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ABSTRACT

This thesisfocuses on sensorless control methods for single and duatpihase (DTP)
permanent magnet synchronous machine (PMSM) drives covering both low arspheéghrages.
The sensorless control straiegfor the high speed regicare establishedased on fluxinkage
observer (FO)estimatorand simplified extended Kalman filter (EKF), while hiffequency
carrier voltage injectiorbased sensorless contitategiesare utilised for low speed regions

including standstill operation

In the highspeed range, the influence of b€k F and current harmonics on sensorless control
performancef single and dual threghase PMSMs is investigated by utilising FO and simplified
EKF-based sensorless control stratedgié® single threphase PMSM is employed to investigate
the influence of baclEMF harmonics on position estimation accuracy, while the influence of
current harmonics on theecuracy ofrotor position and speed esttion is studied in the case of
the DTRPMSM, which inherentlgxhibitsharmonic currents in SDTC methods. By employing
the simplified EKF, the sensorless control performance is significantly enhanced, since it is less

sensitive to such harmonics andtdrtions.

When the rotor speed is low, machine saliebaged sensorless control strategies should be
applied. The most commonly used conventional pulsating and rotating carrier voltage injection
methods are presented for single and dual thhese PMSMsincluding measurement ofdh
machine saliency level arghalysis of crossaturation effects. For the DIPMSM, both methods
are applied to different machine models, i.e. the dowgemodel and the vector space
decomposition (VSD) model. Both method®w decent sensorless control performances when

the VSD model is employesincethe mutual coupling between the two winding sets is eliminated.

The pulsating and rotating carrienltageinjectionsutilising zerasequence carrier voltage for
rotor positionestimation are investigated for single and dual tpteese PMSMs, which differ
from conventional higifirequency pulsating and rotating carrreftageinjection methods that use
carrier current response to estimate the rotor posilowever, for the sigle threephase PMSM
with both techniques,ndesirable 8 harmonic estimation error occurs due to multiple saliency
components in the zesequence carrier voltage. The existoc@mpensation schemesquire

time-consuming offline measurements and commctures to solve this problemm the case



of DTP-PMSM drives, twandependenhigh frequency signalsre proposed to bejected forthe

two separateavinding sets thanks to the existence of additional degree of freedoapdBying

the proposedptimum phase shift angle between the injected signals, improved pulsating and
rotating carrier signal injectioremploying zerosequence voltagdéased sensorless control
techniques are proposed to suppress thésamdnonicon rotorposition errors. In adtion, a new
simpletechniqueto measure the zesequence carrier voltage is proposed, in which one voltage

sensor iput between the two isolated neutral points of the two stator winding sets.

In order to achieve high accuracy in termsstimating theotor position for a wide speed range,
a combination of sensorless control strategies to achieve smooth transition between low and high
speeds is introduced. The combined sensorless control methods include-thkdige observer
method and four differg highfrequency carrier signal injection technigques. Such methods are
applied to the DTHPMSM to investigate the sensorless control performance within different speed
ranges. Thestimation of theotor position iobtainedoy usingthe highfrequency caier voltage
signal injection methods in the lespeed range, while the fldinkage observer method is utilised
to estimate the rotor position within the higbeed rangef-urthermore, a function similar to
hysteresis is applied for certain speed ranggt, optimum weighted gains for both estimated
positions to achieve a smooth transition between the combined methods.
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CHAPTER 1

GENERAL | NTRODUCTI ON

1.1. Introduction

Threephase permanent magnet synchronous machines (PMSMs) hawsitéelgrused in
many industries over the last decatle to theimeritsof improved power density, high torque
density, high efficiency, easy maintenance, and excellent control perforrkartbermore multi-
phaseAC machine drivesowadaysare in demand for mangdustrialapplicationsespecially for
high-power and/or higiturrent applicationsuch as aerospace applications, ship propulsion
electric/hybrid vehiclesandrenewable energy geration[BOJO03]. This is due to their excellent
features including reduced D@ink current harmonics, reduced torque ripplésproved
efficiency, and increased reliability of the system compared to their-pinage machine drive
counterparts. Recenthyhe dual thregohase (DTP) machine has been most widely discussed and
regarded as thenost common type among several types of npliase machines. The DTP
machineinvolvestwo stator winding setypically spatially shifted by 30 electrical degrees with
two isolated neutral points and it is supplied by apmiase inverter. Mulphase machines are
also built for faultolerant applications. In cases of péatlt conditions, such as a situation where
oneof threephase stator windingetsis completelydisconnecedfrom the corresponding source,
the redundant threghase stator windinget can thus be put into operation pveservethe
continuity of the machine drive operation, including sensorless control.

In order to achieve Igh performance control oPMSMs, anaccurate rotor position
informationis required Generally, higkresolution sensoysuch agesolversand encodersare
often utilisedto obtain theotor position informationBy usingsuch sensors, however, not only
the system cost and siaeeincreasedbut also the reliability and robustness of the sysidesn
reduced Numerousstrategieshave therefore been developedolmain high sensorless control
performance in industry, which will be the subject of the research in this thesis.

