary complexity.

3. It is based on the linguistic rules with an IF-THEN general structure, which is the basis of

human logic.
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However, the application of FLC has faced some disadvantages during hardware and
software implementation due to its high computational burden.

MODELING OF FUZZY LOGIC BASED SPEED CONTROLLER:
A. Variables of input and output for controller:

The block diagram of speed control system using a fuzzy logic controller (FLC) is shown in
Figure.13. In order to establish the FLC, variables of the input and the output for the
- controller must be clearly,‘defined._ Though the FLC can have several observed values as
inputs, the most significant variables entering the FLC have been selected aé fhe speed
error (w,.) and its time derivative i.e. change in error (4w,.(n)). The ouprt of this controller is

the reference torqué, T.
; Ata sampling time n, the input variables are eXpressed as
O () = ()~ ) @
AWre(1)= Wre (1) ~ Wre(-1) S | ' (29)
Where w; " and w, are reference speed command and the actual speed of the in.duction
motor.:
B. Fuz;y variables and control rules: -

In- order to obtain better contro_l results, it is_necessary to use appropriate number of fuzzy
variables ‘and to formulate appropriate control rules. In this étudy, we use the fundamental

seven kinds of fuzzy variables as follows:

NB : Negative Big ' PB : Positive Big
NM : Negative Medium PM : Positive Medium
NS : Negative Small 'PS : Positive Small

ZE : Approximately Zero -

The next step is to decide the appropriate shape of the membership
functions for w. and wy.. More fuzzy sets in we and wy will lead to higher precision in this
‘input space. Hence seven fuzzy sets are assigned to each of the inputs in their respective
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universe .of discourse. If the number of fuzzy sets in a pai‘ticulaf universe of discourse is
increased fo_ infinity, then all fuzziness will be lost and it will be equivalent to a conventional
input domain. To simplify mathematical computations, the shape of the fuzzy sets on the two .
'extreme'ends of the respective universe of discourse is taken as trapezoidal whereas all
other intermediate fuzzy sets are triangular. This is illustrated in fig.14. |

Rule Base
. L 4
error - : Decision -
: ) ) | Making ] ) T .
Fuzzification » Block - »| Defuzzification ——»
change i
in error & r . Y

Data Base

Figuré.13. Block diagram of Fuzzy Logic Controller (FLC)

NE - MM NS - ZE - Ps PM P8

1. 066 033 D 033 056 i

- Figure.14. Fuzzy sets considered for speed control
The control rules for the FLC can be described by language usingl the input variables w, and
Wee, and the output variable, T. For examp]e the i-th control rule can be usually written as:

Rule i : if weis Fi and wye.is G; then‘T is Hi.

Where F;,; G; and H; are fuzzy variables.,
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3.5 CONCLUSION

In this chapter analysis' of drive is presented to provide deep understanding of drive
functioning. The current control techhique “direct current controlled PWM’ is ekplained.
Mathematical modeling is the best way to understand a system. The mathematical modeling
of BLDC motor is developed. Mathematical modeling of speed controllers used in this work

are presented.
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CHAPTER 4
MATLAB IMPLEMENTATION OF FOUR SWITCH THREE PHASE

INVERTER FED BLDC MOTOR DRIVE

4.0 INTRODUCTION

- Analysis of a BLDC motor drive provides an insight of the drive. But simulations
provide more accurate and dynamic evidence of actual functioning of drive. Needless to
- mention that simulation work provides great flexibility to evaluate the functioning of drive.

Due to fnany advantages of simulation of a system, it has been widely accepted. Much
simulation software has been developed and MATLAB has become obvious choice for many
researche_r_s and technologists of electrical engineering. It provides lots of fécilities'to build‘-a
“simulation model of a system. There different ways to build a simulation system. One of the
choices is to use basic b‘ui-lding blocks available in MATL_AB-simuIink -and build a
mathematical of drive. We can either develop a mathematical model of a machine or use its
library block of the machine required. We can build a mathematical model of a machine
either by using basic building blocks of library or by s-functions. In this work BLDC library
model has been used and s-function based mathematical mode! of BLDC motor is also
developed. In this work four switch inverter fed BLDC motor drive has been developed and it
'perforfnance is investigated with different speed controllers but common hysteresis durrent
controller, it gives better performance to irflp]ement guasi square wave currents using direct
- current control technique than any other method [28]. A -reduced sWitch inverter fed drive is
implemented in this work and its performance is compared with the conventional six switch

inverter fed drive in four-quadrant operation.

4.1 FOUR QUADRANT OPERATION OF FSTP INVERTER FED BLDC MOTOR
DRIVE ' '

In this section a MATLAB —simulink model is developed for four switch inverter fgd
drive with four quadrant operations along with braking mode. In this three previously
mentioned speed controllers have been presented with their conventional six switch
counterpart for comparison. As mentioned, hysteresis current controller is effective for quasi
square wave currents. This method is used in direct current controlling PWM technique.
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Figure.16.Simulation diagram of FSTPI-BLDC motor drive for four quadrant operation in
MATLAB environment using simulink and Power System Block set (PSB) toolboxes

Fig.11 shows the simple block diagram of BLDC motor drive fed by four switch inverter and
its implementation in MATLAB-simulink is shown in Fig.16. It needs two current sensors for
current control of the maghine. Previous_ly detailed direct current control technique through
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hysteresis controller is implemented. The. Figure.17 shows the hall decoder circuit in _
'MATLAB-simulink. This generates reference switch signals S1*--S4*. These signals are fed
to phase reference current generator and hysteresis current controller.
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Figure.17. Hall decoder for FSTP BLDC motor drive

This logic is developed using thé position signals with respect to three phases of BLDC
motor. The individual phase position corresponds induced electro motive force (emf) of the
- motor. Three hall sensors are so positioned that a motor 'should—give hall signals shown in
JFigure.9'with respect three stator windings. Signals S1*-- S4* are unit template of switching
signals if thé BLDC motor was operated on no current control techniques like hysteresis and
PWM control i.e. in open loop. Ifothe motor is to be controlled in a closed {oop manner using
‘inner current con"trol'loop to control current in the phases, these signals have to be fed to
reference current generator. Logic is developed to implement four quadrant operation of
'_motor. This uses the sign of reference current generated by speed controller and reverse
switching technique using position signals. Figure.18 shows the decoder logic developed in
MATLAB-simulink, similar to Figure.17 but for six switch inv_ertér operation. Three hall

signals from motor are the input to the decoder circuit.
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Figure.18. Hall decoder for SSTP BLDC motor drive

Hall signals from the motor will pass through the hall decdder to get S1*--84*.
These signals are then fed to phase reference current generator and hysteresis current
' controller-in single ‘quadrant operation. In four quadrant operatidn these decoded signals
pass only to phase re,fei‘enc’;}e current generator cifcuit. The difference in the above two
cases is because, the reference switching signals (S1*--S4%) will change as per sign of
reference current generated from speed controller. This is impleménted using a reverse
switch as - shown in‘Figure.19. It shows Phase reference current generator along with
reverse switch for four quadrant operation.- The outgoing signals from this circuit are two
'phase reference currents ia*, ib* ‘and four reverse switch controlled reference switching
signals (S1*--S4*). Hardware implementatioh of this circuit is included in the software part.
Ha]l-.signél' decoding'_ is implemented ihrough software in hardware implementation of the
drive. Speed controller is also implemented in the programming. The reverse switch in the
Figure.19"changes the S1* to S3* ahd vice-versa, S2* to S4* and vice-versa when sign of
reference.currént is .changed. Phase fef'erence currents are sent to next part forl current
controlling based on the value of actual sensed currents.
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F.igur'e.'1 9. Phase reference current generator along with reverse switch for four quadrant

operation.

One might question the importance of four reference switching signals (S1*--S4*) going to
hysteresis current controller. This is because, any phase conducts positive current for 120°
and negative current for 120° as shown in Figure.9. The rest of the 120° is divided into two
60° duration. During these two periods actually the current is zero. But due to back emf in
that phase some current tries to flow in that phase causes the hysteresis current controller
to trigger unnecessary switches which actually are not intended to switch ‘on’. This leads to
misfiring of power ewitChes and causes deterioration in performance. To avoid this problem
a set of four reference switching signals (S1*--S4%) from hall decoder are used as shown in
this Flgure 20, these ensures proper operation of power switches. This is enough for a
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single quadrant operation. To ensure four quadrant operation and to avoid above mentioned
misfiring problem a set of four reverse switch controlled, reference switching sighale (S1*-—-
S4*) from phase reference current generator block (Figure.19) are glven to Hysteresis block
shown in Figure.20. All these are clearly deplcted in Figure.9 and Figure.16.
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Figure.20. Hysteresis current controller for two phases ,

The Figure.20 shows the hysteresis current controller and also reference switching signals.
This block generates PWM pulses to poWer switches. These signals are given to driver

circuit of power switches to control current to required value.

