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Abstract

Hall-sensorcontrolled brushless dc (BLDC) motors are widely used in many electromechanical
applications due to their simplicitjow cost, and good torquespeed characteristicShe
conventional commutation methods include the-d2@ree and 188egee switching logicsFor
these coomutationmethodsthe maximum torque per Ampe(®TPA) andmaximum torque per
Voltage MTPV) control schemesare often consideretb achieve the optimaproperties
Previously,many analytical and numericamplementatios of MTPA and MTPV have been
developedand widely applied However,the commonlimitations such asleviation from the
optimal operationdue to machine parameteesid high computational cosif controllers
necessitatdurther research andmprovemens. In this thesis threesimple and novel control
schemes have been proposeusty, a hybrid MTPA/MTPV methodis proposedbased on the
equations of 18@egree operatiolo combine the advantageshaith methodsThis hybrid method
is shown toachievehigh efficiencyin steady statandfast response during electromechanical
transients Secondly,a numericalimplementation of thdMTPA and MTPVstrategies habeen
developedfor BLDC motors with 120-degree commutationto achievebetter torquespeed
characteristiceompared with theonventional implementationghirdly, the switching logidas
beenextended t@overany conduction angle between 120 and 180 degvbis maintainingthe
MTPA optimal property This proposed methots demonstrated tachieve up to 10%igher
maximum achievable phase voltaban the conventional 12fegree operatiofiom the samelc
sourcevoltage Since thenew methods are simple and computationally efficieéns, €nvisioned
that thgg may beeasily adoptedn many applications utilzing Hall-sensor controlled BLDC

motorswhere higher efficiency and faster transient response are desirable



Lay Summary

Hall-sensor controlled rashlessdc (BLDC) motor driveshave beenwidely used in many
electromechanicalpplications due to thesimplicity, low cost,good torque performancetc.For
those motorsthe control schemesften focus on developing the maximum torgioe a given
current or foragiven availablalc voltage These control goals are refertedhe maximum torque
per Ampere MTPA) and maximum torque per Voltage (MTPV), respectivélpwever, the
conventionatontrol methods often deviate from their ideal operation, resulting in lower efficiency
and slower transient response. This thesis proposes several methodpribn the operation of
BLDC motors in steady state and during electromechanical transients, as well as better utilization
of the availabledc source voltageThe proposed methods have been verified against the
conventional methaland demonstrated result inmore efficient and fastegperformancelt is
envisioned that the new methods will become adopted in many applications utilizirgg kisdir

controlled BLDC motors where higher efficiency and faster transient response are desirable.
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Chapter 1: Introduction

1.1 Background

Due to thdow-cost,high-power density, high efficiency, and good toregpeed characteristics
brushlessic(BLDC) motor drive systemareplaying animportant role in many electromechanical
applications including electric vehicles, drones, awttom robots, hoists, elevators, conveyor
belts, computedisk drives office printers, copy machinesjashing machines, water pumping
systems, fans, air conditioners, dtt]. Specifically, the Halsensorcontrolled scheme is well
accepted in many lowost applicationsuch as underwater roboti& and small electric vehicles
[3] due to its simptity and reliable operatior], where the sensorless control schemes may not
be suitableor justified

A typical BLDC motor drive consists of a permanent nmetgsynchronous machine (PMSM)
driven by a voltageource inverter (VSI). Two conventional control schemes of VSI, i.e., the 120
degree and 18@egree conduction switching schemes are commonly adopted. In tued&e
commutation, each inverter switchasistor) conducts 180 degrees in one electrical cycle, which
results in continuous phase currerfis 4nd highpower delivery §]. Particularly, this type of
commutatioriogic has been utilized in applications suclelggtric bicyclesT] and turbochargrs
[8].

As for the 126@degree switching scheme, the conduction duration is reduced to 120 degrees for
the inverter transistors and the phase current becomes zero twice (for 60 degrees each time) during
one electrical cycle9)i [10]. Despite the decreasedltage utilization and discontinuous current,
the 120degree commutation naturally achieves the approximation of the maximum torque per
Ampere (MTPA) operation. This optimal and desirable property makes thdete strategy

1



very common in a wide rangef applicdions including water pumping systentkl], elevator
systems [2], reciprocating compressors3J1flying drones [L4], robotics [L5], electric propulsion
[16], etc.

In addition, to achieve different torcuspeed characteristics for each of these conduction
logic, the relative position between the rotating magnetic field of the stator and the rotor field due
to the permanent magnet is also controlled by the U|SHor this purpose, the phase voltage is
advanced relative to the rotor poleshwa secalled advance in firing angle by simply shifting the
conduction logics with respect to the rotor position. Three typical schemes of controlling the firing
angle are considered in this thesi@mmon operating mode (COMhaximum torque per Ampere
(MTPA) mode and maximum torque per Voltage (MTPV) modikeCOM is the simplest control
method with a fixed firing anglevhich achieves the approximation of alignment between the
phase voltages and the respective back electromotive forces (back EMIesic&ly, the firing
angle is fixed at zero in 18f@egree operatiorb], while it is fixed at 30 degrees with 1-2g@gree
conduction logid9]i [11].

Unlike the simple COM without any optimal goatlke MTPA operationmaximizes the ratio
of the motor torge over the stator current amplitude. In other words, this control achieves the
smallest stator current for a given torque, which in turn reduces the copper losses and increases
the efficiency. Due to this optimal property, the MTPA is often used with Bhiar drives in
electrical vehicles [17]18], blender machines [19], pump applications [20], ttat operate in
steady state for a prolong period of time and energy savings are important.

The MTPV is another welknown control modeThe MTPV also aimstamaximizing torque
during the motor operation. However, it maximizes the torque for a givaitabledc source

voltage. Instead of the curretihe MTPVfully utilizes the voltage provided by the inverté,[



[21]1[22], which results in operatioaver a wider speed range. Compared with the MTPA, the
MTPV is more advantageous for higheed applications [23R4]. Another advantage of the
MTPV is the fast speed response due to the highest torque for a given dc voltage [25]. In contrast,
the MTPA is knowno beslower in responst the load changes [280oth MTPA and MTPV
strategiesare commonly incorporated with the pulselth modulation (PWM) technique to
effectively adjust the phase voltage of BLDC motors, when the input dc voltage of the VSI is

consant [b].