This chaper givesan introduction about various machine topologieBMSMs, as well as
the existing control strategies and sensorless control techniques, particularly for single and dual
threephase PMSMs. Furthermore, the research outline and contributions thfetkiis are detailed

at the end of this chapter.



1.2. Permanent Magnet Synchronous Machines
1.2.1. Single Three-Phase PMSM

Permanentmagnet synchronous machines (PMSMs) can be categorised into several

topologies, as addressed in [CHE9Rjey are summarised in Fig2l

Axial-field

Airgap field [ . ~
Radid-field

Surfacemounted magnet

Magnet on roto Interior magnet

Inset magnet

PMSMs
Salient rotor
Saliency |
Non-salient rotor
Sinusoidal waveform
BackEMF |

Trapezoidal waveform

Fig.Suummary of PMSMs topol ogi es

In PMSMs the field is usuallyesulted fronthe permanent magnet (PM) on the rotor and
thearmature winding on the stator. With respect to the rotor structures of PMSMs, the structures
of conventionainner rotor radial field PMSMs can loategoriseds surfacanounted PM, inset

PM, interior radial PM, andhterior circumferential PM, as illustratedFig. 1.2:
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For surfacanountedPM rotor structures, the effective ajapis large, equalo thephysical

air-gap between thstatorandthe rotor plus the PM radial thicknes€onsequentlythey have

smallwinding inductances and loarmature fieldin addition,the variation in winding inductance

andhencegeometric saliencgre negligiblfCHE99]. On the other hand, the other threectmes

show significant saliency, which results from geometric anisotropy.

Brushless PM synchronous machines can be classified into two categories, as brushless DC

(BLDC) machines and brushless AC (BLAC) machidepending otthe type of the fundamental

excitation. BLDC machines with trapezoidal baEKIF are driven by square wave current

excitation, while sinusoidal current drive BLAC machines have sinusoidalfEeék[ACAO6]
[LI09]. Fig.1.3 shows the waveforms of phase b&SAF and current for BLDC and BL@

machines.
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1.2.1.1. Control of Single ThreePhase PMSM

The single thre@hase permanent magnet synchronous machine (PMSM) hasvioedty
considered in manwydustrial applicabns for several decades. High efficiency, low rotor inertia,
high power density, efficient heat dissipation structure, small volume, accurate speed control, and
robustnesare the main advantageous of such machines. The control of PMSMs has therefore been
of interest in recent years, with many control stratelygagebeen developed in order to achieve
high control performance. The PMSM drive includes a motor, a voltage source inverter (VSI), and
a controller, as illustrated in Fig.14sually, BLDC machiresonly requirediscreteinformation
of the rotor position with low resolutignand are often used for low cost applicatioBEAC
machines, on the other hand, require continuous rotor position information with high resolution,
since such machines are d@gdi by sinusoidal phase current synchronising with theeRbited
flux-linkage. In this thesis, all of the research is based on BLAC PMSM drives due to their

excellent control performance.

1| I

® Brushless
Vdc¢ ‘ [ rusnless

\ AC PMSM
| J(} JG: [
’ {}PWM

Controller <

<%

> +@

Position
Sensor

Fi gdSilngl phalsee®MSM dri ve.

The classical schematdiagrams of vector control, which is also known as field orientation
control (FOC), and direct torque control (DTC) for the PMSM are depicted in Fig. 1.5 and Fig.
1.6, respectively.



The main idea of FOC is the stator flux and torqaes controlledindependently and
indirectly by using a current control loop and PI controllers. Additionally, a proper pulse width
modulation (PWM) technique, suchgsace vector pulse width modulation (SVPWdAcarrier
based PWMis utilised in order to implement voltagecter references. FOC is formulated in such
a way that the stator current can be decoupled into two components. This method is performed by
transforming the stator currents into tawis synchronoustyotating reference frame components.

The rotor flux is ontrolled by the direct axisl{axis) component while the quadrature agisis)

controls the output torque [TIA11].
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DTC wasfirstly introduced by Takhashi [TAK86] arfEP88]to be applied tanduction
machine driveslt is a robust control strategydue to itsgood robustness against machine
parameters, simple structyrndoutstandingransient response. DTC haksobeen developed
and extended for PMSMs [ZHO97] [PACO05] [FOO09a] [ZHA1WEkually, in the conventional
switching tablebased DTC techniquéhe hysteresis regulators are implemented to regthate
stator flux andelectromagnetic torque. Compared to classical FOC, DTC is much simpler, as
coordinatetransformation, Pl regulators, and position encoders areeqaired, which results in
a significant improvement in the transient torque control performance. There are some
disadvantages to DTC, however, such as fast sampling time and variable switching frequency

being required due to hysterebiased control loops
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1.2.2. Dual Three-Phase PMSM (DTRPMSM)

Although threephase machine drivegerewidely used in many industrial applications over
last decades, the interest in mydtiase AC machine drivegasextremelyincreasedparticularly
for high-power and/or higiturrent applicationmcludingrenewable energy generati@grospace
applicationsship propulsionand electric/hybrid vehiclg80J03]. This idecauseheirexcellent
featuresover traditional thre@@ghase machine drives, suabl improved efficiencyeduced DE
link current harmonics, reduced torque rippkesd increased reliability of the system [BAN16]
[KAR16] [LEVO08] [YUA15] [ZHA95].