4.2. PROPORTIONAL INTEGRAL (PY) SPEED CONTROLLER BASED BLDCM
DRIVE

" This speed controller-has been very popular for closed loop' systems. The requirements set
for a cootroller can be partly confradictory A controlled closed loop system should be stable
and the performance of the controller should be good meanlng that the control is fast and
accurate. For example, the better the performance of the controller the less stable the
closed system. That is why one must make compromises to fulfill all the requirements. The
goal is to make the system fast, but on the other hand, the system should not be taken close
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to the oscillation boundary, where small changes in the system (e.g. noise) could make the
system unstable. Motor performance is analyzed based on its speed and torque response.
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Figure.21.MATLAB model for proportional Integral (Pl) Controller
4.2.1 Analysis of starting response

~ Starting response‘ of conventional six switch inverter fed drive is obtained ahd then
compared with four switch inverter fed drive. Starting speed response performance is
evaluated for four switch inverter. Figure.22. show the simulated starting speed response of
BLDC motor with six switch inverter. The motor used for simulation have rated speed of
1800 rpm'; Reference speed is set for 1800 rpm. The rise time is 1.8175 seconds with an
over shoot speed of 1.45 rpm (0.08%). The starting response of any motor is largely
affected by moment of lnertla “applied voltage and starting current of the motor. For any
motor all these parameters are fixed. It is designer choice to limit the starting current, but it
largely influences the starting time because starting torque is direct proportionally related to
starting current. For a motor the starting cur_reht is generally in the order of three to six times
the rated current. In this work motor starting current is limited to about three times its rated
value. The' rated current of this BLDC motor is 7.5 ampere and starting current is limited to
21 ampere. Motor is starts at 21 ampere to achieve fast starting. The same motor is
implemen‘te’d with four switch inverter. In four switch inverter two capacitors are used in one

leg in which previously two switches were used.
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Figure.22. Starting speed response of BLDC motor fed with a six switch inverter for a

reference sbeed of 1800 rpm

These two capacitors are initially charged to half of the DC supply: voltage. Figure.23(a).
shows the S|mulated startmg speed response of the motor for the same reference speed
with same max1mum startmg current. It can be seen from the Flgure 23(a) that there is a
difference in speed response during starting of drive. In this, an almost constant speed

region is observed for very short duration.

The rise time is 2.1258 seconds with an over shoot speed of 3.2 rpm which is
0.17%, it is also negligible. Four switch three phase (FSTP) inverter fed drive takes 308.3
milliseconds more time than its six switch counterpart and have 0. 09% more over shoot in
speed. Reason for the delay in speed response can be explained as follows: Figure.24
‘shows the rotor position at. startlng by hall signals H1, H2, H3:: 1 0 0. From Figure:9 it is
known that for that rotor posntlon only switch S1 is ‘on’ and phases A and C will be carrying
current through switch S1 and lower capacitor 02 which is already charged to half the DC
supply voltage at 77 volt for a DC supply of 154 volt. At zero speed of the motor, back emf is
zero and motor fakeé more time to cover that 60° duration than time taken to charge the -

capacitor to DC supply voltage due to'low speed of motor.
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Figure.23(a). Starting speed response of BLDC motor fed with a four switch inverter for a
reference speed of 1800 rpm with initial rotor position HHH=100
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Figure.23(b).Showing, voltages of two capacitors C1 and C2 with HHHiia=100

So, during first 60° of conduction capacitor charges to nearly DC supply voltage in a very
short time than the time taken for the 60° to complete. This causes the capacitor to block the
further current after getting charged to nearly DC supply voltage.
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This phenomenon is cleafly depicted in Figure.23 (b) and 24. But due to starting
torque and very low current in the motor causes it to move forward.
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Figure.23(c).Showing voltages of two capacitors C1 and C2 with initial rotor position
HHH=101

. In Figure.24. h_a," h_b, h_c 'are hall signals H1, H2 and H3 respectively. As
motor moves on forward, it will ‘co‘ver next 60° during which hall signals are 1 1 0 are H1, H2
and H3 respectively. During this period phase B and phase C have to conduct, but due to
‘capacitor 'bllocking, current becomes almost zero value but motor keep on moving forward.
When the rotor reaches rotor position'HHH'=010, then phase A and bha_se B.have to conduct
current during that period of 60°. Phase A current is negative and phase B current is
positive, this is easy to establiéh_ by operatin‘g switch 3 and switch 2'. Maximum positive
torque causes the motor to move forward just like other motor. Later back emf induced in
the windings causes the motor to reduce charging of capacitor. As the speed increases the
~ capacitdr gets less time to charge, because 60° duration is covered fast. This flat speed time
de‘pe‘nds largely on the value of c;apacitor. As the vélue capacitor increases the flat speed
time decreases and performance imbroves- but cost of the inverter' increases which is
undesirable} The capacitor cost should not be more than the power svyitch module along

with all auxiliaries.
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Figure.24. Depicting flat Speed phenomenon at starting of machine

- Hereitcan be identified that at zero speed of the motor the rotor position was
HHH=1 00 and only one phase has to conduct of two phases A and B. Phase A conducts
and the other phase must be phase C. This is responsnble for constant speed. Same thing
-happens at starting if the rotor position is at either of the followmg. HHH=110,011,001 other
than 100. But here there is difference in these positions. If the starting rotor position is 011,
starting spéed response of the motor is similar to the speed respohse 100 case. This is
because after these (100 and 011) rotor poéition duration, coming rotor positions are 110
and 001 respectively. This causes motor current to flow in phase C which is not possible
due to capacitor. So, if the “starting rotor position - is either 100 or 011, starting speed
‘ responSéis same. Regarding rotor positions 110 and 001, rotor positions next to these
positions are 010 and 101 respectively, these (010 and '101)_ are starting torque supporting
positions. So, if the rotor position is either 110 or 001, then Starting speed response is better
than the case for 011 or 100. This is because the rotor positions next to the rotor positions
110 and 001 are torque supporting rotor positions 010 and 101 respedtive]y. Here better
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speed response means that it has less rise time i.e. speed response is faster. But the
‘common thlng for all these (100,011,110,001). four rotor positions is that there WI|| be
con5|derable nearly constant speed region. In this work, nothing has been observed with
rotor positions either 110 or 001 as starting rotor position. This is because the BLDC motor
used in this simulated work is from MATLAB-simulink simpowersys library, which has a fixed
starting rotor position 100. But, it can say that with rotor position either 001 or 110 as
starting rotor position, motor gives faster response than starting rotor position either 100 or
- 011. This is because motor with starting rotor position either 101 or 010 gives starting speed
response almost same as starting speed response 'w_ith six switch inverter. This is clearly
checked by running the motor in opposite direction, so that the starting rotor position
becomes 101. Figure.25. shows the starting speed response of the motor with starting rotor
position 101. This speed response is in negative direction. SSTP inverter fed drive rise time
in negatlve dlrectlon is same as in forward direction and is equal to 1.8175 seconds while
FSTP .inverter fed drive takes 1.9275 seconds to rise with a difference 110 milliseconds
which is Iess than 308.3 milliseconds for rotor position with either 100 or 011. From this it is
found that motor with startmg rotor position either 110 or 001 has less rise time than the

‘ motor with starting rotor posmon 100 or 011.
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Figure.25 Starting speed response of BLDC motor fed with a four switch inverter for a

reference speed of -1800 rpm with initial rotor. position HHH=101

40



Figure.26 shows the current wave forms during starting. During first 60° i.e. during HHH=101
_ phase A and phase B are conducting current at maximum allewable value and torque will be
maximum allowable So, motor starts like six switch counterpart, but in the next duratlon
(HHH=001) phase B and phase C have to conduct. The capaCItor charges at maximum
current, and falls down sharply due to its almost full charglng to DC supply. But, due to fong
time starting torque (at HHH=101) motor runs faster than that in FigUre.24 at the starting of
censtant' speed region. Next duration HHH=011 and HHH=010 comes and then continuous
torque will be generated. h | '
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Figure.26. Hall signals, phase currents speed and torque of BLDC motor during starting
with initial position HHH= 101

From this it can be observed that FSTP inverter fed BLDC drive takes maximum of 308.3
milliseconds and minimum of 110 milliseconds based on rotor position compared to six
's\rvit'ch counterpart. In the above FSTP inverter used capacitor value 5000 pF, 160 volt.
There are two other ways to reduce this starting time: one is to increase the capacitor value.
Second one is to increase the maximum -allowable current. First option is not suitable,
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because it increases the inverter cost. Second method is preferable but has some
_Iimitations.'An exhaustive performance evdlution is done for the 'starting response of the
used motor for different values of capacitors and maximum allowable current. These details

are arranged in the form of tables in the results section.
4.2.2 Analysis of load perturbation

Load perturbation is loading the. _mbtdr_ if it was ruhning on load, or removing the Ioad if it is
was on load or reduced load. Here both, applying load and removing load cases are

analyzed. Motor will be running at rated speed before applying load on the motor.
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Figure.27. Shows speed, phase A current, torque response for load perturbation, loading 2
N-m at time 2.5 secdnds and load removal at time 3.5 seconds for SSTP inverter case.