1.2 Motivation

Considering the optimal properties, the MTPA and MTPV operations are to be properly
incorporated with different conduction switching schemes. Previously, analytical and numerical
methods have been developed tbe 180degree and 12@egree operations, respectively.
However, several problent®mmonlyexist in themost practicalmplementation®f the MTPA
and MTPV methodswhich makes their operation nobptimal. Some major challenges are
identified and listed in this thesis.

Firstly, aiming at different optimization goalthe MTPA and MTPV achieves different
machine performance¥he MTPA is typically adopted because of its high efficiency, while it is
not suitable for applications with higgpeed operation aequiremenbf fastdynamic response
due to its relatively low voltage utilization. Meanwhitee MTPV operation has demonstrated
advantages in terms of higipeed operation and fast speed response, but it has degraded the
steadystate efficiency. To utilize the advantages othbmethods and achieve a wide operating
range of speedhecontrollers have been developed to altbe@MTPA operation in the lovspeed

range while switch to MTPV method at high spe2di[[31]. This type of combined strategy has



become a typical methoarf applications with widespeed ranges. However, there is seldom
consideration for another type of combination which achieves the high efficiency as the MTPA
and the fast dynamic response as the MTWRAth full utilization of these two properties, the
machne performance is expected to be further improved.

Secondlythe120-degree commutation applies rRoomplementary switching, which indicates
that both transistors in the same phase &g turned off twice for 60-degree intervals per
revolution Meanwhile with the present of the stator inductance, the phase current cannot turn zero
instantaneouslyinsteadthe phase currergradually goes to zero with a period refertedhe
commutation interval gi[10]. The length of commutation interval depends onciize
parametergi.e. time constanind operating condition4 (], which varies the voltage waveforms
and makes the derivation of the explicit analytical equations diffighilhot impossible)
Meanwhile, the conventional control which achieves theamation ofthe MTPA in COM can
result in an operatg point far away from the optimal due to the commutation process. To restore
the MTPA optimal operationsomenumerical methods have been developed. One of the most
commonly adopted strategies is to tohthe stator currents based on the corresponding equations
with respect to the desired torq@2]i [37]. Specifically, forHall-sensorcontrolled BLDCmotors
with round (norsalient) rotors, @roportionalintegral(PI1) controller is adopted in F3to fix the
current component along thieaxis of rotor reference frame at zero. However, the controller
developed in [3] introduces higkorder filter to reduce the current harmonics, which increases the
complexity. Another type of MTPA methods is to direalyminate the angle difference between
the stator current and the back EMF by either measuB8|gof estimating this angle difference
based on analytical equation®]3[40]. Nevertheless, the existing implementatiohthe MTPA

operation increases tlowmplexity and the cost by including either long equations or additional



measurementsTherefore, a computationatifficient, and simple and straightforwardo
implementmethod isvery desirable.

As for the MTPV operatiorthis methodis seldomappliedfor BLDC motorswith 120-degree
switching logic Since for the 12@egree switching logic the commutation angle is operating
pointdependent and there is no explicit analytical expression for it, it becomes challenging to
develop an analytical expressiorr the MTPV operation as welln the literature, only a few
numerical strategies have been developed for PMSMs. The strategies could be classified into the
methods based on analyticabproximationg[27]i[31], [41]i[44] and the methods based on
lookup tabés (LUTS) [4]1[47]. The former ones derive the analytical current equations by
applying voltage and current limitg{]i[42]. Subsequently, the current expressions could be
utilized in current regulators BJi [44] or vector current controllers (which amgore common)

[27]7 [31]. As for the methods based on LUTS, the current values could be obtained from a table
of precollected data (from detailed simulations or hardware experiments), which removes the
calculation errors and reduces timmputationaburdenfor themicroprocessor [4]. Considering

the optimalpropertiesMTPV is highly desirableo be extended to the BLDC drives with 120
degree commutation to achieve the highest torque utilization, especially fesgegt operation.

Thirdly, a recent attetion has been giverotswitching methods with the conduction angles
other thanconventional120 and 180 degrees. For example, -15160, and 165degree
commutation schemes have bgeoposed anghown to reduce the torque ripple and current
harmonics whenompared witthe 120degree operatiodB]i [51]. Studies have also been carried
out in [b2] to investigate the performance and voltage waveforms with conduction angles up to
168.75 degreesThese switching logics could be extended to achieve any cooduatigles

between 120 and 180 degrees. Specifically, with the increase of tigeiotion angle, the



increasing trend of ac phase voltage is observe81li Therefore, operating with the extended
conduction angle provides a feasible scheme for volagestmenton top of the conventional
PWM. However, many of the previous studies have been carried out without the bOFAl,
and the correspondingsults may not be optimal ondastead it is always verydesirable to
maintain the optimal operation dang the voltage adjustmemnd this point has not been addressed
in the prior literature Therefore,it is crucial to considethe MTPA method for the extended
switching logics. Similar to the 12@egree operatiomnyextended switching logwill also ajply
noncomplementary switchingf transistorsand be subjectedo the operatingpointdependent

commutation intervals.