The basic dual threphasestructure is similar to that of single thrpease machine as
presented earlierwhere the windings can be categorized into overlapping windings and non
overlapping windings. The rotor can be classified as surfamented permanent magnet and
interior permanent magnet. Due to multiphase winding structure, the displaicefhthreephase
winding sets can have different phase shift. In [NEL74], a multipimesd#inehas been analysed
in which it permits an arbitrary displacement between any numbers ofpthase winding sets.
Themost frequently considered dual thglga® (DTP) machinarive for high poweapplications
is the asymmetridual threephasemachine The choice oasymmetricdual threephasemachine

with 3(° displacement between the two thqgease winding setrather than symmetricalual



threephase machines with 0° or 60 displacement has been dictated by the need to
eliminate/suppress thé"@armonic of the torque ripple, caused by tHeahd 7" stator current
harmonics LEVO07]. In the case 08(° displacement, thg- andd-axis rotor currents are seem t
be more sinusoidahat that for other two cases, in which the associafetiaBmonic torque
pulsating torque is minimised.

Among different types of mulphase machinescluding five-phase [GAO11], sbphase
[BAN16] [BOJO5] [CHE14] [DUR11] [KAR16] REN154] [REN15b][ZHA95], and ninephase
[KELO3], the most interesting and wallscussed type is the dual thiglease machine, which
typically has twoindependenthreephase stator winding setissplacedby 30 electrical degrees
as depicted iffrig. 17.

30°

-

V4
@Schematic

i A iB iC iX 1y iZ Yy
VA VB VC VX VY VZ ;
N, N,

(o) Dri ve configuration
Fig.Sidlxhasbktwage so(VYS8&eedl PMSMt er
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However, in the voltagsourceinverter fed dual threphase machine, significant stator
currents harmonics are observed [KLI83] [ZHA95]. Extra losgiisbe occurred due to theses
currents harmonics [DUR11]. Thus, a higher semiconductor device ratings is reByiosehing
extraphases to control, adidnal degreeof freedomis available, giving further improvement in
the systendrive. Usually, the dal threephase machine is excited by a fltidge voltage source
inverter(VSI), Fig. 1.7 (b). By employing the mujphase inverter instead of a group of devices
connected in parallel, the inverter phase curiereduced andhence the reliability ofhe whole
system is improved [BOGO6].
1.2.2.1Modelling of Dual Three-phase PMSM

The modelling of the dual thrgghase PMSM can be represented in two different approaches,
i.e. the doublelqsynchronous reference frame model [HE10] [KAR12] [LIP80], and vectaespa
decomposition [ZHA95]In both approaches, the two zesequence components can be neglected
since the neutral pointd; andN. of the two thregohase windings are isolated shown in Fig.

1.7 (b).Both models are described below.
A. Doubledq SynchronousReference Frame Approach

For this approach, the machine can be represented with two pdgsvofdings for the two
threephasewinding sets, whichcould be regardeds two single threphase machines with
coupling voltagdNEL74] [LIP80].

In this modeling approach, the two stator windings are assumed to be identical. Thus,

Ly = Lo 4 qu E

92 LaMdlZ M % Md’:lvlqlz qule' (1)1
wherelq1, andLq1are referred to ab andg-axesinductances$or the first winding setiespectively,
andLq., andLgq2denoted- andg-axis indu¢ances for the second winding ,setspectively Thed-
and g-axes mutualnductances between the two winding sets are representéth, bgnd Mg,

respectively.



Then, the voltages of both stator winding setdgmeference frame can be derived as

e di di . .

% =Ri, L d—il Mdﬁ Wi, W,

0 di di

1 ql:&iql +Lq_q1 Mq_qz WLdidl ,/Mcjdz WEy

{ dt dt (1.2)
A . di di . .

':\lestIdZ ﬂdﬁ Mdﬁ wlie WM |,

! di, . odiy |

T ql &qu d i qﬁ WLdIdZ M(J d WjZM

where’Q, 'Q, 0 andv are d- and g-axescurrentsand voltages respectively) py is the flux

linkageresulted fronpermanent magnets. 1 and 2 represent the two stator winding sets.

The total electromagnetic torque is hence expressp¢irasl 2]

:|:eTe1 :EP(yPMllql L, I'-q)ldlqu)

I3 |
:I\Tez :E P (y PM2|q2 4(Ld I-—q)l dﬂ q2) (1 ) <
|

TfTe,totaI = TeL +TeQ

whereP is pole pairs number.