Figure.27' shows the load perturbation response of. SSTP inverter fed BLDC motor drive.
Motor is running on rated speed at 1800 rpm before applying load. While motor running on-
no-load it takes low value of no-load current to frictional and other losses. When load is
applied,Amot'or speed drops down due less no load torque and due to reduced speed,
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controller increases the reference current to its rated value to drive the motor at rated speed.
The speed regains back to its reference value. Dip in speed can be observed due to load
application. Similarly when full load is removed due to its inertial energy in the rotor causes
the motor to go beyond its rated speed. The controller limits the current to no load value. A
rise in speed can be observed from the Figure.27 when load is removed. Increase in phase
A current and torque when load is applied and decrease in phase A current and torque
when load is removed is also can be observed from Figure.27. When load is applied, the dip
in speed is by 10.69 rpm and the speed recovery time is 379 milliseconds. When load is
removed, the rise in speed is by 10.23 rpm and the speed recovery time is 354 milliseconds.
Figilre.28 shows speed, current and torque response for load perturbation for FSTP inverter
fed BLDC motor drive.

1800|-:

1750} 4

Figufe.28. Shows speed, phase A current, torque response for load perturbation, loading 2
N-m at time 3™ second and load removal at time 4" second for FSTP inverter case
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In F‘STP inverter fed motor, load is applied at t=3 sec and load is removed at t=4 sec. When
load is applied, the dip in speed is by 10.8 rpm and the speed recovery time is 360
milliseeonds When load is removed the rise in speed is by 10.5 rpm and the speed recovery
time is 338 milliseconds. From the companson between Figure.27 and 28 it is observed that
rlpple torque is more in FSTP lnverter fed case. Its causes and analysis are given in detall in
later section.

4.2.3 Analysis of speed reversal |

It is very common in industrial drives or consumer applications or some other application to
‘reverse its speed This speed reversal should be fast, smooth and the rate of change in

speed is also |mportant in some appllcatlons
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Figure.29. Shows speed, phase A current, torque response while speed reversal from 1800
rpm to -1800 rpm for SSTP inverter case

Figure.29 shows speed reversal response _along with current and torque. Speed reversal
started at t=3 sec, ‘causes the spee'd controller to output negative reference current at its
maximum allowable \‘falu’e to achieve fast speed revers_al. The speed reversal is done at
maximum allowableeurrent 21 ampere. While changing speed from 1800 rpm to some
Speed zero speed braking is done. From zero speed to -1800 rpm negative motoring is
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don.e.'_ SSTP inverter fedrBLDC motor drive takes 3.4565 sebonds to reverse its speed from
1800 rpm to -1800 rpm on no load. Figure.30 shows speed, current and torque response
during speed reversal for FSTP inverter fed BLDC motor drive. This drive takes 3.6576
| seconds to reverse its speed from 1800 rpm to -1800 rbm.
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Figure.30. Shows speed, phase A current, torque response while speed reversal from 1800

rem to -1800 rpm for FSTP inverter case

It takes _201'.1 millis_éconds more time than SSTP inverter. This is because of the constant
speed phenomenon on eifher side qf Zero speed.' This small flat épeed region on either side
to zero and at very low speed can be observed from speed response. During this flat speed
region current goes to nearly no-load current of the motor due to capacitor blocking. This is

.al_so can be observed from the current response of phase A.
4.2.4 Analysis of regeneration

In many applications it is necessary'-regenerate the power back to source. If the motor is
running in a condition where torque on the motor changes (i.e. active loads) as in cése of
vehicle or in hoist load, then it is possible to achieve regeneration by harnessing energy of
active load. The amount of energy we can harness from active loads or other depends on
the energy_'it posses. If the developed drive can be used for forward regeneration and
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reverse regeneration then, drive can work in four quadrants and four quadrant operation is
possible. The Figure.31 shows the possibility for regeneration in BLDC motor drive with
“active loads. ;
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Figure.31. Shows the speed, torque, i_dc and I_dc of the BLDC motor for SSTP case

Figure.31 shows the speed, torque and dc supply current i_dc and average dc
supply current I_dc for BLDC motor fed by SSTP inverter. Motor i_s run on forward motoring
with full IOad at 1800 rpm from 2.5 seconds and load on the motor is reversed and- becomes
acti_ve»loai’d supplying torque at 2 N-m to the motor at t=4 sec. The power output from the
motor at 1800 rpm and 2 N-m is 376.99 watt and power average péw'er generated at 154
volt and 2.2 ampere is 338.8 watt. The same regeneration is also can observed from
| Figure.32 for FSTP inverter fed BLDC motor drive. |

-Figure.32 shows the waveforms for FSTP inverter fed BLDC motor drive. Motor is
run on forward motoring with fuII‘lo‘ad at 1800 rpm from t=3 sec and load on the motor is
_ revérsed and becomes active load supplying torque -at 2 N-m to the motor t=4 sec. The

powe'r output from the motor at 1800 rpm and 2 N-m is 376.99 watt and power average
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power generatéd at 154 volt and 2 ampere -is 308 watt. Theré is difference in power
génera‘tion in case of FSTP inverter fed drive to SSTP inverter fed drive. This difference is

.due to capacitor charging.

I_dc

o 7 4 3

Figure.32. Showé the speed, torque and I_dc of the BLDC motor for FSTP case
4.2.5 Anélysis of commutation torque ripplé

In this section first SSTP inverter fed drive is analyzed briefly for commutation torque ripple
ahd‘then,_ FSTP inverter féd_drive ié analyzed. As it can be observed from previous sections
and their outputs that there are many torque ripples in torque response. Brushless DC
~motors have a trapezoidal back emf waveform and are fed with rectangular stator currents.
On these conditions the toque produced .is ‘theoretically, constant. HOWevér, in practice,
torque ripple exiéts, due to the machine itself but also to the inverter system. The causes of
ripple due to the cogging torque and emf waveform imperfections and those coming due to
the supply are current ripple (resulting of the pwm or hysteresis control) and phése current
commutation [31]. Many ways have been proposed to attenuate cogging torque, mainly by
slots skewing or by changing thé magnets dimensions and positioning [32, 33]. Emf or static
torqué imperfections are analyzed and some original solutions have been proposed to
overcome them [34]. In SSTP inverter fed drive, balanced voltages a're applied for the
machine. In any commutation duration one phase current vanishes and second phase

current_raises while third phase current is unaffected ideally as shown in Figure.33.
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But, in actual system inductance in-the system does not allow the current to
rise. or fall instantly and causes it to take some time to fall or rise. Any difference in the
inductance of phases causes the current to rise or fall at different rates. This lead to either a
dip or swell in the non—cdmmutetihg phase current and causes ripple in torque. There are

other factors affecting this variation current in commutation region other than inductance.
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Figure.33. Showing cufrents and back emf’s of three phases of BLDC machine -

In th>is.worrk, all phases are assumed to have same inductance. The following conditions are
" considered: neglecting winding resistance and keeping emf is constant -during commutation
‘period. Here only one peried of total six periods of Figure.33 is.observed and due to balance

in supply voltage in SSTP drive, same analysis can be applied fo other periods. Taking a_

case when i_a vanishing and i_b is rising while phase C is non-commutated by switching off
the upper SW|tch S1 of phase A and switching on the upper switch S3 of phase B as shown

in Figure.34. Th|s results in turn on off S3, S2 and D4. There are three possible based on

the changing rate of current of commutatlng phases.

Case A: current i, vanlshes at the same tlme the current |b, reaches its fi nal value and the

commutation is finished; no torque ripple will be there

Case B: current i,, vanishes before current iy, reaches its final value, but in this case the
commutation will be achieved only when current i, will reach the final value. This causes a

dip in the non commutated phase.

