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Abstract

Brushless Permanent Magnet (BLPM) motors have many benefits, such as high
efficiency and high power density, which make them a popular choice in advance
motor drive systems. However, the values of the three-phase currents of the motor are
required to control the torque of the motor, which has to be measured using multiple
current sensors. The current sensors are expensive and reduce the reliability of the
system. In addition to this, current sensors may degrade the signal and introduce

errors, which may results in torque ripple in a practical motor drive.

Several researchers have proposed various methods to reduce the number of current
sensors. One of those methods suggested using a single current sensor to measure the
DC link current and using the switching signals to reconstruct the three-phase currents
of the motor. Although this was possible, it should be emphasised that in some
instances of the switching state, the motor current does not flow through the DC link,
but it circulates inside the inverter circuit. In several articles, the method to find the
three-phase currents using a similar method was explained. However, none of these
studies considered the circulating inverter current in the reconstruction of the phase

currents.

This thesis provides a comprehensive motor simulation program that can be used to
study a number of operating modes of the motor drive, and can introduce artificial
faults and noises that may appear in the real drive. The thesis also provides a detailed
analysis of the DC link current and inverter switching states. The current
reconstruction algorithm and a compensation routine are given in the thesis. The
practical data from the real motor drive are obtained, the simulation studies are
verified, and the limitations of the method are highlighted. It is demonstrated that a
single current sensor on the DC link and the switching signals can be used to
reconstruct the three-phase currents of the BLPM motor. However, a real-time
implementation of such a method requires a noise-free measurement and further
improvements on the current compensation technique, which can be investigated in

the future.
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Abbreviations

Abbreviation Variable Name Units
O Electrical position rad
Aerror DC link current error = real DC link current - simulated A

DC link current
Ah Hysteresis bandwidth for current A
e Electrical velocity of the motor rad/s
O; Angular speed of the rotor rad/s
At Sampling interval sec
AC Alternating current
B Damping coefficient Nm-s
BLDC Brushless DC
BLPM Brushless Permanent Magnet
CSI Current Source Inverter
DC Direct current
€123 Instantaneous back emf voltages of phasel, 2 and 3 \Y
respectively
1123 Instantaneous phase currents of phasel, 2 and 3 A
respectively
Lcompensate1,2,3 The phase currents of the simulator after compensating A
L4 OF 14c DC link current, average or instantaneous values A
respectively
Lcphase The current of a phase of which the absolute amplitude of A
the current is equal to the absolute amplitude of the DC
link current
Imodel1,2,3 The phase currents of the simulator A
Imotort 2.3 The phase currents of the real motor A
J Moment of inertia kg-m”
ke Maximum back emf constant V-sec/rad
L Inductance of the motor winding H
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Abbreviation Variable Name Units
n The number of step of the integration
PID Proportional Integral Differential
PWM Pulse Width Modulation
R Resistance of the motor winding Q
rpm Revolutions per minute
Te Electromagnetic torque N-m
To Load torque Nm
Vi23 Instantaneous phase voltage Vv
Vab,c Instantaneous terminal voltage \Y%
Ve Voltage between the positive and the negative DC rail v
Vs Voltage at the star point in the motor circuit A%
VSI Voltage Source Inverter

viii



List of Figures

Figure 2.1 Equivalent circuit model of the BLPM motor circuit ........cccoceeveviiiiiiniennne. 9
Figure 2.2 Back emf voltage waveforms.........cccoccvviiiiiniiniiine 10
Figure 2.3 Common three-phase inverter circuit topology......ccccvremrieeerinccienieniniens 13
Figure 2.4 Three-phase inverter connected to the motor windings ..........cccoeevnienenen. 14
Figure 2.5 Hysteresis current COntrol.........cccooviiviniiinininiinnicieinsenss e 16
Figure 2.6 PWM waveform generation method ..o, 17
Figure 3.1 Position of 4 current sensors in the conventional three-phase inverter..... 20
Figure 3.2 Potential fault current paths in the inverter ..., 21
Figure 3.3 2-sensor method ...uuisisisnisisaasms s e dasevi s s 22
Figure 3.4 Circuit indicating the method of connection utilising a single sensor ...... 23
Figure 3.5 Equivalent circuit diagram to measure all possible current faults ............ 23