B. Vector Space Decomposition (VSD) Approach

The dual thregoghase machine is veppomplex sixdimensional electromechanical system,
which makes it not suitable for the high performance control strategies. Thetbéoapproach
of vector space decomposition (VSBgs beerntroducedn [ZHA95], in which theoriginal six
dimensional machine system canttasformed to a new silimensiamal system. The new six
dimensional system @,ecomposed into three orthogonal subspatésh are mutually decoupled
i.e. U bzizz ando10z, with different harmonics mappéato different subspaces. According to the
VSD schemetheharmonics with orderZk+ 1(k=1, 2, 3 ,fndamentalccompdnents of
the machine variables aneapped into theU Bsubspace. On the other hatite harmonics with

order & £ 1(k=1 , 3) are%ocated in theiz-subspacewhilst the zeresequence&omponent
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with 3k (k=0, 1, 2, é) i soossabspaeeBly this decampaositoe, the parameters
which produce rotating MMF and the parameters of -sexuence are totally decoupled within

one set. Thus, the analysis and control of the machine are simplified, and lthiereliphase

PMSM can be excited by applying the conventional space vector pulse width modulation
(SVPWM) generator.The surface spanned by the fundamental component vector with key
importance to the electromechanical energy conversion functionJiBBubspace, can be
controlled by applying FOC as single thigltase PMSMThe z1z.-subspace is orthogonal tbb
subspace, and is expected that the variables on this subspace will not generate any rotating MMF
in the airgap. Howevestator currents of futamental frequency will appear mz.-subspace if

there is any asymmetry between the two stator winding sets or inside each winding set. Thus, they
should be eliminated to avoid the inherent asymmetry effect of the dualptieiee systems
[BOJO3] [HE10][GRE10]. This decomposition can be obtaineddpplyingthe transformation
matrixin (1.4)[ZHA95] to the machine variables, wheteould represent the machine variables,

i.e. voltage, current, and flux

2[ cos4£ cog—p cos”? 0955 P cgs ﬁp
\ ¢ e 6 6 6 6 L
ex, g ©
é U 50 sin4—’0 sin8—p sin-? sin5— psig— ?}
& o€ 6 6 6 6 68
é uqt
& glﬁl 0P coff cRP cosP cds gﬂt (1)«
éX, 3¢ 6 6 6 6 6 g
- S é
gxol 3 é sin8—’0 sin4—’0 sin5—p s pngCQ %y
2 é 1 1 0 O 0 U
é U
D 0 0 1 1 1 g

The transformabn has the ability to separate the harmonics into different combisaiod
to map them into each subspace. The harmonics with low order such &satiek % harmonics
will be mapped inziz-subspace which leads to large stator circulaiffigand 7' currents
harmonics [GOP93], when dual sstep VSI is utilized in particular [NEL74] due to the small

impedance for these harmonics. Therefore, a proper current corgrpt-sfibspace is required to

avoid these kind of currents harmonics.
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With corsidering sinusoidal distributedindings, and neglectinthe magnetic saturation,

core losses, and the mutual leakage inductaheenodel oDTP-PMSM is expressed as [ZHA95]

Vo= Rl .1 (1.5)
Var=Lde ¥, (16)
Va6 Youe” (1.7)
Voo = Rlg 2 W 42 (L8)
Vaaz=Ldas (19)
T. =3P alss <Vebs ) (11D
whereV,, ,, 7, 1 V., 7., T.,, are stator voltage, flux, and current vectordJib and

Zz1Z>-subspaces, respectivelysis leakage selinductanceJeis electromagnetic torque

From the machine model above, it can be clearly seen that thessipns of machine
variables are similar to that of the single thpd®se modelSince theimpedance in theiz-
subspacés relativelysmall, which only consists of the leakageductance and stator resistance,

the voltageharmonicin the ziz>-subspacés the sourcdor high current harmonics.

1.2.2.2Control of Dual Three-phase PMSM

For dual threephase PMSM control, the same control strategies used for the single three
phase PMSM, i.e. FOC and DTC, can be applawever, the extension of the current control
techniques from thsingle thregphasemachineto the asymmetriclual thregphasemachineis
less straightforward since some machine specific asgplectsd be considered. Specifically, small
inherent asymmetries between ttwo threephasepower sectionscould results incurrent
imbalance between the stator thpease winding sets, as demonstratedLivR02] [BOJO3
[BOJO34 This issueoccus when the dual threphase machine is supplied by two independent
threephase voltage inverterSince the duahreephase machine system is actually regarded as a

fourth order system when the two neutral points are isqgl#tedcontrol scheme with only two

12



current controllers cannot ensure a satisfactory performareesnsure high current control
performance, foucurrent controllers are therefore required. The existing FOC methods that utilise
four current controllers can lebvided into two groupsbased on the two modelling approaches;
these are double synchronous reference frame current control techniquesrbamsstbubledq

synchronous reference frame model, and VSD current control based on the VSD model.

With two isolated neutral points, the DHFMSM could beregarded as two independsets
of singlethreephase PMSMs. A current contrethemeutilising the doubledq synchronous
reference framechemaes thus introducedThe reference currents in dnd gaxis are shared by
two individual current controllers which correspond to the two stator winding-fivese sets.
Four simple PI current regulators amamoyed in he doubledq current control techniqueas
shown in Fig1.8[BOJO03].In this way, the schemeadble to compensate for the drive asymmetries
since the currents of the two stator windings sets are independently contbaltedannot

compensatéor current imbalance between the phases in each winding set.
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Alternatively,the VSD approach can provide a method to describe the machine model which
is muchstraightforwargsince diferent harmonic components are mapped into different subspaces.
Unlike doubledq current control techniqudatcan be only applied in the case of dual tiphase
machines this method is applicable for mujthase machines with any number of phases,
including the dual threphase machiné&-orthe control techniques based on VSD model, a proper
PWM method is required to ensure that the voltage components on different subspaces are properly
implemented [BOJO6].