1.3 Research Objectives

Thisthesis is focusdon the challenges iachievingthe MTPA and MTPV controls of BLDC
motors with different coduction switching logics: (1to achieve both advantages of high
efficiency agshe MTPA and fast dynamic responsetaeMTPV, a hybrid MTPA/MTPV control
is to be proposed fdhe 180-degree operation; (2) to reduce the computational costesmnove
addiional measuremesgtsimple and straightforward numerical implementationthefMTPA
andthe MTPV areproposed fothe 120-degree operation; (3) the extended switching logic with
conduction angles between 120 and 180 degsekveloped for voltage extdna while ensuring

the MTPA optimal property. The details of the objectives are summarized as below:



1.3.1 Objective I: A Hybrid MTPA/MTPV control of BLDCs operating with 180 -
degree switching logic

So far, simple and explicit equations for calculating the diramgles to achieve the MTPA and
MTPV operating strategies have been vkelbwn for BLDC motors operating using 18@gree
switching logic p]. Based on these equations, this thesis aims to develop a hybrid MTPA/MTPV
control scheméo fully exploit the adantages of both MTPA and MTPV methods. The goal of
this scheme is to smoothly switch betwéleese twanethods based on the operating conditions
Specifically, during steadgtate operation, the MTPghould beadopted due to its high efficiency
and reducetbsses optimal propertwhich can save the energy in the long term. Howdwadully
exploit the torque capability and achieve faster dynamic respiveseontrolleishouldconvert to
the MTPVoperationin transientsThis objective will achieve the ergy savings in the lontgrm
during steady state as well as achieve fast dynamic response due to higher available torque during

transients.

1.3.2 Objective II: MTPA and MTPV control of BLDC motors with 120 -degree
switching logic

For BLDC motors operating with20-degree switching logic, it is difficult to derive analytical
equations for the firing angle corresponding to the MTPA and MTPV schemes due to the
operatingpointdependent commutation interydl0]. This Objective aims to develogffective
numerical @proximations and implementations of the MTPA and MTPV schemes that improve
upon the conventional control methagkich neglect the commutation phenomena and impact of

motor parameters.



Specifically, the MTPA strategies presented in the prior literaturee lincreasd the
computationatomplexity of control algorithms by requiring solutions of largguationsand/or
increased the cost by requirindditional measurementEhis research Objective aims to develop
a simple and computationally efficient methimdrestore the MTPA operation with l-2@gree
switching logic. Additionally, to reduce the computational cost and simplify the controller, the
methods based on lookup tables may be considered to fix the gap and develop an effective MTPV

strategy for BLDCoperating in 12@legree commutation.

1.3.3 Objective lll: Generalizing the conduction switching schemdor extended voltage
under the MTPA operation

In this Objectivean innovativeextended conduction switching scheme with a conduction angle
between 120 andi80 degreess developed. By increasing the conduction interval beyond 120
degree, the motor phase voltage tends to incrégl§e Therefore, operating with an extended
conduction angle provides a voltage extension above the conventiordéd@@&operaion with
PWM. Operation in extended voltage range is expected to reduce the torque ripple, current ripple,
and iron losses caused by the PWA3|[ Meanwhile, the MTPA implementation in Objective Il
should be extended to incorporate the generalized swittingic over the entire range of voltage.

This control scheme should descretizedand implemented in a digital signal processor (DSP).



1.4 Platforms for Verification

For the purpose of conducting steatgte and transient studies to verify the proposettaio
schemes, simulations and hardware experiments are conducted as needed in each case. In this
thesis, the simulations are built in MATLABImMulink[54]. Therein, the circuit toolbox SimScape
Electrical[55] is used for implementing the detailagitthing model of the VSWith parameters
listed in Appendix 1.4This toolbox is widely used by engineers and researchers in the industry
and academia for accurate detailed simulations of peleetronicbased systems$Specifically,
its VSI modelcould propen simulatethe detailed operation of each transistor and automatically
include the effect afonduction and commutati¢®6]. For the purpose of generality and flexibility
of defining the parameters, the PMSM is modelled separately using conventionahiShtadks.
For many of the studies presented in this thesis, a typical industrial BLDC motor with parameters
listed in Appendix A.1 has been considered. Other motors with diverse parameters have been
considered as well to verify performance of the progosentrol algorithms under various
operating scenarios. Generally, the results of detailed simulations of BLDC-dnv®isystems
may be considered acceptable for verification of control schemes, since such models have
relatively good accuracy and agreemeith experimentaprototypes as has been demonstrated

in [10].



Figure 1.1 Experimental setup of the BLDC motor drive systenin UBC lab Kaiser 3085B.

For the hardware experants, asetup shown in Figre 1.1 has been considerdthe setup
includes a voltagsource inverteboard (DRV8301:HC-EVM) controlled by a microcontroller
(TMS320F28035)a BLDC motor a dc dynamometer which provides a mechanical;laadc
power supplyand a computer data acquisition system for recording measuremestsoseduent
analysis.The detailsincluding the layout, functional bloctiagramand schematiof the VSI
boards are listed in Appendix Bdditionally, the BLDC motos model86EMB3S98F-model EC
167131 andmodel JK80BLSO&reconsidered. Thdetaik are shown ifrigures 1.21.4and their
parameters are listed in Appendix A3l respectively These thredLDC motors are typical
industrial motors and hawveanyapplications such as water ppimg systemsJ1], reciprocating

compress@[13], industrialautomation and robotic applicationg[5etc.
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Figure 1.2 Arrow precision brushless dc motor Model 86EMB3S98F considered in studies

Figure 1.4 JKONG brushless dc motor (ModelJK80OBLS02) considered in studies.
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Chapter 2: A Hybrid MTPA/MTPV Strateg vy

for BLDC Motors with 180 -Degree Operation

The BLDC motos with inverter operatingunder the 180-degree conduction modapply
complementary switéhg logic to the transistors in the same phasgWégch results in the typical
six-step voltage waveforms and continuous currebitsNloreover with the known pattern of
phase voltage simple and straightforward equationstteeMTPA andtheMTPYV straegies have
beeninvestigatecanddevelopedn the literaturg5]. Aiming at different optimization goalshe
MTPA and MTPV strategiesesult in different torquspeed characteristicEhe MTPA achieves
high efficiency in steadgtate but does not fullyutilize the torque capability during transients.
Meanwhile, the MTPV allows faster dynamic respose degrades the efficiency in steadgte
conditions. To fully exploit the advantages of both methodsctiapteproposes rovel hybrid
control schera which utilizeshe MTPA orthe MTPV method based on the operating conditions.
Specifically, duringa steadystate operation, the MTPA is adopted due to its dnigificiency,
while the controller converts to the MTRMringtransients to fully exploit #atorque capability
and achieve faster dynamic response. The proposed hybrid control method is demaonsiteiied
simulationsand isverified to achieve high efficiency in steadyate (similar to MTPA) and fast

dynamic response (similar to MTPV).
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2.1 Operation of BLDC Motors with 180-DegreeSwitching Logic