Figure 3.6 Diagram of electronically commutated motor drive with integrated

CUTTEIE SEIISOT .vetuveesveeneereesreeeseseesseasreesssnssessesasasassnssssnnsesasssssssssssssesssnansnnne 24
Figure 3.7 DC link current in three-phase PWM InVerter .......cocovvvvieninianinniininns 25
Figure 3.8 Equivalent circuits for "one switch active (T6) state” (a), "two switch

active (T1 and T6) state" (b)wsmmmnsmmsmmnssaasmsnasmasessismmsesismses 27
Figure 3.9 Current flow path in the inverter when T2 and T3 are turned on.............. 28

Figure 3.10 Directions of the currents in phase2 and 3; when T3 and T2 or D5 and
D6 are conducting CUIrent ssaviisnssssmisssammmissmiisre e e 28

Figure 3.11 Diagram of the direction of phase currents when the switching pattern is

ix



Figure 3.17 Diagram of the direction of phase currents when the switching pattern is
changed to the U, U, L and the current direction is still +, -, +............... 36

Figure 4.1 Block diagram of the simulation of the motor drive and current

FECONSIIUCIION ..evviireririieireie st steercetetteseesresiaesseesreenseanseesseseessnerassaeareessene 39
Figure 4.2 Main loop program of the simulate motor ..........c.ccoecvvveiveriecinviescrerinennen 41
Figure 4.3 PID SubVI (See AppendiX A-2)....ccccooiivirieeiierie s e svasssesne s 41
Figure 4.4 Chg Point SubVI (See AppendiX A-2).....cccvvevieeniieneiieniine e 41
Figure 4.5 Current control SubVI (See Appendix A-2) ...cccccvvieniiinirniinicnic e 42
Figure 4.6 Drive SubVI (See AppendiX A-2).......cccvviririienieniieieeienienesenieenie s 42
Figure 4.7 Motor SubVI (See AppendiX A=2) .....ccoceiiviiriuvriiiineesiisrseorisesissesiseessresssens 42
Figure 4.8 © and rpm SubVI (See Appendix A-2) .....ccoieivieiieiiieiinisiineiiseesessasnnennes 42
Figure 4.9 TPS SubVI (See Appendix A-2) ......cccceriririvenieniinessieesis s seesesssenens 42
Figure 4.10 Block diagram of Motor SUbVL.........ccccoiiiiiiiiiiiiiiicrccniicsee s 43
Figure 4.11 The block diagram of Drive SUbVl........ccocviieriiriiieeniiniirineesecreenans 43
Figure 4.12 Emf SubVI (See AppendiX A-2) .....cccocveiiiieiimiriiniesiiennesiesnsicesnessnenenns 44
Figure 4.13 Torque SubVI (See AppendiX A-2) ....coviviienriirinneieiisiesnieesssennn 45
Figure 4.14 Speed SubVI (See Appendix A-2) ......covvvevvecnrinieisieninesiesesinssnesinsnssens 45
Figure 4.15 Position SubVI (See AppendiX A-2).....cciviiiiieeiiiiirminieeiineiisiisiinsesnianin 46
Figure 4.16 Terminal Voltage SubVI (See AppendiX A-2).....cccooeveveiririririrecrnnnenen 46
Figure 4.17 DC link SubVI (See AppendiX A-2) ....cccoveeriieirieeeiiiieeecieeieerineesneneens 46