For the VSD approachthe conventional FOC foDTP-PMSM is simple, however, large
current harmonics can be found, since #we-subspacevariables are not controlled. Thus,
controlling of the U Bsubspace only is not sufficient for higerformancecontrol of dual three
phasemachinesin [BOJO06], the current control strategy in the stationary reference fraase
introduced, in whichmprovedPI regulators are utilised to control tbeisubspac@nd resonant
regulators are employed fdine ziz-subspace. Both current controllers involve the electrical
angular speed, which makiésa very complicated techniqu&heU bandziz-subspaces can also
be controlled byconventionalPI regulators, as is the case in [JON09]. By applying a rotational
transformation, mixed values of DC and AC components willdomd in the transformerz
currents. The PI regulators caompletelyeliminate the DC components, but the AC component
canbe only be suppresséd some extenbecausehe bandwidth of the PI controlleis limited.

Fig. 1.9 shows the current control ted based on VSD fatual threephase machine drivén
the ziz>-subspace,hie currentscan be regarded as circulating currents between thestator
winding sets, as demonstrated in [CHEMhEre the detailed characteristics of the currergszin
subgpace due to the machine/inverter asymmetries are analysed. Then, in odfieninate
harmonic currents in theiz-subspace caused by machine/inverter asymmetriesjuhlePl
controllers, i.e. synchronous and asynchronous Pl controllers, are utiliséo control the

currents in theiz-subspaces illustrated in Fig. 1.10 (b)
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Whenfast dynamic performance is requir@,C control is normally implemented in single
threephase PMSM drives. This control strategy can also be extended foipmasi machines.

By minimising the current components in the-subspace, sinugtal phase currents could be
obtained when employing DTC with a properly designed switching table (ST) [HAT05] [HOA12].
In case of asymmetric dual thrphase maches, large distortion would occun the phase
currents. Such issues can be overcome byikgepconstant switching frequency, imposing the
direct mean torque control approach, and implementing the W& technique [BOJO5]
[FAROG]. In [HOAL15], an optimised SDTC strategy has been introduc@dwhich a two-step
strategyis involvedto definethe mostconvenientinverter voltage vector tdiminishthe stator
currentharmonis. Also, an improvedwitchingtable includingtwelve new synthetic voltage
vectors for the SDTC techniquewas proposed IfREN15a] to suppress the stator harmonic
current and thus enhance the performance. Tin@roved switchingable can successfully
eliminate the variables contributing to the current harmonics in addition to conttb#ingriables
related to torque production. IREN15H, two types of synthetic vectdtrave been introduced to
reduce the current harmonics and an imprawestlevel torque regulatawaspresentedio enhance
the torque performance.

Thedualthreephase machine has a higher reliability at the system level, since it can operate
in cases wherene or more inverter legs or machine phases have broken down and is thus fault
tolerant. In cases of pefult conditions, such as complete disconnection ohe thregphase
stator windingsetfrom its corresponding source, the redundant tpresese star windingsetcan
beoperatedo preservehe continuity of the machine drive operation, including sensorless control
[BAR12] and [LI11]. In [BAR10a], the control capability of the D'HFMSM has been investigated
during faulty operating conditions. Thergqoe behaviour, thermal limits, and overload capability
of a fractionalslot interior DTRPMSM according to different winding configurationsvie been
evaluated in [BAR10b].
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1.3. Sensorless Controbf PMSM

As mentionedearlier, accurate rotor position infortran is essential in order to achieve
good performance of both BLDC and BLAC machines. Rotor positifmmmation is generally
obtained from highresolutionrotor position sensors such as encoders and resolvers mounted on
the machine shaftlowever, sich £nsorgesult in increasinghe size, cost and complexity of the
entiresystemm and al so i mpair the sys tcanmbnethodsshhve abi | i
therefore been widely developed for both BLDC and BLAC machines to overcome such
drawbacks.n this thesis, only sensorless control methods for BLAC PMSM are considered. The
sensorless control strategies for BLAC machines can be categorised into two main methods;
methods based on back electromotive force (EMF) stiradegiedased on machine saticy, as
illustrated in Fig. 111. The former approaches provide adequate perfornamediumand high
speed, but deteriorate the performaretezero speed and in lespeedange where the badkMF
is insufficient, i.e.small or even zero. On the otheand, the machingaliencybased methods
achieve decent performance in termssifmating the rotor positicat a standstill andt lowspeed.