A typical Hallsensoicontrolled BLDC motor drive system considered in thesisis depicted
in Figure2.1. Therein, a permanent magnet synchronous machine (PMSM) is driven by a-voltage

source inveer (VSI) whose six switches (transistdsthrough S;) are commutated based the
rotor positiong, . The rotor position angle estimatedising thehree Halleffect sensordepiced

in Figure2.1 asH,, H, and H,, respectivelyThe Hall sensors produce logical O or 1 depending
onwhether a sensor is under North or South rotor pole, respectively. The Hall signsis are

denoted by variablel, , h, and h,, which are used to estimate the angular positFonThis
position estimates the summation of the rotor angudaition g. together with the physical shift
of the Hall sensorg, which is also referred as the advance in firing anglefufiher flexibly

adjustthe firing angle, a compensation of firing angle define®4, is added with the estimated

position c; Then, tle compensatedngleqg is used to determine the switching of the six switches
based othepre-definedcommutation logit¢able Sgecifically, different commutation logiasould

bedeveloped by specifying the transistor conductingle D, (e.g., the conventionaB0-degree

operationis with D_, =180 ). It is also possible to control the effet dc voltage from a fixed
dc voltage supply/,. by incorporating the PWM in the commutation and adjust the corresponding

duty cycled,,,,. Forthe purpose ofnalysis anddesignof controlschemesa detailed nodel of

theBLDC motor drive systemil0] has been developed.
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Figure 2.1 A voltage-sourceinverter-driven BLDC motor controlled by Hall -effect sensors

211 Modelling of the PMSM

For consistency with J0], the model of the PMSM is developedwith the following
assumptionsfa) the effect of saturation is negligibléh) the eddy currents and hysteresis losses
are negligiblejc) the rotor is roundron-salient) and (d)the back EMFsare sinusoidalHence,
thestator voltage equatidn phase coordinasean be expressed as

do.

Vabes =1L apes F—222, 2.1
abcs !;abcs dt ( )

wheref_  _=[f f (;LT and f may represent voltage, current or flux linkagée stator

abcs —

as fbs

resisance matrix is
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ro=diag[r, ry rj. (2.2
The flux linkage equation is

a‘é\bcs = L L -BIL n (23)

abcs

where the inductance matrix and rotor flux are

el +L, 05, 04

L.=g 05, L, &, 04, (24)
g-05., 08, L, b,
e sing,
&, =/, &in( ¢-2 /8 . (25)
gin(q, +2 43

Here, L, and L, are stator leakagend stator magnetizing inductanceespectivel; /' is the
rotorpermanent magnet (PNyx linkage;and g, isrotor (electrical) angleBased onZ.1)i (2.5),

thephase back EMF voltageseexpresse@s

e cosg
Cabes — W, /mgcos( q- 2 /ﬁ ) (26)
gos(g. + 29

where w, is rotor (electrical) speed’hen, amodel is established in tlyg-rotor reference frame,

where Parkdés5htransformation |

écosg,  co - 2/pB cds, 4 7 )B
K;:gsinq, sin(g-2/8 sit, g2/ (2.7)
812 Y2 12

is used to transform the stator variables in phase coordifigtet gd-rotor reference framé,

as

fqu = K rs(qr)f abcs” (28)
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According to the selection of the rotofesence frame, the-axis is aligned with the rotor North

pole. Hence, the transformed back EM#,g can be expressed as

& =W, /. e, =€ (2.9

S

Subsequently, the stator voltage equations are writteh] as [

di
Vqs = rJ as + s;sd_(;S W'r- !s das €t (210)
. di .
Vds = rJ ds -L Ss d(,j[S er‘ 45 (ol (2]-1-)

whereL, =L, 4.5 isthe stator selinductancan qd-coordinatesFor a rounerotor machine

with P poles, the electromagnetic torque is calculated as
T=—/"1.. (2.12)

In thisthesis it is also assumed that the mechanical subsystem is composed of a single rigid
body with the moment of inertid (combined rotor and load inertia). The dynamics of the

mechanical subsystem can be expressed as

dw P
dtf :E(Te T.), (2.13
dd‘f =, (2.14)

whereT is the load mechanical torque including friction.

2.1.2 Modelling of VSI with 180-Degree Conduction Logic
For BLDC motor drives, the switching of the six inverter transistorsiguré 2.1 could be
determined based on the 188gree conduction logic depicted in Figure 2.2. Hire discrete

switching logic of each transistor is determined according todimpensatedngular positiony ,

16



which is defined wh the position estimated from the Hall signzﬁsand the firing angle

compensatiorDf, as

q="+ D (215
From Figure 2.2each of the transistas observed teonduct 180 degrees pdeetrical cycle,

and thus, the conduction duration denoted>hy equals to180 degrees. Since the VSI is supplied
from a fixed dc source with voltagé,, the phase voltage is additionally modulated using PWM,

asis alsodepicted in Figure 2.Zhanging the duty cycle of the PWtiénoted byd theroot

pwm’?
meansquare RMS) value of the phase voltages is also changed enabling effective voltage control

of BLDC motors.

of SIS
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Clé.)_ SZ S:) } Dcon=."]_80 }
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o | 1 l q
switching |\ | 1 1w v oy |
interval | ! 5° 7° 3° 11°
5 2 6 6 2 &

Figure 2.2 Typical commutation logic of the sixstep 180degree VSI operation with PWM

2.1.2.1 Position Estimation

The estimated positiozF in (2.15) to construct the commutation logs the estimation of the

angular position denoted by
qg= 4+, (2.16)
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It could be estimatebdased on the signals coming from the Hdfect sensors, which output 1s
and Os based on the position of the rotor magnetic pglleaddefcted byFigure 23(a).