Case C: current i,, reaches the final value before current ia vahishes, but in this case the’
commutation will be achieved -only when current iy vanishes to zero. To achieve fast
vanishihg- of current i, sWitches 82, S3 are turned off, this causes the diodes D4, D6 and D5

to conduct.
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Figure.34. Showing six switch inverter with six switches and their anti parallel diodes

From the mathematical modeling' of the machine and inverter, rate of change of current of
three phases when S$3, S2 and D4 are ‘ON’ (i.e. d'uring commutation time), are given by

di
. la =_(V+2E) (30)
dt 3L '
di . -
i . 2V E)_ @é1)
dt 3L
di, __(V-4E) (32)
-dt - 3L
The.l equations during S2 and S3 turned off are given as follows:
di, =_(V+2E) (33)
dt 3L
di, _ _(V+2E) (34)
dt 3L
3 di, _ N 2(V.+2E) (35)

dt 3L

From equation (32), it can say that case A is achieved when V=4E and case B happens
when V<4E and case C happens when V>4E. Where E= back emf in flat portion of the
wave. Since the applied voltage is. balanced in all modes and this is applied to all the six
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modes of operation with variation in current notation [31]. Figure.35 shows the current
response at rated load, 500 rpm in forward motoring mode for SSTP inverter fed drive.

10—---.. , ............................................................................ fevseceane

Figure.35. Phase A current response at rated load 2 N-m, 500 rpm for SSTP fed drive.

For this speed, case C is applicable because at low speeds condition for case C is satisfied.
As per the above equation no swelling can observed because swelling is controlled by
switching off the switches S2 and S3. This is phase A current response and due to balanced
voltage supply the other phases have same currént response. Figure.36 shows the current
response at rated load, 1800 rpm in forward motoring mode for SSTP inverter fed drive.
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Figure.36. Phase A current response at load 2 N-m, 1800 rpm for SSTP fed drive

For this speed case B should happen because at high speeds cdndition for case B
may be satisfied. As per the above equations case B should happen and a small dip in the
current can be seen in the current in Figure.35. The magnitude of dip depends on the
relative values of V and E. For the regenerative mode, at higher speeds there is a
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possibility for a swell and amplitude of swell depends on the relative values of V and E. All
this torque ripple analysis up to this is for SSTP inverter fed BLDC motor drive. In this case
very less or no torque ripple is observed for this motor.

FSTPI-BLDC INVERTER:

Torque ripp‘fe ge'nerated in the commutation interval is one of the main
drawbacks of BLDC motor fed by FSTP mverter Phase commutatlons in six operation
modes for a ‘six-switch inverter BLDC motor drive are alike. But i in four-switch inverter BLDC V
motor drive they are different. Depending on the operating condltlon (i.e. speed) above
mentioned three cases occur. Theré are total six modes in a cycle shown in Figure.33.
Mode 2 and mode 5 are similar in condi_tion and. commutation torque ripple generated in
these two modes are similar. In these two modes case A,Aéase B and case C are possible
depending on the operating _cdndition, just sirﬁilar to six switch inverter. Case B is
corresponding to high speed region of FSTPI-BLDC motor. In high speed range non-
commutated current i, has dip and so, torque decreases. Case C is corresponding to IoW
speeds range of FSTPI-BLDC motor. >In low speed range non-commutated current i, has
swell and so torque increases. But this can easily be avoided by switching off the switch S4.
- Other fodr-‘modes‘are differeht_from the SSTP inverter case, because of unblalanced
voltage. According to Fig. 33, in mode 4, iy, ir and i, are :corresponding to ia, ipb and i,
respectively. Commutatioh is from phase a to phase b. This current transfer is done by
switching off S1 and switching on S2. It can be shown that in this mode, only case B will
occur and that is the diffe‘rénf with COmmUtation in mode |l or in six-switch inverter'BLDC
motor drive. To analyze of circuit in case B, by using KVL equations and with some

simplifications, i, and i, derivatives are as:

di, 3V +4E)

2= - (36
dt 6L . o
di, __(=3V +4E) - -

dt 6L

From this‘ it can be said, only case B is possible for mode 4 and mode. 1. In this operatidn
mode, iy, ir and i are correspondlng to iy, ic and i, respectively. Commutation is from phase
b to phase c and current transfer is done by switching off S2and-S3.is held on. In the similar
manner mode 2, for three cases we have: case ‘a’is possible for V=8E, case ‘b’ is possible
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for V<8E and case ‘c’ is possible for V>8E [ref.18]. Simulation work is done to evaluate the
torque ripple. All six modes are observed for 500 rom and 1800 rpm speeds:

" For the mode 2 at 500 rpm case ‘¢ is applicable and.swell in the phase ‘b’
current is .observed. But, hysteresis controller switches off the switch ‘S4’, causes the swell
to. dlsappear from phase ‘b’ current. In simulation work no sweli in phase ‘b’ current has
been.observed as shown in Flgure.37 located at mode 2 and a switching off of switch S4
has been also observed to avoid swell. This indicates the expected action of hysterests

controller. In mode 5, switch 2 operates to avoid swell in the phase b current.

- For mode 6 at 500 rpm case ‘c’ is appllcable and swell in the phase ‘a’ is
observed But at 500 rpm this is not observed. This is shown i in Figure.37 located at mode 6
at very starting of current responses. For mode 3, current response is similar to mode 6.

For modes 4 and 1 case ‘b’ is possible for all speeds and for mode 4 current

responses is‘shown in Figure.37 at speed 500 rpm.

2.35 T 2Em 2% 2385

_ Figure.37. Current responses during mode 4 commutation showing a dip at 500 rpm for
FSTPI-BLDC motor drive .
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A small dip during commutation (in the ‘middle of figure ét mode 1 indicator circle) time in
Figure.37' ihdicates, starting of torque ripple produbtion. As speed incre_ases this torque
be'c:omesrmoreI for the same load. During mode 1 commutation time, i, falls from positive
value and iy, rises from zero to positive value énd ic will have a dip. As the speed increases
the value of back emf changes, which changes the value of slope at which these current
ch~anges> and causes more ripple in current thereby ripple in torcjue'.'.Current responses for
all six modés at 1800 rpm for forward motoring is shown in Figure.38. It shows the current
ripple éauééd by commutation of currents. Regions of all six modes are indicated on the
Figure.38. As it ié analyzé'd, dufing mode 2 commutation a swell in phase ‘b’ current should
be avoided due to hysteresis current controller action to ‘avoid any increase in current
" beyond its ’rahge by switching off switch S4. This can be observed ih phase 'b’ current for
more ripples at positive raiéing edge of phase ‘a’ current for mode 2 and for more ripples at
negative raising edge of phase ‘a’ current for mode 5. From the previous anhalysis in mode 3
and mode 6, at"higher, speéds a di'p in phase ‘a’ current is happens. A
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Figur§.38. Current responses at 1800 rpm for FSTPI-BLDC motor drive during all six
mod_es and it shows the current ripple due to commutation in alil modes for forward motoring.

This is clearly observed from Figure.38. During mode 3 commutation, a sharp fall'in current
from negative maximum in phase ‘b" current due to more back emf -e, and slow increase in
ph'ase ‘c’ current due to reduced voltage across twoyphases ‘a’ and ‘c’ causes dip in the un
_cohmutated phase ‘a’. Similar phenomenon happens for mode 6. During mode 4
commutation, a sharp fall in current from p_ositive maximum in phase ‘a’ current due to more
back emf —e, énd slow increase in phase ‘b’ current due to reduced voltage across two
phases ‘b’ and ‘¢’ causes dip in the un commutated phase ‘c’. Similar’phenomehoh happens
for mode 1. There is a basic difference in mode 3 and mode 4, the voltage applied across
two phases in mode before mode 3 is DC supply voltage V and voltage applied across two
phas,és in mode before mode 4 (i.e.mode3) is half the DC sdpply voltage Vi.e. V/2 volt. This
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causes the mode 4 and 1 to be a case ‘b’ for commutation. In the Figure.38 phase ‘b’
current is maintained cdnstant while phase other two bhaseshave ripples. In mode 3
commutation dip in phase ‘a’ can be-avoided by reducing the slope of i, by switching switch
84 using dead beat controller and also similar technique for mode 6. In mode 4
commutation dip in phase ‘c’ can be avoided by reducing the slope of i, by switching switch
S1 using dead beat controller and also similar technique for mode 1. Mode 2 and mode 5 do
not need any special technique to avoid swell and hysteresis controller takes care of it. This
is true for forward motoring mode but, for reverse motoring mode, phase ‘a’ current doesn't’

have any ripples while other two phases have ripples in their current response. One thing
N can observe from Figure.38 is that, most of the modes falling time is faster than the rising
time. This is due to at higher speeds the back emf in the motor comparatively high and this
causes the raising current to go at slow rate. Actually back oppose the current to rise. This
results in the dips in.the currents of phases. But, in many times motor needs to run in the
regeneratlon mode. Figure.39 shows the current responses for forward regeneration in all
six modes. In forward regenération mode back is the same direction but phase current
reverses in its windings. Here not only supply voltage but also back emf supports the current
to rise fast. This leads to fast rates ot rise in current than fall in current in phases. This in
turn leads to different slope rates and causes swells in the phase currents and this happens
most of the modes except in mode 3' and mode 6. Since the ripple torque problem is more in
the higher speeds region Figure.39 depicts currents responses at 1800 rpm. In forward
regené_ration, during mode 2rand_mode 5 faster rising current than falling current causes a
swell in phase ‘b’ and this can be controlled by hysteresis controller by switching off switch
S2 during m-ode 2 and S4 during mode 5. It does not need any special control. During mode
4 and mode 1 faster rising current than falling current causes a swell in phase ‘¢’ and this
can be avoided by using a dead beat controller which operates thé switches S4 énd S2 in
modes 4 and mode 1 resbectively.__ln reverse regeneration mode of dperation, phése ‘a’ and
phase ‘b’ current réspohées gets intérchanged to Figure.39 while phase ‘c’ current response
is same és.Figure.39 regarding current ripple. All this ripple éurrent in the phases results in
the ripple. in torque directly and causes noise and in some cases high ripple torqué causes
vibrations in the motor which may lead to mechanical resonance which is undesirable.
Ripple torque analysis till now is steady state operation of the mat:hin_e both at low and high
" speeds. In transient operation this ripple torque will more and even it reaches to 50 to 70%
of maximum torque during-transient time.
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3.475 4.43 3435