These methods rely on the machine saliency, which results from either geometrical rotor saliency

or magnetic satration saliency.
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Machinesaliencybased methods include transient voltage vector injection [RPBWM
signal injection [RACO08], and persistent carrier signal injection methods. Tlsé commmon
approaches otontinuouscarrier signal injection strategies include rotating sinusoidal signal
injection in the stationary reference frame [ANDO8] [DEG98] [GARO07] [BRI04] [BRIO5] [CONO06]
[RAC10] [GAB13], and pulsating sinusoidal signal injectiarthedq estimated reference frame
[MED15] [XU15] [XU16] [RACO08] [CAR06] [ZHA13] [SIL06] [ACC12] [REIO8] [LIN14].
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1.3.1. Fundamental Model-Based Sensorless Control Strategies

In generalthe fundamental moddlased sensorlessntrolstrategies can be definedthe
estimation of back electromotive force (EMF) or flinkage calculated fromthe machine
fundamental modelwhere the rotor positiooould be estimatedusing opeHoop calculation or
closeloop observation. Furthermore, the rotor position can alsesbmated directly from the
machi neds f unda m@akng atb acooant afhe baekEMFhoo fluxtlinkage by
utilising the adaptive observersuch asthe extended Kalman filter (EKRhe sliding mode
observer (SMO), anthe model reference agéve system (MRAS). Fundamental modesed

sensorless control strategies wodtywwell within medium and high speeds

A. Fundamental BackEMF Based Sensorless Control Technique

BackEMF is produced in electrical machines whemovementbetween themachire
armature and the agap magnetic fielgproducedby thepermanent magnets exastt hasdirect
proportion relationship witlthe rotor speedBackEMF containghe rotor position informatign
since the baclEMF isdirectly proportional to the rotor speeahd varies with respect to the rotor
position for brushless PM machines. The rotor position can be easily estimated wh&Mback
is available, whether from measurements or indirect calculations.

BackEMF-based sensorless control techniques were developedrily to estimate the rotor
position of norsalient PM BLAC motors, i.e. surfaceounted PMSMs, with equdt andg-axis
inductances (i.eL¢=Lq). Then, these techniques were extended to estimate the rotor position of
salient PM BLAC machines, i.e.tgrior PMSMs, withunequald- and g-axesinductances (i.e.
La Lg), where the difference between inductances is merged with theebdiekn order to obtain
a symmetrical impedance matrixafandg-axis voltage expressions [CHE03] [MORO02] [KIMO3]
[LI09].
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In the synchronougeference framehe basic mathematicaladel of permanent magnet

BLAC machines is given by

&, geR 0 dys&  ayq e - kg,
<Y Fé Y6 &+t Al 1.1
qu 0 R e Vo & V"%Efd

wherep represents the differential operatijs referred to as phase resistangcds the electrical
angular speed, and andy q denote thal- andg-axes fluxlinkages.
With assumptiorof sinusoidaldistributedflux without considering the effects of magnetic

saturation and crossaturation, (1.11) becomes
é/d &éi_ pLd Wr Lq id é ®
4 4 : ) @a.n
& 0 BL  RepL Ll 8k,

whereLq andLq denotethe d- and g-axes inductancesy pm indicate the fluxinkage excited by

aIQ
c\c/ Q

PM. Forthenonsalient BLAC PMSM, the impedance matrix in (1.12) becomes symmetric since
La=Lq=L.

Then, with thehelp of transformation matriX( d), (1.13),the fundamental modeif non
salient BLAC PMSM in the estimated synchrasaeference framis givenas (1.14JCHEOQQ].

ecos@q) sin(Dg)
T ) sm( [y) cos( @) (.1

e, g e, g eR. + pL w,.L 43 g esm(Dq)

i ET(me fi g & ‘o oy

&% 0 & G & wlL R5+pLH 0 &osOq)
1.

wherded eqpot es the esti mati odi=«fT r @wyevadpreserastther po s
backEMF. For he nonsalient BLAC PMSM, it can be clearly seen that only the Hadl

involves the need for rotor position information.
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However, for salient BLAG®MSM such as interior PMSMlue to asymmetrisnpedance
matrix in(1.12), thanformation ofrotor positon can be found in the conventional b&MF and
the armature effect.

Referring to the mathematical modie(1.12)with Lg U Lg, it can be used agaathematical
modelof salient BLAC PMSM Similarly, it can be transformed into the estimated reference frame
applying transformation matriX( o), i.e. (1.13). Since the impedance matrix in (1.15) is not
symmetrical, i,eLd U Le, t h e t e d casnot bd cangelled when it transformed into the
estimated reference fram€onsequentlyit cannot be directly utilised to calculate the rotor
posi ti odinthebadEMF baged sensorless control. Therefore, an extendeeEdAEK
strategies are introduced in [MORO02] [CHEO3] to solve such problem.

eR+pl, wl ( 15
e
& wmky  R+pl
To retrieve symmetry in the impedance matrix, the mathematical model in (1.12) is re
written as
&, g Rerply  wl, 1o g0e (15
o - U u
& 7 Bl RepL il &
whereEexis regardeds extended badkMF, and it is expressed as
E.=wW Vow + WLy k) pig(l, Lo (17