To estimate the position efficientlyhe Hall state integer variable is defined by combining

the Hall sensor outputs &58]

h=4ah +2h, . (217
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Figure 2.3 Signals assuming standard Hall sensors: (a) Hadlensor outputs, (b) Hall state integer, and (c)

guantized position and estimated position

Assumingthe standard Hall sensor outputhis state integer chaeg with the switching interval
[-11-111 -1V -V-VI-| as the sequence642-3-1-5-4 shownin Figure 23(b). At each step transition of
the state integeh,, the angular position could be updated. The obtained position is quantized as
depicted inFigure 2.3(c). In practice, the values of the previous state and the current state are

compared with the expected sequence to avoid any invalid updates caused by Hall signal errors.
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Assumingthatat then" step transition of the Hall statinetime instance ig, and the quantized

position isg, (t,), the rotor speedambe estimateds

Then, the positiomangle g betweent, andt,,, [exemplified inswitching interval Vof Figure

2.3 (c)]atthepoint m can be approximately predictedsed on the estimated speed as

o .

&)= qlt,) ) Bad,  t, 6 g, (2.19)
wheret, is thetime instant of poinim. Practically, the estimated spe€l18 andits integral

(2.19) are resefat everyupdate of the quantized positigat every switching interval)The

estimated angular positiO(E Is depicted in Figre 23(c) (superimposed with the quantized
position). Theefore, therotor anglemay also be calculated from the estimated position with the

physically shifted angle of Hall sensors by

q(tn)= &) - (220)

2.1.2.2 Average-Value Modelling of 180-Degree Conduction Logic

With the estimated position (Al and (220), the discreteoperatiors of individual inverter
transistoran Figure 2.1could be determinebdased orthe logic depicted ifrigure 2.2.For the
analysisof controller performance considered in thestion it is sufficient to focus on the slower
dynamics. In the soalled averagealue models, the effect of fast switching is averaoed

(neglected) using the fast averagdefinedas

_ 1 )
f)=—q, f0dx T, =, (2.21)

r
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where f representtheaverage valuef the variablef , andT,, is equal to one switching interval

of the inverter (numbered aisMl in Figure 2.3).
With the sixstep 180degree operation (shown in kig 2.3, the average values of the stator

gd voltages can be obtained 4§

Ve -2 d Vo COS', ==V . cosf, (2.22)
P P

2 Lo 2

Vi = —d,Vysinf', =—v,sin f, (2.23)
P P

whereV,, is thefixed input dc voltage othe inverter,v,. is theeffectiveaverage value of the dc
voltage and 7', is the total firing angldi.e. the compensated firing angl@gfined as physical
firing angle with its compensation as

f,=f+ 0. (2.29
The overall averagealue model of the BLDC system can be obtained usitf@i(2.14 where

the stator voltages, and v, in (2.10)7 (2.11) are replaced with their average values fr@r2)i

(2.23).

For a typical BLDC with 18@legree operatiom COM (i.e., the advanced firing angle is fixed
at zero) the voltage and current wavef@rmbtained from the detailed model as well as the
averagevalue modelare shown in Figure 2.4&rom the d&iled model, e sixstep voltage
waveform and continuous currestin be observedwhich are consistenwith the typical
waveforms shown in the literatufg0]. Meanwhile, the results from the averagdue modehre
aligned withthose obtainettom the cetailed modelwhilethefastswitching detasare neglected.
The averagealue modepredicts the performanad BLDC motor in this mode of operation very

effectivelyandnumericallyefficiently.
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Figure 2.4 Typical waveforms of BLDC motors with 180-degree commutation in COM: (a)phase voltageand

(b) phase current

2.2 Classical MTPA and MTPV Strategies

In COM, theadvancedfiring angleis fixed andcould bepropety incorporatedinto the
switching logicby simply adjustingthephysicalpositionof the Hall sensorghile fixing the firing
angle compensation at zefeor 18Gdegree operation, it physical shift is generally fixed at 0
degreeHowever, for MTPA and MTPV operatismwhich may be more desirabtbefiring angle
needs to badjustedwith respect to different operating strategigjsgnd the compensation is no

longer zeroTo effectively incorporat¢he changing firing angleith the fixed shift of the Hall
sensorsa ron-zerocompensatiomangle Df,, is addedo the estimated angular positid%(shown

in Figure 2.1.
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221 MTPYV Operation

Maximum torque pevoltage(MTPV) controlaims at maximizinghe electromagnetitorque
for agiven dc voltageTo obtain the firing angle that resultstins maximizationof torque the
partial derivative of torque with respectfq is first obtained and theset to zeroFor the purpose
of deriving the expression ofigue with respecto the advancediring angle,the steadystate

voltage equationarefirst obtained from (2.10) and (1) by setting theurrentderivatives to zero

as
Vie=rd s WL o B (2.25)
Vi =g WL (2.26)
From (2.9)and(2.25)i (2.26), the steadgtateg-axis currentould beexpressed as
rV,.- L - '/
| S: s’ gs ;J/yydsz MS n. (227)
) rS + M/YZLSS
According to (2.12), the steadyate torque is proportional to theaxis current as
rV,.- L - '/
ezgl.m s’ gs zsy/ydsz MS rr. (228)

Here, the voltages calibe replaced with their averagaluesin (2.22) and (2.3). Subsequently,

the averaged steadyate torqués as

3 rsgvdccosf'ﬁ V;Lssgvdcsh LW
A % . (2.29)

7=
4 " rd+wiLe

@

The partial derivative of (29 with respect to”', is

2
uTe :@/' Sp

w4 o+ B

C \

Vg sinf', +l/,|}'_ssg\7d @s 'f
p

(2.30)
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Setting (2.30) to zer@mne can obtain the optimal angle = {.., as p]

Lawl 0
= Fumy =tan ' e _rrLSS . (231
C s

Additionally, to maintain the desired speg, the average dc voltage, could be adjusted

by controlling the PWM duty cyclel  (e.g., through a PI controlleffhe schematic diagram of

pwm
the MTPV control method is shown in kig 2.5 Therein, he total firing angle for MTPV

f', = [ey IS calculatedusing(2.31)basednthe estimated spedbm (2.18) Then theangle of
compensatiorDf, could be obtaineldy deducting thehift of Hall sensorg, from the total firing

angle.Meanwhile the estimated spee& is regulated to the speed setpamtby a PI controller

through adjusting the effective dc voltage, which is donprbpety adjusting the duty cycle of

the PWM.
Vdc
!
xii+ Speed Controller v - dowm
/ (PI Controller) ©l
¥, Firing Angle Calculation| - = ) Py
- Equation (2.31) L MTPV \T/

Figure 2.5 Diagram of the MTPV control method.