Figure:39. Current responses at 1800 rpm for FSTPI-BLDC motor drive during all six modes
‘and it shows the current ripple due to commutation in all modes in forward regeneration

mode

T_his ripple torque dufing transient ﬁme is mainly caused by high value of current s at a
particular speed. The ripple torque'durihg transient operation (change in speed or load) is
caused due to high value of currents drawing. from- source and change in slopes of
commutation currents. Fast charging and discharging of capacitors is the cause for ripple
torque in transient condition due to high value of currents. Implementing the abové
mentioned solutions to avoid theée’ ripple torque is carried out using new technique in this

work.
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4.2.6 Novel technique to reduce commutationtorque ripple in FSTPI-BLDC motor.

It has been found that the dominance of ripple torque due to ripple current is
more in the high speed region and many techniques are developed to avoid ripple torque
[19, 31, 33, and 34] and some techniques used dead beat controller to avoid ripple torque.
In this a new technique is developed to avdid torque ripple and is simulated in MATLAB-
“simulink to check its proper operation a\md compared it with- normal pontrol techniques for
motoring forward mode. Same technique can be extended to four quadrant operation of the
drive. Irhplementing the same technique fdr regeneration mode is much easier than
motéring mode. This technique additionally needs one more current sensor in the phase ‘c'.
“This techni'que improves its performance in a significant amount. Figure.38 shows the
current response of normal FSTPI-BLDC motor drive at 1800 rpm ’in forward motofing mode
and it shows the mahy commutation current ripples in at least two phases. From the
solutions mentioned for the problem of current ripple for the Figure.38, one technique is
proposed. The logic behind the novel technique is shown in Figure.4Q, showing the
hysteresis current controller block similar to Figure.20 along with other control logic derived
from the hall sensors and hysteresis current controllers. This technique needs one current
sensor for phase c and-tWo hysteresis current controllers. Implementing the hysteresis
current controllers in software ié not a problem and effectively this technique needs one
current sensor additionally. Even that other current sensor for phase can be avoided,
because sum of the currents is equal to zero. We can get the value of phase ‘c’ current from
‘equation (2). Since the problem of commutation torque ripple is more in high speed region of
the motor, its performance is evaluated in the high speed region of the motor i.e. arouhd
1800 rpm; Here, in Figure.40 control logic deVeIoped only for forward motoring and same

technique can be extended to four quadrant operation of the machine.‘
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Figure.40. Control logic for proposed novel technique for FSTPI-BLDC motor forward
motoring operation : “
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Figure.38 shows the current responses having more current ripple and it results in the
generation of ripple torque which is undesirable. Figure.41 shows the torque ripple produced
for the same current responses. Basically it has two ripple torques, one is caused by the
hystereSIs current controller which is not a serious problem and other is rlpple torque due to
phase current commutation whlch is-dominant and undesired.

25]
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Figure.41. Torque response at 1800 rpm with 2 N-m load, showing commutation torque

ripple and torque ripple due to hysteresis current controller

In Figure.41 high frequency ripples are due to hysteresis current controller and this torque
ripple basically depends on the hystereSIs band and fastness of the hystereS|s controller. If
the hysteresis current controller is fast and hysteresis band is low then low ripple torques
caused by hysteresis action are possible, but there is limit of switching frequency and
switching - Iosses of power switch used. Hysteresis ripple torque can be controlled. in
Figure.41, there are low frequency high torgue ripples and there four torqde ripple in this
figure. These tbrque-ripples are due to commutation of phase c,urrent's of unequal slopes.
The novel technique presented answers to this problem. Generally hysteresis ripple torque
is in the range of 5% to 15% of average torque depending on the fastness of hysteresis
current‘ oontroller and hysteresis band width. In steady state, the commutation torque ripple |
is from 26% to 50% of average torque at rated torque for FSTP-BLDCM drive. This needs to
be avoided and these torques leads to noise in the system and sometimes causes
mechamcal resonance with the motor and bearing system leads heavy vibrations in the
drive.. Al these problems are answered in the presented novel techmque and Figure.42
shows the current response of the novel technlque presented at 1800 rpm and load (2 N-m).
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Figure.42. Current responSés df_ FSTPI-BLDC motor using ndve_l technique at 1800 rpm and
2 N-m for forward motoring ', ‘

It shows the current waveforms much near to ideal wave forms of curreht. Here the falling is
delayed using proper §Wit¢hing» of power SWitches; Currents are actually conduct for 120° in
the‘positii\ie half cyclé, so the rest of the 60° gives a possibility for délaying the proper
switches and providing 60° of free time ensures the proper operétion switches in the same
'leg by avoiding any short circuit. Figure.43 shows the torque response for the currents
shown in Figure.42. It shows the proper generation of torque by avoiding commutation
torque ripple by equalizing the slopes of currents undergoing commutation. The torque
ripple in the novel technique is limited to only hysteresis torque ripple which is not a

‘problem. . -
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Figure.43. Torque response at 1800 rpm with 2 N-m load, have only hysteresis torque
ripple.

Selection of new hysteresis current controller (other th‘an three hysteresis current controllers
for three'phases in~'Figure.'40)'“hysteresis band” decides this technique performance. A
proper ‘hysteresis band” has to be chosen for proper functioning of this technique.
Comniutation torque ripple is eliminated and the speed response is good. In some
apphcatlons speed commutatlon torque ripple causes dlsturbance in the speed. This torque
response is much better than the response shown in Figure.41.

4.3 S‘LIDING MODE SPEEDiC(.)NTROLLER BASED FSTPI-BLDC MOTOR DRIVE

Ih BLDC motor drive using PI speed controller, there is overshoot in starting speed response
and it is undesirable. It is need to use a controller which avoids overshoot for step response.
[n addition to invariance with respect to the system parameters and external disturbances as
it is a very attractive feature of SLMC, in the time domain, the state response or
‘correquh_ding response will. be e)kponential. This nature of-exponential state response leads
to no overshoot in the system state (speed) response. A typical feature 'of implementing
sliding mode control in speed control Asystems (i.e. SLMSC) is that it requires the state
(speed) which is to be controlled and its derivative. Figure.44 shows the simulink
i_mplement'ation of Figure.12 (b) for sliding mode speed controller. Figure.45 shows the
starting speed response. of FSTPI- BLDCM with HHHiqia=100 and for a reference speed of
1800 rpm using sliding mode speed controller.
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Figure.44. Simulink irhplementation of sliding mode speed controller

N

As the speed response is exponential, it takes more time to reach final value. It has steady
state error but steady state error of Pl controller speed response is zero. All the results at

different. initial rotor position and with different capl,acitance values are obtained are tabled in
the resullts section. '
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Figure.45. Starting speed response of FSTPI-BLDC motor using sliding mode speed
controller for a reference speed of 1800 rpm with HHHmia.=100
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‘ 4.4. FUZZY SPEED CONTROLLER BASED FSTPI-BLDC MOTOR DRIVE .
441 lntroduetiOn

Due to co'ntinuously. developing automation systems and more demanding control
performance requirements, conventional control methods are not always adequate. The
mput output relations of the system may be uncertain and they can be changed by unknown
‘external disturbances. New schemes are needed to solve such problems. One such an
approach is to utilize fuzzy control. Fuzzy control is based on fuzzy logic, which prowdes an
efficient method to handle in exact information as basis reasoning. W|th fuzzy logic it is
p055|bie to convert knowledge which is expressed in an uncertain form, to an exact
algorlthm ln fuzzy control, the controller can be represented with Imgmstlc If-then rules, the

lnterpretatlon of the controller are the fuzzy but controller is processmg exact input input- .

data and is producmg exact output-data in a determlnlstlc way.
4.4.2 Structure of a fuzzy controller

‘Fuzzy control is a control method based on fuzzy logic. Fuzzy logic can be described as
‘computing with words rather than numbers, “and” control with sentences rather than
equations”. There are specific components characteristic of a fuzzy controller to support a
design procedure. In the block diagram in Figure.46 the controller is between preprocessing
and post processing blocks. |

RULE BASE

POST
PROCESSING |~

BEFVZZIFICATION

FUZZIFICATION Lo -

o wd PREPROCESSING

IHRFERENCE
ENGINE

[V FAPUEIR ISP SR IR

Figure.46. blocks of a fuzzy controlier



Preprocessing:

The inputs are most _ofteh hard or crisp measurements from some measuring equipment,
rather than linguistic. Pre processor conditions the measurements before they enter the
controller and the contrbl strategy is a static mapping between input and bontrol signal. A
dynamic controller would have additional inputs like derivatives, integrals. These are created
in preprocessor thus making.the controller multidimensional, which requires many fulés and
“makes it more difficult to design. The preprocessor then passes the data on to the controller.