Then,the modifiedmathematical model, i.e. (1.1&an be transformed inthe estimated
reference fr amdinthaimpgdance matrik veouldrbe caacklledhis way, the
extended bacEMF includes full information as to the rotor position regardless of whether a
salient or norsalient PMSM is used. For tlsirfacemountedPMSM, the extended badkMF
will be reduced telassicalbackEMF [LI09a]. Additionally, the extended badkMF has been
improved in [LI0O7] by taking into account the cressturation effect, whilst [WAN12] develops a
new starup method based on cant regulation in order to overcome the starting and low speed
issues. Also, it can work under different load conditions and shows smooth transitiothé

startup to the baclEMF based sensorless control mode.
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Moreover the backEMF of PMSMscould also be estimated by employingsansorless
control scheme based owligturbance voltage observer,mesentedn [SEN95].Also, this same
method can be applied to testimation ofextended bacEMF of the interior PMSM [CHEO3].
In order to improve the bustness against the load variation, the disturbance ob4mEsed
sensorless control has been introduced in [LEE11l] to estimate the load torqueeldna

compensating signal timinishthe errors in thestimated rotor position

B. Third Harmonic Back -EMF Based Sensorless Contrdbtrategy

Usually, the third harmonic baeEMF can be found in the phase bdfMF rather than line
backEMF when the machine windings are stannected [MOR92] [PRO94] [MOR96]. The
neutral point of the stazonnected windingssitherefore essential to detect the third harmonic
backEMF where the measurement of phase Hakk is required.

Thestarconnected resistor network, Figl2, is required to detect the third harmonic back
EMF. From Fig. 112, the voltagessn betweerthen e ut r a | point fAno of the
the central p-oonnedted esstor netWork trepresenss ttha third harmonic back

EMF irrespective of the operational mode of the PMSM [SHEO04].
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According to [KRE94], the zerecrossing in the third harmonic backEMF are associated
with some particular positiorsincethree cycles in terms of frequency against the fundamental
backEMF are exhibited ithe third harmonic bacEMF. These specifipositiorsare0, " /3, 2 /3,
L4 13,513,2 .

The rotor position can be simply estimated by integrating the rotor speed as [SHEO6a]
[LIU14]

t t .LS
g =g fidt = gH{-d (13
n i

The instantaneous current in the windings can be controlled to simplify thatiopeof
either BLDC or BLAC once the rotor position is estimated [KRE94] [DWAO08]. Some practical
issues of third harmonic ba&dkMF based sensorless control in terms of detection and restrictions
of sensorless control have been presented in [SHEO6Ga]tidwhlly, to reduce the commutation
retarding and to improve the machine performance, a specific integrated circuit, ML4425, was
implemented in [SHEO6bjwherethe third harmonic backEMF is integrated rather than the
terminal voltage. Furthermore, in orde accomplish a precise switching strategy, a new software
scheme of phasleoked loop (PLL) of third harmonic badkMF detection has been introduced in
[FAEO9].
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C. Flux-Linkage Observer Based Sensorless Control Technique

The estimationof the stator fluMinkage is essential when employed for DTC. It is also
applicable to sensorless control to estimate the rotor poslilenally, te rotor position is
estimated from the observed vector of the {imkage excited by the PM, since the position
informationis includedin its phase angle, as shown in Fig.3LDue to the complexity of directly

measuring stator flux, a stator flux estimation method should be developed.
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Fi gl3Pbhasor diagram of PMSM.

The basic idea of flikinkage observation is veisimple The stator fluxdinkage vectoiin
the stationary reference frame can derived from the integration of the difference between the
stator voltage and the voltage drop on the stator resistance, aagptessed as

Van= Ve as RIS ) st (19
wherel, ,andV, , are the statocurrentandvoltagevectors in the stationary reference frame,

respectively.

Forrotorflux-linkage observation, the rotor positioroistainedrom the observed vector of
the flux-linkage produced by PM of the machire the stationary reference frame, the rotorflux
linkageis calculated by subtracting the voltage dofphe inductance from the stator flinkage
vectoras[WU91] [SHEOZ2]

y_rab:I/s ab_le_s (12 p

whereLsrepresents the stator séifiuctance.
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Forthe surfacedmounted permanent magnet synchronous machines (SPMSMs), which are

utilised in this investigation,, =L, =_. The rotor fluxlinkages forSPMSMin thes - and

b - axes of the stationary reference fraane thus given by [CHI09] and [XU14]

Ve =flva. -Ri)dt L (12}
Yo =fv, Ri)dt Li (12 p

The rotor position can hence be estimated
g’ = arctangr—" 123

C,yra

The voltageand currentvectors are obtained frothe terminal voltageandphase current
respectively butsome issues can be found when measuring the voltage segtraaost for the
voltage transducer ansolation isses The phase current is usually employed, thereforerder
to calculate the required voltage as the input reference voltage to thnKage observer
However,a position estimation error may occur due to the daed effects between switching
thedevices on and off again gameinverter phase leg. Such errors have been compensated for in
[HAROOQ].