2.2.2 MTPA Operation
In the maximum torque pekmpere(MTPA) control, the ratioof the motor torquever the

statorcurent amplitude is maximized. Equivatbn the stator current is minimized fargiven
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torgue, which reduces the copper losses and increases the efficiency. For the round rfashines,

is done by controllingheangle /', such that thel-axis current of stator,, is maintained at zero
sincei,, does not contribute to the motor torque according to (2.12). For this goal, thesttgad

d-axis equations derived from (2.9) and (25} (2.26) as

— LssWr\/qs+ ry WL SSs /n

(2.32)

Here,the voltages could be replaced with their averadeesin (2.22) and (2.3). Subsequently,

the averaged-axis current is as

_ LssWrg\_/dc COSf'v - I’sgvdc $ rrﬁv - ,/%Lss '/m
los=—~ e . (233
r2+uw’L

S r—s

Setting (2.33) to zero, one can obtain

LSSWrE\_/dC cosf' - rsgvdC shf, -, 'l, G (2.34)
p p

Replacing cosf’, with a/l- sif £, accordingto the Pythagorean identitynd reordering the

equation, ajuadratic functiomwith respect tesin/', is obtained as

2
M/rstssnfl prs ,f+,[f an

™ 9n
M/zL Vdc Lss 4Vdc

r —s

(2.35)

The sdution of (2.35) could be determined based on quadratic formuléhanoptimal angle

f', = [+pa for the MTPA operatiois obtainedas

C (2.36)

where for simplicity, two intermediate variables have been intastias
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t=5 (2.37)
r

S

t,=Ph (2.38)
2Vdc
The schematic diagram of the MTPA control method is shown inr&ig.6, wherea PI
controller is used to regulate thstimated speed from (2.18) to thesired speemh/: by adjusting

the effective average dc voltagg . For the purpose of adjusting. , the PWM technique is used

and the duty cycle of PWN calculated by dividing the effective dc voltamethefixed dc supply

V,.. Meanwhile, the total firing angle for MTPA, = {.., IS calculatedbased or{2.36) (2.38)

with the estimated speddom (2.18)and theeffective dc voltage from the output tie PI

controller. Then, the angle of compensati®f, is obtained by deducting the shift of Hall sensors

f, from the total firing angle.

Vdc
!
viio+ Speed Controller _ |7 idwm
*— VdC >
_ (P1 Controller) - X
K Firing Angle Calculation | “ v= HP v
Equation (2.36.38) L MTPA 7/

Figure 2.6 Diagram of the MTPA control method.
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2.3 A Hybrid MTPV -MTPA Strategy
In the proposed hybrid method, the control dynamically adopts either the MTPV or the MTPA
depending on the operating condition. In a stestdye, the BLDC is operated with the MTPA

using f,,;, defined in 2.36)i (2.38) to increase the efficiency. However, during transients, the
BLDC is operated with MTPV using the firing andlg,, defined in 2.31) to fully exploit the

torque capability of the nahiine for faster transients. The schematic diagram of the proposed
combined MTPV/MTPA control method is shown in &g 27.
As shown in Figre 27, in order to determine whether the system is in stetadg or transient,

aspeecerror index is definedsa

e= w - ﬁ’, (2.39)

which is the normalized difference between the actual speethd the speed reference command

W .
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Figure 2.7 Diagram of the proposed hybrid control method for BLDC motors

To distinguish between the transient and stestdie operations, as well as enable the transition
between them, the absolute valueeas compaed with some assumed thresholids. (threshold
1 and threshol®, as shown in Fige 27, which may be defined for a considered

electromechanical application and the given BLDC motor). Knowing such thresholds, if the
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system originally operates in a stgathte(switching state denoted ssis at 1) once the absolute

value ofe exceedshethresholdl, a transient can be identifiathd the statesis switchedto O.

Also, if the system operates in a transig®t, ss= 0), one the absolute value efbecomedess
thanthethreshold2, then the system is assumed to reach a sstatiand the statssis switched

to 1 The proper values for threshdldand threshol@ may be set based on the systenameters

and dynamic performance requirements. Accordingly, the control logic used to switch between the
MTPV and the MTPA is based on the system operating conditions as is illustr&igdria 27.

In each case, theffectivedc voltagev,,. is regulated with a Pl controller to achieve the desired
speed, as shown in kige 27. However, it should be noted that the levels of average dc voltage
required to operate the MTPV and the MTPA are different. In order to achieve the transition
between MTPV and MTPA, the output of the PI regulator is also compensated as shownen Fig
2.7. This compensation is needed since for a given operating point defined by the torque and speed
while driving a particular mechanical load, the average dcg®lig and the corresponding angle
', would be different for the MTPV and the MTRperationsrespectively. Therefore, a voltage
compensatiorDv,, is introduced to deal with the change\,. . This value is defined as:

Dv,, ¥, (f') Y. (240
whereV, (f',) is the average dc voltage corresponding to the current firing anglelenotes the

un-compensated average voltage that comes out of the speed regulator, as depictedune Fig

2.7. This value is assumed to be followed with the firing angle of MTPV, which mean, the

corresponding to the average dc voltage operating with MTPV.
With this definition, the compensation is approximately equal to O during the MpeNation

andbecomes activated during the switch to the MTPA operation. Whestethdy states reached
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and the MTPA method is again enabled, the compensation becomesimppetyx equal to

Vo (fyren) - Vg - (The approximation is caused by the 1pass filters and the influenced period is

relatively short.)
Since the compensation is only needed during the st&ath/operation in MTPA, the steady

state equations nabe considered for evaluatiig.(7',) . Reordering (2.8), the steadtate dc

voltage is expressed as

e

P/ + w2 + Wk 2cos' R sin |

T 2 2
G(F) = AL 2 (241

However, the electromagnetic torque is hard to measure from the actual machine. To calculate

thetorque, thev',, which is assumed to be with the firing angle of MTPV is considered again.
Replacing firing angle”, in (2.28) with the firing angle of MTPV operatioh,., , the steady

stake torquen MTPV operationcan be expressed as

S m

2_, 2, .
3 r EV chOSfMTPV + mssiv chIn N#PV - rs rW

T=="r p : 242
T Tl 242
-‘ﬁr
-L MTPV Equation (2.42
_\_/Idc

Figure 2.8 Diagram depicting the voltage compensation calculation used in Rige 2.7.