Fuzzification:

The first block inside the controller is fuzzification, which converts input data to degrees of
membership by lookup in various‘. membership functions. The fuzzification block thus
rﬁatches the input with the conditions of the rules to- determine how well the condition of
each rule matches that particular instance. There is é degree of membership for each
linguistic term that applies to that input variable. '

Rule Baée’:

The rule baée i»s to do with the fuzzy vim;erenCe rules. It will be usually in an I[f-then format.
E.g.‘ Inputs = error, change in efro_r. |

Rules: IF erroris _ _ _AND change in error ié _ _ ;THEN outputis _ _ _

Inferénce Engine:

(1) Aggregation: This operation is use to find the degree of fulfillment or firing strength of
the condition of a rule k. if py, g2 are the membership functions of rules 1&2, then the

aggregétion is their-combihation:
H1AND p,

~Similarly ‘fo'r other rules aggregation is equivalent to fuzzification, when there is only one

tnput to the controller.
(2) Activation: Activation of a rule is the deduction of the conclusion.

(8)Accumulation: All activated conclusions are accumulated
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Defuzzification:

The resulting fuzzy set must be converted to a number that can be sent to the process as a
control signal is called defuzzification. There are several defuzzification methods.

(@) Meah‘ of max
(b) Bisector of area

(c) Centre of gravity

Post processing:

N

Output scaling is also relevant. In case the ‘output is defined on a standard universe this
must be scaled to engineering like meters, volts. This block often contains an output gain

that can be tuned, and sometimes also.an lntegrator

4.4.3 Advantages of fuzzy
The 'prineipal advantages of fuziy control are: ' )

The fast convergence with adaptive step size of the control varlable This means that
the machine flux decrement starts in the beginning with a large step size, which then

gradually decreases so that the optimum ﬂux_ condition is attained quickly.

The,additional advantage of- fuzzy control is that it can accept inaccurate signals

Corrupted with noise.

The neural network adds the advantage of fast control implementation, either by a

dedicated hardware chip or by dig'ital signal processor (DSP)-based software.

The fuzzy estimator improves the stator flux estimation accuracy leading toa smooth
trajectory and therefore reducing the torque ripples. This estimator is particularly suited in
applications needing high torque at low speed and improves the performance of control
strategy in applications where thermal impact on resistance variation is ne.more negli_giblei
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4.4.4 Controller design and tuning

Ih-general,' it is difficult to formulate control rules for an unknown system. However, we

already know the system and can predict a step response of the motor speed. Therefore it is
comparatively easy to formulate control rules. A

N\ VAN
. \.f —

Finse |

Figure.47. -Step Response of the speed

The typical step resbonse of the speed from O ri:)m té a set value is shown in Figure.47. The
chara#teristic points are shown with dots in this figure. To formulate control rules, it is
neceséafy to examine the condition at each characteristic point and to consider the relation
among Er E: (dot) and AT, so as-to bring the step response close to the set speed value.
_ The fuzzy rule table used in this work is given in the coming sections. Figure.-48. shows the
simulink model block diagram for the FL speed controller. The two inputs namely speed
error and change in speed error are properly scaled and fed to the MATLAB fuzzy logic
controller. The defuzzified output of the FL block is scaled by proper scaling factor and after
limiting, forms the reference torque for the current controller.
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FigU’re.48. MATALB model for Fuzzy Logic (FL) speed controller
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Figure.49. Membership function plots for input and output variables.

The tuning of fuzzy controller is based on Figure.47 and trial and 'errOr tuning process for
membership function limits for input and output variables so as to re'duce'both speed error
and overshoot. In Pl controller based drive speed over shoot is more and steady state error

.
}
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is while and in sliding mode drive speed overshoot is zero but it takés 'more time to reach
reference speed while it provides some steady state error. Now, a controller is needed to
achieve reduced overshoot, starting time ahd steady state error. Complete drive analysis
has been done in previous sections with Pl speed controller. Same drive can be used for
fuziy logic based drive except speed PI contreller is replaced by fuzzy speed controller in
Figufe.16._ Here only starting speed response dsing fuzzy controller .is analyzed for both
directions while the rest of the performance evolution is documented in the form .of tables.
Other results are put in the resuits section. Figure.50 shows the starting response when
~ using fuzzy speed controller. Performance results of SSTPI-BLDC motor using fuzzy and
FSTPI-BLDC motor using fuzzy for all modes of operation is presented in the results section.
‘That can be compared wnth the other technique. Performance evaluated at different
capamtor and maxnmum current values using fuzzy technlque The Figure.50 shows the
Startlng speed response of FSTPI-BLDC motor using fuzzy speed controller for a reference
speed of 1800 rpm. Rise time of t_he motor speed-‘i’s 2.0866 seconds with overshoot of 1 rem
which is negligible. There is very little steady stafe error in its speed response which is less
than half rpm with no-load it would be more with load. ‘ |
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Figure.SQ:, Starting speed response of FSTPI-BLDC motor using fuzzy speed controller for a
reference speed of 1800 rpm with HHH=100

68



The speed response of Figure.50 is with starting rotor position HHH=100. But for rotor
starting position with 101, 010, 001, or 110 takes less time thén for the case shown or
HHH=011. '

4.5 CONCLUSION

A four quadrant operated simulation model in MATLAB-simulink is developed and its
working is analyzed in four quadrants of operation for FSTPI-BLDCM drive. For comparison,
SSTPI-BLDCM drive is developed and its operation s compared with four switch
counterpart. Capacitors affect is"analyzed as this is the main cause for delayed starting.
ACapacitor chargi.ng affect is also analyzed for different rotor initial positions. Commutation
torque ripple is the main problem of FSTPI-BLDCM drives 'and the main reason for this is
commutation of devices. Commutation torque ripple effect is analyzed and a new way to
reduce the commutation torque ripple is presented. Speed response using all speed
controliers is analyzed. Fuzzy spe-ed»controller is bettérin overall performance compared to
PI or sliding mode speed controller.
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" CHAPTER 5

RESULTS AND DISCUSSIONS

The performance of BLDCM drive system is simulated using model developed
in MATLAB en\iironrﬁent along with simulink and Power System Blo¢k set (PSB) toolboxes
under different dynafnic conditions such as starting, Idad perturbation i.e. load application
and load removal é_nd speed reversal. As' the choice has affect on the operation of BLDC
motor, simulation work is carried out at different values of capacitance and these results are
put in table. Results of novel technique presented for reduction of commutation torque ripple
is presented at rated load of the machine at 2N-fn and rated speed 1800 rpm. First, A set of
responses consists of reference speed (N;), motor speed (N) 'in rom, reference current
generated from speed controller (i) in ampéres, phase ‘A’ winding current '(ia) in Amperés
and developed electromagnetic tdrque-(Te). The performance of BLDC motor under different
modes of'operation is invéstigéted.' The simulation results of BLDC motor corresponding to
0.5 hp motor and all pafameters taken from reference[22] where a six switch inverter
performance was examined for fuzzy logic controller. In this section first, resdlts of
commutation torque ripple reduction is presented. After this, the response for SSTPI-
BLDCM for all controllers is'.pr'esented along with comparative resuits. Next, the response
for FSTPI-BLDCM for all 'Acontroll.e-rs in possible modes is presented along with comparative
relsi.llts'. ‘Comparative resﬁlts are preéented for different capacitor values of FSTPI drive:
Simulated results of novel commutation torque ripple reduction technique and normal
FSTPI-BLDCM system is presented at the end for comparison. '