Figure 4.18 Simulation results of the motor drive operating from standstill, with
rectangular current excitation, hysteresis current control and trapezoidal
back emf waveforms.......cooceeciriiniinii 49
Figure 4.19 Simulation results of the motor drive while it is accelerating from
standstill, the sinusoidal current excitation, PWM current control and
sinusoidal back emf waveforms .........ccocceeviiniiiiini, 50
Figure 4.20 Simulation results of the motor drive under the transient operation, the
rectangular current excitation, PWM current control and sinusoidal back
ML WaAVETOIMNS. coniniesiommnmnsasnimimmmmimissmme i v 51
Figure 4.21 Simulation results of the motor drive under the transient operation
starting from standstill, sinusoidal current excitation, hysteresis current

control and trapezoidal back emf waveforms.........cc.ccveevvriririninnnncnne 52



Figure 4.22 Simulation results of the motor drive with a rectangular current

excitation, hysteresis current control and trapezoidal back emf waveforms

................................................................................................................ 54
Figure 4.23 Simulation results of the motor drive under the transient operation, the

sinusoidal current excitation with no current control, PWM current

control and sinusoidal back emf waveforms ............ccoevveevevvecvneeinnnns 55

Figure 4.24 Simulation results of the motor drive under step loading (increasing load
torque), the trapezoidal current excitation, PWM current control and
sinusoidal back emf waveforms s 56

Figure 4.25 Simulation results of the motor drive under a step load change (reducing

load torque), the trapezoidal current excitation, PWM current control and

sinusoidal back emf waveforms ..........ccccvveiiiiiniiinicin 57
Figure 4.26 Bridge inverter diagram when T1, T6, T2 are conducting...........c.c.vu..e. 62
Figure 4.27 Bridge inverter diagram when T4, T3, T5 are conducting............c..c.c.... 63
Figure 4.28 Bridge inverter diagram when D3, D4 and D5 are conducting............... 64
Figure 4.29 Bridge inverter diagram when D1, D2 and D6 are conducting............... 65
Figure 4.30 Bridge inverter diagram when T1 and T6 are conducting current.......... 66
Figure 4.31 Bridge inverter diagram when D1 and D6 are conducting currents........ 67
Figure 4.32 Bridge inverter diagram when T1, T6 and D2 are conducting................ 68

Figure 4.33 Bridge inverter diagram when T4, T3 and D5 are conducting currents.. 68
Figure 4.34 Bridge inverter diagram when D4, D3 and TS are conducting currents . 69
Figure 4.35 Bridge inverter diagram when D1, D4 and T2 are conducting current... 70
Figure 4.36 Main block diagram of the LabVIEW current reconstruction module ... 71

Figure 4.37 Drivel or Drive2 SubVIussismissssssssiasossvsiciisioisiimiiiniiis 71
Figure 4.38 Comp SubVT (see AppendiX A-2).....ccccvviviiiiureiiniersirieesineeniresneeieenenees 72
Figure 4.39 Error SubVI (see AppendixX A-2) .....occvvveiieirieenieiieeire e 72

Figure 4.40 Simulation results under hysteresis current control, rectangular current
excitation, trapezoidal back emf, 2% constant +5% random error on
the DC HNK CUITENT ...viiiiiiiic et s san 74
Figure 4.41 Simulation results under hysteresis current control, rectangular current
excitation, trapezoidal back emf, 5% constant +5% random error on

The DC LINK CUITEIT 11ttt s e e e e e eeeatstsesessessssessassesesssassasneesssns 75

xi



Figure 4.42 Simulation results under PWM current control, rectangular excitation
current, sinusoidal back emf, 2% constant +5% random error on
The DIC LNk CULTEINE uosssensscsnseessinssoenisssensssiasss oo i e 76
Figure 4.43 Simulation results under PWM current control, rectangular excitation
current, sinusoidal back emf, 5% constant +5% random error on
the DIC link CUITENT wuwssssnissmsssmmmmmaismsmmsosssivnsssnsssssssnsasss s s 77
Figure 4.44 Simulation results under PWM current control, sinusoidal excitation
current, sinusoidal back emf, 2% constant +5% random error on
the DC lINK CUITENE .....oviiieiiiciiiii et 78
Figure 4.45 Simulation results under PWM current control, sinusoidal excitation

current, sinusoidal back emf, 5% constant +5% random error on

the DC IINK CUITENT ...cviviiieiiciierie ettt 79
Figure 5.1 Steps followed to capture real time data ............ccecoevvivenecceicne e, 82
Figure 5.2 Schematic diagram of the hardware used in the tests.........c..ccoceevveieenrnnen. 83