A diagram depicting the calculation of the average dc voltage compensation is showrén Fig

2.8 The averaged torque is first calculatesing(2.42) with the MTPYV firing angl€,,;,, and its
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corresponding dc voltagé,. (i.e.,the output of the PI controllerThis equation is also based on

the rotor speed which could be estimdtedh (2.18). Then, the obtained averaged torque together

with the current total firing anglé€, and the estimated spdare as the inputs of (2.41)he

compensated dc voltage is obtained and the compensation could be further calculated by deducing
the dc voltage directly from the PI controll&he effective dc voltage is then adjusted accordingly
by changing the dutgycle of the PWM.

In order to avoid sudden changes in the firing angle values and the average dc voltage
commands, which may cause spikes in the torque, the -loagsr filters (LPFs) are utilized to
smoothen the transition. The LPFs used in this papersstaned to be of the following form

LPF(s)=—~ | (243
t s+l

where ¢, is the time constant. For better performance, similar to different threshatd
threshold2, different timeconstants, , and ¢, _, are used depending on whether the transition is
from the MTPA to the MTPV, or from the MTPV to the MTPA, respectively, as shown urd-ig
2.7.
2.4 Computer Studies

Here, performance of the proposed hybrid control method is veafjaohst the conventional
MTPV and MTPA techniques, as well as ®@®M wheretheadvancediring angleis set to (i.e.,
f',= ¥ ). For this purpose, the systedepicted inFigure 2.1has been implemented in
MATLAB/Simulink in full detail with the subject BLDCmotor (with parameters listed in
Appendix A.1) The controller parametersave beentuned properlyand their values are

summarized in Appendix .B. Specifically,the speed PI controller is tuned to make the closed

loop step responseitically damped/overdampedlso, in the following computer studie)e
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load mechanical torque is assumed to be quadratic with respect to the rotor sfgedKag//

(aslisted in Appendix C.1)

First, it is assumed that the systemnitially operating in a steady statecgterating poinfA
with 1/ =600rad/s (machine speed=1432.39 rpm). Then, at 3.3s, the rotor speed command

is stepped up t800rad/< (n=1909.8& rpm). After a short period dfansient, the machine reaches

a new steadgtate operating point Bthese two operating points are shown inuiFég2.9 based

on the respective steadyate torquespeed characteristics of the BLDC motor with different
control techniques. It is importatd notice that for a given operating point, the MTPV and the
MTPA require different average dc voltages, as indicated iar€&ig.9 The transient responses

observed in several Sy aUtes.add2sl2 vari abl es ar e

operating poinA
n=1432.39 rpm

-1 L
0 500 1000 1500 2000
n (rpm)
— — — Common mode'/dcz 34.8V — — — Common mode‘/dcz 232V
MTPA \7dC= 28.3V MTPA vdc: 21V
MTPV \7dC= 13.4V MTPV Vdc= 11.2Vv

Tm

Figure 2.9 Steadystate torque-speed characteristics of the BLDC motor assuming MTPV, MTPA, an€COM.

The mechanical load torque characteristic intercepts indicating the considered operating points.
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As it can be observed in Figes 2.10'2.12 similar to the MTPV, the proposed method has a
much faster transient response compared to the conventional MTPA and common mode operation
(i.e., almost 0.27s vs. 1.04s vs. kB4 settling time, respectively). The effincy of the BLDC
motor at the two considered operating points using different control methods are summarized in
Table2.1 It is also seen in Tabl2.1 that, similar to the MTPA, the proposed hybrid method
achieves significantly higher efficiency compatedhe conventional MTPV and common mode
operation (i.e., 96.86% vs. 15.18% vs. 87.9% at 600 rad/s, and 95.85% vs. 25.27% vs. 77.36% at
800 rad/s, respectively). It is noted that the significantly lower efficiency of MTPV compared to
other methods is alsxpected from Figre 2.1@c)-(d), where the stator current for the MTPV is
considerably higher than the one with other methods, resulting in increased losses and lower

efficiency.
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Figure 2.10 Transient response of the subject control methods when the command speed is increased-e8.3s
for several system variables: (a) mechanical speed, (b) electromagnetic torque,foasecurrent, and (d) root

mean square of thephasecurrent.

Table 2.1 Efficiency of the BLDC motor with different control methods for operating points A and B

Oper toiimg COM MT PV MTPA & Pr .

AnN=1432. 39 87 .0% 15.18 96. 86 %

Bng 1960Ppmg 7736% 25. 27 95. 85%
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Figure 2.11 Magnified view of the rectangular in Figure 2.10for the variables: (a) electromagnetic torque, and

(b) phase current
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Figure 2.12 Transient response of the subject control methods for several system variables when the command

speed changes at= 3.3 s: (a) firing angle, and (b) average dc voltage.
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Overall, it is verifi@ that the proposed hybrid control method of BLDC motors inherits the
advantages of both the MTPV (in transient) and the MTPA (in stetatly) methods and provides
a practical solution for electromechanical applications that need both fast transienseespo

high steadystate energy efficiency.
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Chapter 3: MTP A and MTP V Strategies of

BLDCs with 120 -Degree Operation

Many BLDC motor drive systems are commonly controllsthgthe 120-degreecommutation
method sincehis method naturally achies@n approximation ofhe MTPA operationwith the
commonmode of operatiorHowever, due to the winding inductance and commutation process,
the fundamental component of tiphase currenwill experience somedelays, resulting in a sub
optimal operation that may be especialbticeable for motors with large inductance (and small
resistance).A simple and direct method to compensate for the operpbimd-dependent
commutation anglbas been proposed in thlikapter It is shown that a simple fbntrol can be
used to regulatéhe averagedi-axis current to zero, which restores the MTPA operation and
improves the torquspeed characteristic.