5.1 STARTING DYNAMICS

At starting using rotor position signal based on the type of inverter used a proper switches
are operated to start ’the machine and then machine starts to reéch reference speed. [n this
~ work the reference speed is set at 1800 rpm as the base speed. The torque limit is set at
thrice the rated value and hence the starting currént»is limited with in thrice the rated value
when the motor builds up the required starting torque. When the speed error reaches nearly
Zzero rpm, the winding current also reduces to no load value and the developed toque equals
the load torque as observed in the starting respohse as shown in Figures.[51-59]
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5.2 REVERSAL DYNAMICS

When thé reference speed is changed from 1800 rpm to -1800 rpm, the motor tends to run
in reverse direction. When the controller observes this change, reference current is reversed
to brake the motor. As the drive is in the same dynamic state (on no load) just before and
after the re\/ersél phenomenon, the steady state values of the inverter current (phase ‘A’)
are observed to be same in either directions of the rotation of the motor. However the
switching sequence will be different. . | |

5.3.LOAD PERTURBATION

The study of the performance of ‘BLDCM drive under load variations is really important as
the speed of the motor should not change under any load conditions. In this work this.study
is perforfned by applying load and removing the load on the motor when it running at a
steady speed of 1800 rpm. Sudden application of load-on the rotor causes an instantaneous
fall in the speed of the motor. In response to this drop in speed vé:zlue7 the outbut of the
controller responds by increasing the reference forque value. Therefore, the developed
electromagnetic torque of the motor increases causing the motor speed settles down to the
reference speed with the increased winding currents. Similarly, when the load is removed
éuddenly from the motor, a small overshoot in the speed of the motor occurs. Because of
this small increase in speed, the torque output of the speed controller reduces thereby
reducing the speed of the motor. Thus the motor é,ettles at the reference speed value. After
the load femoval, the stator currents also set to the steady state value. In this manner the
controller keeps the motor running at a constant 's‘peed under the ioad variations. .

5.4 COMPARATIVE STUDY AMONG DIFFERENT SPEED"CONTROLLERS

The dynamics of the motor discussed fn the sections 5.1-5.3 are observed using different
speed controllers namely Pl, SLIDING MODE, and FUZZY and the responses are shown in
Figures [51-59] for 0.5 hp BLDC motor. Table.3 also shows a comparative performance of
these different speed confrollers fo:r SSTPI operation and next FSTPI operation responses
are shown in Figures.[54-59]. The observations from the tables are discussed below. The
advantages of ‘Pl controller are simple in operation and zero- étéady- state error when
operating on-load. But the disadvantages of this Pl controlier is the oCcurrehce of overshoot
‘while starting, undershoot while load application and overshoot while load removal. To
eliminate overshoot in the speed reéponse at starting, sliding mode speéd controller is used.
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This contro_ller eliminates over 's.h'oot but starting time and recovery times for load
disturbances is more than Pl speed controller and more steady state error is introduced in
the sliding mode control. Only advantage we get from sliding mode control is overshoot is
zero. 'Fuzzy controller has. good dynamic response makes it to achieve reference speed in
short time than other two speed controllers.. Over shoot is less than PI ‘controller but more
than sliding mode controller. Speed change for load variations is lesser than other two
controllers. Overall performance is good for fuzzy speed controller even it has little steady
state response (SSE). But the disadvantage of the steady state speed error is observer in
_case of FL speed controller. All this performance evaluation is for SSTPI fed drive.

Controller type: . Pi (SSE=0) | Sliding mode (SSE 0.3) | Fuzzy (SSE=0.1)
Tstat(SEC) 1.7902 - 2.5 ‘ 1 1.6935
_ Overshoot (%) 0.0794 0 _ 0.012
Full load apply AN 10.6809 10.8619. 2.9098
: Trecover | 0.375 1.2616 10.1112
Full load removal | AN 10.1901 10.0241 . 2.7367
Treco\‘/er 0 8 08983 O 131 9
T,eversa, (sec) 3.4017 41486 3.2556

Table.3. Comparative Performance of Different Speed -Controllers for SSTPI- BLDCM drive
- with reference speed of 1800rpm reversal speed to -1800rpm and TL—2Nm

20

iesf D

Figure,51. Starting, Speed Reversal and Load Perturbation Response of SSTPI-BLDCM

system with Proportional Integral (Pl) Speed Controller. (x-axis is time axis ll‘l seconds)
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Figure.52. Starting; Speed Reversal and Load Perturbation Response of SSTPI-BLDCM
system with sliding mode Speed Controller. (x-axis is time axis in seconds) '

Flgure 53 Startmg, Speed Reversal and Load Perturbation Response of SSTPI BLDCM
system wnth fuzzy Speed Controller. (x-axis is t|me axis in seconds)
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It is known from previous sections analysis that the starting response depends on the initial
rotor position (HHH). Table.4 shows results for initial rotor position HHH=100 or 011 and for
different capacitance vaiues for FSTPI-BLDCM system while figure.54. shows the responses
for capacitance value 5000uf for Pl speed controller. Steady state error (SSE) is zero.

Capacitance: 5000f 4000pf 3000uf - 2000uf
Tetan(S€C) ' 2.1258 2.1822 2.3313 2.6095
Overshoot (%) 0.17 0.17 0.17 0.167
Full load apply AN 10.8 10.82 10.76 10.83
C Trecover 0.36 0.344 0.36 0.36

Full load removal | AN 10.5 10.53 10.54° 10.52

: | Trecover | 0.338 0.344 0.344 .1 0.3431
T reversal (S€C) 3.6576 | 4.3647 3.9437 | 4.0498

Table.4. Comparative Performance of FSTPI-BLDCM drive with N,~=1800, reversal speed of
-1800'rpm and T, =2Nm for different bapacitances using Pl speed controller HHH;;5=100 '

0 ' 3 rE 5 — 8 10

Figure.54. Starting, Speed Reversal and Load Perturbation Response of FSTPI-BLDCM
system with Pl Speed Controller, capacitance=5000uf and HHHingz=100 or 011. (x-axis is
time axis in seconds) ’
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Table.5 shows results for initial rotor position HHH=101 or 010 and for different capacitance
values for FSTPI-BLDCM system while figure.55. shows the responses for capacitance

value 5000uf for Pl speed controller.'Steady state error (SSE) is zero.

.| Capacitance:

5000uf 4000uf 3000uf 2000pf .
| Tewr{sec) 1.9275 1.9434 1.9798 2.0772
Overshoot (%) 1 0.17 0.17 0.17 0.17
Full load apply AN 10.8 10.8 10.78 10.795
Trecover | 0.36 1 0.36 0.363 0.358
Full load removal | AN = . | 10.51 10.53 10.526 10.51
Trecover | 0.343 0.343 0.3421 0.3416
Treversal (gc) 3.6222 4.0156 3.7308 4.0873

Table.5. C Comparative Performance of FSTPI-BLDCM drive with N,=1800, reversal speed of
-1800rpm and T, =2Nm for different capacitances for Pl speed controller HHH;ni52=101

Figure.55. Starting, Speed Reversal and Load Perturbation Response of FSTPI-BLDCM
system with Pl Speed Controller capaC|tance—5000|Jf and HHH;wa=101 or 010. (x-axis is
time axis in seconds)
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Table.6 shows results for initial rotor position HHH=100 or 011 and for different capacitance
values for FSTPI-BLDCM system while figure.56 shows the responses for capacitance value
'5000pf for sliding mode speed controller. Steady state error (SSE) is 0.3.

Capacitance: 5000pf | 4000puf 3000uf 2000pf

Tstart(S€C) 2.6 2.75 2.844 3.1089

Overshoot (%) 0 0o . 10 0

Fullload apply - | AN - 111.0024 | 11.0158 10.9025 10.8303

Trecover(€rror) | 1.3(0.5) | 1.3444(0.5) | 1.2208(0.5) | 1.2604(0.5)

Full load removal | AN ) 10.1737 | 10.1533 10.1389 10.1414
L : T recover 10.4998 0.498 0.4742 0.5212

Treversal (S€C) 4.2957 4.1323 5.4806 5.0058

Table.6. Comparative Performance of FSTPI-BLDCM drive with N,,=1800, reversal speed of

-1800rpm & T =2Nm for different capacitance for sliding " mode speed controller
HHH;ni2=100. | |

0 2 7 ' B — 8 10

Figure.56. Starting, Speed Reversal and Load Perturbation R_esponse'of FSTPI-BLDCM
system with sliding mode Speed Controller, capacitance=5000uf and HHHi,iia=100 or 011.
(x-axis is time axis in seconds) ‘
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Table.7 shows results for initial rotor position HHH=101 or 010 and for different capacitance
values for FSTPI-BLDCM system while figure.57 shows the responses for capacitance value
- 5000yf for sliding mode speed controller. Steady state error (SSE) is 0.3.