Figure 5.3 Diagram of the program to reconstruct the phase current using
the experimental data...........ccoovevieiieieienicee e 87
Figure 5.4 Test results at a speed of 50 Hz with the rectangular current excitation of
the MOLOT AIIVE...c.uiviiiiiiie st st 90
Figure 5.5 Test results at a speed of 25 Hz with the rectangular current excitation of
the MOTOT AITVE......iiiiiiiiiiirer e s 91
Figure 5.6 Test results at a speed of 50 Hz with the sinusoidal current excitation of
the MOtOT AIIVE...c.iiiieieiicieece e st 93

Figure 5.7 Test results at a speed of 25 Hz with the sinusoidal current excitation of

the MOLOT AITVE...c..iiviiiiiiiiiercc s 94
Figure A.1 Block diagram of PID SubVI ..o 114
Figure A.2 Block diagram of Chg point SUbVI.........cccoovieeiiiiii e 114
Figure A.3 Block diagram of Current control SUbVI.......ccovvevviinieirieeniinrieniiinnen 115
Figure A.4 Block diagram of @ and rpm SubVl.........ccccoeiiiiiiiiiiiiiiciiccreciesieine 116
Figure A.5 Block diagram of TPS SubVI......ccccceoiiiiiiiiiiniiineieiisiessesieneesee e 116
Figure A.6 Block diagram of Emf SubV Lasusuiaaswasimsimsisss i 116
Figure A.7 Block diagram of Torque SubVI.........cccooiiiiiiiriiiiiiecieeciie e 117
Figure A.8 Block diagram of Speed SubVI..........ccoiiiviiiiiiiniieiiiiieiinesesicieenes 117
Figure A.9 Block diagram of Position SUbVT .........cccceveevniiviniiiinieiieisesiienen 118

Xii



Figure A.10 The block diagram of Terminal Voltage SubVI.........c.cccciiiiiiiiiininnnn 119

Figure A.11 Block diagram of DC link SubVI........coeiiiiiiiiiiiiiiiiicicniecisecn 120
Figure A.12 Detail in the block diagram of Comp SubVI........ccccciviiiiiiiiiiiiiniinnn, 121
Figure A.13 Detail in the block diagram of Error SubVI........cccceecvnniiinnniininnnne 121
Figure A.14 Input and output of Sep Sigs SubVI.......ccovvviiiiiniiiiininniniciinninnn 122
Figure A.15 Detail the block diagram of Sep Sigs SubVI.........cccccovvnininiiiinnins 123
Figure A.16 Input and output of Vdc SubVI ..o, 123
Figure A.17 Detail in the block diagram of Vdc SubVI........coceeoiviiviieiiiiiniciennn. 124

xiii



List of Tables

Table 2.1 Advantages and Disadvantages of BLPM motors ...........cccceeveevvvencnnen,

Table 2.2 Summary of the motor fEatures ..........c.ocvviiiinieiiiecie e

Table 2.3 Possible waveforms of the back emf voltage, the phase current, and

the electromagnetic tOTQUE........c.cevvivrreiririerriire et ee et
Table 3.1 Vector states and corresponding phase currents............cccceeevvirieienennen,
Table 3.2 Summary of switching patterns in the inverter.............cccoevevvveciriierennns
Table 3.3 Possible state of the directions of the current in the motor phases........
Table 4.1 The specification of the motor system in the simulation results............
Table 5.1 Specification of the motor in the experimental setup .............c.ccoeveevni.n
Table 5.2 Specifications of the IRMDAC3.........ccccoeeiiieiieciecee i,
Table 5.3 Specifications 0f ADMOC300 ......ccccoveiiieviiieiieree e
Table 5.4 Specifications of PCI6110 DAQ card.......cccoovvvueeieiieie i,

Table 5.5 Motor parameters and initial values used in the algorithm....................

Table A-1 Switching state, conducting device, DC link number and

CITCULATE TTUIMDET ... e e e e e e e e e e s e aeeseer e

Xiv