Additionally, to fully utilize the torque capability for a given dc voltagestraightforward
MTPV strategyfor the 120degree operatiohas been developed based otwa-dimensional
lookup table The detailed models asemulated in a loop to store the firing angatresulsin
the maximum torqueorresponding to different dc voltag and machine speedith the pre
stored tablethefiring angle could be adjusted propefty different operating points arimketter
torque utilization isshown to be achi@ble The proposed MTPA and MTP¥chemes are
demonstratedvith detailedsimulatiors of a typical industrial BLDC motoandare shown tde

effective over a wideange ofoperatng conditions.
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3.1 BLDC Motors with 120-Degree Conduction Logic
In this chapterthe BLDC motor drive systemshown in Figure 2.1 is controllethrough
operating thendividual invater transistobased orthe 120degee conduction logidepicted in

Figure 3.1Here,thelogic is developed with respect to thesition ¢ whichis the summation of
theestimatedanglec; from (2.19) and the firing angle compensati@f, as shown in Figure 2.1

In this switching logi¢cthe conduction duration of each transistor is reduced to 120 degrees (i.e.,

D.., =120 ) andboth transistorin the same phase leg turn tffice (for 60 degrees each tie

overone electrical revolutian

Additionally, to control the effective dc voltage from a fixed dc supply the 0-degree

conduction logic is also used together with PW&/4., norcomplementary and complementary
PWM mode [®], PWM-ON mode 601 [61], ON-PWM mode 60], [62], PWM-ON-PWM mode
[63], PWM-OFFPWM mode [@)]). Here, the PWMON mode is shown in Figure 3.Wherein
only one conducting transistor is PWdntrolled for60 degreesThis strategy is commonly used
due to its snplicity, low torque ripple, and high dc bus utilizati@®]i [61]. By changing the duty

cycle of the PWMd the effective dc voltage is changedpandthe RMS value of the phase

pwm?

voltages is changeas wel.
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Figure 3.1 Typical commutation logic of the sixstep 120-degree VSI operation with PWM-ON modefor the

BLDC motors.

The voltage and current waveforms obtained for a typical ®lnitor with firing angle fixed
at 30 degreeand the duty cycle of PWM atig shown in Figure 3.2t can be observed that one

switching intervalwith thetime durationT, consists of two subintervals. For the phase with both

trarsistors off, the corresponding phase current firstly approaches to zero wothrautation

periodt_, . Afterwards, the other two phases conduct the full current during the conduction
interval with a length oft,, =T, -t ., This effect of commutatiorand conductiorcould be

automatically included by the appropriate cir

[56], PLECS B5], etc.).
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Figure 3.2 Typical waveforms of BLDC motors with 126degree commutation in COM: (a) phase voltage, (b)

phase current.

3.2 MTPA Strategies
For BLDC motors withthe 120-degree operatiorthe waveforrs shownin Figure 3.2is

influenced by theluration of thecommutation intervat, . Dependhg on machine parameters

and operating conditionthecommutationintervalas well as the averagigoltage equationsould
change dramaticallyl]. It becomes difficult to obtain determined andcarate analytical
expression of the firing angler MTPA operation.Instead, the mmerical strategies have been

considered

3.21 Conventional Strategy
Conventionally,a BLDC motor with 120-degree conduction logiis assumed t@chieve a
build-in MTPA operationin the COM wherethe Hall sensors are shiftéal achieve a fixed 30

degree firing angleUnder this conditionthe ideal steadystate performanceith standard Hall
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sensorwill be similar to that depicted in Figure 3.3 (assuming plaess an example)herein,
the alignment of the back EMF and the fundamental component of current is approximately
achieved when the advance in firing angle is 30 degrees. Also, the (preceding) commutation point
is about 3edegree earlier than the zezmssing point of thdack EMF. However, this is only
applicable to the BLDC machines with small inductance, which has been commonly assumed in
previousworks [66]i [68].

For BLDC machines with large inductances, the impact of the commutation interval will be
magnified and themisalignment between the back EMFs and the fundamental components of
currents can become more significant with the conventiondeg@ee firing angle, as depicted in

Figure 3.4 (see circle).

L =L =30° (a)

RO
_ | —_d X

las

_4 I II 1
0 2 4 6 8

Time (ms)

Figure 3.3 Expected operationusing conventional MTPA strategy, i.e.,in COM (applicable to BLDC motors
with small inductance): (a) switching signals related to phasg (b) back EMF; and (c) phase currentand its

fundamental component
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Figure 3.4 Expected operation usingconventional MTPA strategy, i.e.,in COM (applicable to BLDC motors
with large inductance): (a) switching signals related to phasg (b) back EMF; and (c) phase current andts

fundamental component.

3.2.2 Proposed Strategy

To eliminate the comutationerrors caused by theommutation preseimg in conventional
strategy, a simple anstraightforwardcompensationmethodis developed in this sectioithe
MTPA control aims at maximizing the electromagnetic torque for a given value of phase current
[5]. According to 2.12), the torque is proportional tpaxis current, whilal-axis current does not
contribute (assuming a round machine). Therefore, for a figedent magnitude, the
electromagnetic torque is maximized whendkexis current is Olt shouldbe noticed, when the
d-axis current is zerdhe phase current is aligned with thaxis as well as the back EMF voltage
which is onthe g-axis only, basedon (2.9).With this alignment,iie maximum current utilization
will be achievedTo maintain a zera-axis currentthe advance in firing angle needs to be
compensatedby a proper controlleland the compensation is to becorporated into the

commutationdgic with (2.15) and(2.24).
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