Capacitance: _ 5000pf 4000uf 3000uf 2000uf

Tsart(sec) : 2.411 2.438 2.4587 - 2.5779

Overshoot (%) 0 0 0 0

Full load apply ‘AN 10.894 10.9153 10.8373 10.8329
Trecover(€rrOr) | 1.2045(0.5) | 1.3654(0.5) | 1.4587(0.5) | 1.4428(0.5)

Full load removal AN 10.1799 10.1839 10.1778 10.1606
Trecover 0.4991 0.5018 0.5042 -0.4889

| Treversat (S€C) | 4.1991 4.3163 4.3373 5.6125

Table.7. Comparatuve Performance of FSTPI-BLDCM drive with Nref—1800 reversal speed of

-1800rpm & T.=2Nm for different capacitance for sliding mode speed controller
HHHinitial-=101-

Figure.57. Starting, Speed Reversal and Load Perturbation Response of FSTPI-BLDCM
system with sliding mode Speed Controller, capacitance=5000uf and HHH,n.na|—101 or 010
(x-axis is time axis in seconds)
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Table.8 shows results for initial rotor position HHH=100 or 011 énd for different capacitance
values for FSTPI-BLDCM system while figure.58 shows the responses for capacitance value

5000uf for fuzzy 'speed co,'ntroll'er. Steady state error (SSE) is 0.1.

Capacitance: 5000uf 4000puf 3000uf 2000uf
| Tstart(S€C) 2.0873 2.1616 2.2925 = | 2.569
Overshoot (%) 0.035 0.0347 0.03230 0.0341
Full load-apply AN 1 2.9364 2.9576 2.972 2.988
1 Trecover | 0.101 0.1002 0.1006 0.106
Full load removal | AN 02.85 2.841 2.7895 2.796
Trecover | 0.1455 0.1473 0.1473 0.1474
T reversal {SEC) 3.6028 4.3428 3.8801 3.9921

Table.8. Comparative Performance of FSTPI-BLDCM dnve with N.~=1800, reversal speed of
-1800rpm & T.=2Nm for different capacitance for fuzzy speed controller, HHHqnitia=100 or
011 ‘ '

20
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Figure.58. Starting, Speed Reversal and Load Perturbation Response of FSTPI-BLDCM
' system with fuzzy Speed Controller, capacitance=5000uf and HHHinii=100 or 011. (x-axis is

time axis in seconds).
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Table.9 shows results for initial rotor position HHH=101 or 010 and for different capacitance
values for FSTPI-BLDCM system while figure:59 shows the responses for capacitance value
5000uf for fuzzy speed controller. Steady state error (SSE) is 0.1.

Capacitance: 5000uf 4000pf 3000uf 2000puf
Tstart(SEC) 1.868 1.8796 1.9203 = | 2.0162
Overshoot (%) . 0.4182 0.4185 0.4207 - 1 0.4182
Full load apply AN = [2.9166 2.9011 2.914 2.94
. Trecover | 0.1461 0.14 . 1 0.1418 ~10.144
Full ioad removal | AN 2.8952 2.9187 2.9002 2.87
Trecover | 0.0959 0.0972 | 0.0968 0.0958
Treversal {S€C) 3.5255 3.6348 3.6806 4.0093

Table.9. Comparative Performance of FSTPI-BLDCM drive with N:r=1800, reversal speed of
-1800rpm- & T =2Nm for different capacitance for fuzzy speed controller, HHH;nitia=101 or
010 ' |

Figure.59. Stamng Speed Reversal and Load Perturbation Response of FSTPI BLDCM
system with fuzzy Speed Controller, capac1tance—5000pf and HHH.,,.,.a,-1 01 or 010. (x-axis is

time axis in seconds)
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5.5 COMPARATIVE RESULTS FOR COMMUTATION RIPPLES

| In normal FSTPI-BLDCM drive at higher speeds commutation torque ripple is more and '
Figure.60 shows the three phase current responses and torque response of machine at
1800 rpm of the machine at full load (2N-m). In the previous sections a novel technique is
presented which reduces the torque rlpple to a S|gnlf|cant amount causes the smooth and

silent operation of the motor.

Figtjre.GO.. Three phase current responses and torque response of FSTPI-BLDC motor at
1800 rpm and 2N-m load. ' '

The commutation torque ripple reduction technique presented here', can be extended to all
modes of operation of the motor i.e. regeneration and reverse motoring. Using this
technique causes mere ripple torque in transient condition. So, we can develop a method
where, normal FSTP method is-useful for transient operation while this new technique useful
for steady’ state operatiorfend this becomes a hybrid technique. The Figure.61 shows the
three phase current respénses and forque response of machine at 1800 rpm of the machine
at full-load (2N-m). | |
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Figure.61. Three phase current responses and torque response of FSTPI-BLDC motor at

1800 rpm and 2N-m load using novel commutation torque ripple reduction technique
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CHAPTER 6
‘CONCLUSION AND FUTURE SCOPE

A four-switch inverter fed Brushless DC motor drive simulation model isv developed in
MATLAB-Simulink using simulink and power system block set (PSB) tbolbokes and the drive
response is simulated under different operating conditions such as stérting, speed reversal
and load perturbation. A comparative study of different speed controller's _nhamely
proportional integral (Pl)»cqntrollér,, sliding mode controller, fuzzy logic (FL) controller has
also been presented for the BLDCM drive system. Since the fdur switch inverter model
evolve from six switch inverter, for a comparative study, six switch inverter fed BLDC rhotor
drive is also developed and performance is compared with its four switch countérpart. Six
switch and four switch inverter topologies exhibit their own merits and demerits. This
comparative study of different sApe,ed _cohtrollers for variable speed operation has aiso shown
'res'pective merits and demerits of the individual speed controllers. Since, major drawback of
four switch .topology.is more commutation torque ripples in torque response, which is the
result of ripples in the current. A novel‘ way for commutation torque ripple reduction
technique is presented in this work. Simulation results show that there is great improvement
in the current there by torque response which is equally comparable with six switch inverter
torque résponse. Presented technique overcomes the limitation imposed due to
commutation torque ripple. For starting speed résponse, four switch topology is somewhat
ihferior to six switch counterpart, while four switch topology has many advantages.
Capacitors used in the one of the leg of four switch inverter poses many problems, and
commutation torque ripple problem is addressed in this work. Other problems are analyzed
-and perfo_fmance of four switch inverter fed drive with different capacitor values is evaluated.
Decrease in capacitor value gives poor performance of the drive. A éapacitor value has to

be taken so that drive gives better performance and less cost.

ComparatiVe study of drive with different speed controllers is performed. If the
requirement is that of simplicity and ease of application, the Pl spe_ed controller is a good
choice. But the PI controller suffers with the disadVantage of occurrence of overshoots and
undershobts. If the: application prime requirement is not to have any overshoot in starting
response, then, sliding‘'mode controller is suitable choice. But sliding mode controller based
drive dynamic response is poor and it has some steady state error and minor chéttering in
speed in steady state. Fuzzy logic controller provides a better dynamic response with little
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overshoot and undershoot but better than PI controller. Fuzzy controller introduces steady
state error more than the Pl controller does and less than the sliding mode controller. Based
on application requirement of the motor, speed controller can be chosen. '

Presently a wide research is going on in sensor less operation of the four
switchvinverter fed drives so as to decrease_ the overall cost of the drive without losing any
performance of the drive. Practical implementation of the proposed new way of commutation
torque ripple reduction technique and extending the same technique for four quadrant
operation are possible areas of future research work. As a way to reduce the overall cost of
the drive, there is other way to reduce the cost to this four switch technique and it is:
variéble input voltage fed thyristorized four switch inverter from the step down chopper and
thyristorized inverter feeding the BLDC motor. This is the new area of research work and it
has to be implemented in hardware to prove the cost reduction. As the peﬁormance of four
switch inverter fed drive topologies inferior in dynamic range of motor eperation, and there is
possibility to improve the performance and this makes the four switch drive suitable option to
implement for many applications.- When a six switch inverter fed BLDC motor faces a switch
failure problem or two switch féil_ure in one leg of inverter, then, it can be conveﬁed to four
switch inverter and operation will similar to four switch inverter fed drive. So, switch failure
analysis for six switch inverter fed drives is another important area of research as this will

ensure proper functioning of drive and motor.
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APPENDIX - A

BLDC MOTOR SPECIFICATIONS:

Rated speed (Niaeq): 1800 rpm
Ratéd currenf (lrateq): 7.5 ampere
Maximum torque (T"'.a")-: - 6 N-m
Stator resistancer (R): - 0.95 Ohm
Stator inductance (L): ' 1.'2 mH
Motor constant (k): | 0.28 N-m/A
Total inertia (J): | 0.05 Kgm*
Pole pairs : A 2

DC bus vc;ltage (Vac): 154 volt

88



	Title
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	References
	Appendix