From (1.19), the stator fluxinkage calculation is an opdaop calculation without
considering some potential issues such as stator resistanagomaand integration driftin
[WU91], the integration of the terminal voltage of the machine for the statotlifikixge
observationvasemployed in order to obtathe estimated rotor positiorlowever, flux vector
offset and drift issues can be found doetrors occurring in the winding resistance. In order to
overcome such problems, a lgpass filter (LPF) can therefore be utilised instead of usinge pur
integrator in order to enhance testimation of the rotor position [WU91]. On the other hand, a
phase shift in the fundamental flux will occur in variable speed operation when usinduePi6

its slow dynamic response.
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To solve the abovenentioned problems, closéoop methods for stator fluknkage
estimation can be utilised [HU98] [YOOQ09] [BOLORU14]. The combination of voltage model
and current model, i.e. a hybrid fllinkage observer as shown in Figl4,. could beemployed

over a wide speed range; the current modetadominantat lowspeed, whilst the voltage model
is predominant withinin high-speedegion.
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D. Adaptive ObserversBased Sensorless Control Technique

Dependingn the fundamental model of the PMSM, samdaptive observers, including the
model reference adaptive systemRRKS), sliding mode observer (SMO), and an extended
Kalman filter (EKF) can also provide decent sensorless control performance. These ohagevers
the merits of robustness, immunity to machine parameter variations, quick convergence and
response, and elimation of the need to estimate baekF.

(a) Model Reference Adaptive System (MRAS)

TheMRAS method is alsa choicdor providing sensorless rotor position estimation [P1108]
[HEO9] [GAD10]. Theschemeof MRAS s illustrated in Fig. 15, where the real nchine is
represented by the reference model, whilst the adjustable model reprefetita machine
based on the mathematical model. The difference between the two responses from the reference
and adjustable models with the same excitation providesstimation errort), which is only
small. Then, the behaviour of the adaptive model could be similar to that of the actual motor. The
states of the machine involving thi#ormation ofrotor position can hence be estimated from the
adaptive mathematicalodel.Byusinganod i near controll er, includin
[GAD10] or conventional PI regulator [MAT96] [BAEO3]hé¢ correction controller can be

achieved

f » Reterence Model

Correction
Controller

AN

—» Adjustable Model

N

Adaptive Model

Figl5BLock diagram of MRAS [ PI
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(b) Sliding Mode Observer (SMO)

TheSMO is an observer with discontinuous functions of the error between the estimated and
measured machine variables, as seen in Fi§. The surfaces chosen in the state space can decide
the dynamic behaviour of the control system. Such dynamic behagimot iaffected by the
matched uncertainty. It therefore has the merits of disturbance rejection, strong robustness, and
order reduction.

The SMO was first introduced in [FUR92] and has been utilised for sensorless control. A
sensorless control based on SK&3 been presented in [CHIO9] for use within a wide speed range,
including the fluxweakening region. Furthermore, a new SMO was introduced in [KIM11] for
robust sensorless control of PMSMs, where a sigmoid as a switching function has been employed
insteal of the conventional sign function to overcome the problems in conventional SMO [ZHAO06].
Furthermore, to improve the dynamic state performance and robustness to load disturbances, a
nontlinear speed controller based on SMO and {ighjuency injection sategy has been
proposed in [FOO10] [WAN10]

AN Z Z
V »  Current J 1 /| Flux Angle | + o°
|_; Estunator | pr.+1 | Calculator A r
Angle
Compensation

FigbéSthematic diagram of SMO
(c) Extended Kalman Filter (EKF)

Generally EKF is a recursive optimwstate estimator, which can be employed in anon
linear dynamic system by utilising noisy sign#iiat are distributed by random noise. By using
measured states in addition to the statistics of the noise, the EKF can editaiation of
immeasurable states, including rotor position and speed [VASO03] [HAR96] [LIUO6]. Unlike
conventional fundamental temation methods, EKF is less affectedgmrameter inaccuracy and
measured noise. It does, howevequire relatively complex matrix computations. A simplified
EKF algorithm, which was firstly introduced in [HAR96] to estimate the rotor speed from noisy
output signals of a resolver, has thus also been developed in [LIUO6] to be combined with a back
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EMF estimator for accurate speed estimation. Furthermore, in [FUEtAjassuminghat some
of the system states will be free of noiaeieduced order EKFals been introduced in order to

improve the speed of control
1.3.2. Machine-Saliency Based Sensorless Control Techniques

Fundamental modddased sensorless control strategies can provide an adequate sensorless
control performance at the medium and high speettethe backEMF is directly proportional
to the rotor speedut deterioratéhe performancat zero speedndin low-speed range where the
backEMF is very low or even zero. To handle such limitations, machine salassd sensorless
control techniquebave therefore been developed to achieve decent performancéow-@eed
range, including agtandstill, since machine saliency behaviour does not depend on the rotor speed.
These techniques rely on machine saliency, which results from either geahretior saliency
or magnetic saturation saliency, in which the winding inductance variation is an important feature
to estimate the rotor position.

The measuredariation ofinductance according to the electrical rotor position for the PMSM
is shown inFig.117 [KAN1Q]. It shows that th@ositiondependant spatial saliency modulates the
inductance of thenachine. Thenformation ofrotor position can hence leducedfrom the
inductance variation.

In order to extract thaaformation ofrotor positionthe saliencyof the machines essential
for high-frequency carrier signal injections to derive posHil@pendant responses, veltageor
current Based on the types ofi@tted signal, machine salienbgsed sensorless control methods
couldbedividedinto different techniguesncludingcontinuouscarrier signal injection strategies,

injection oftransient voltage vector strategy, daddamentaPWM excitation technique
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(a) Persistent Carrier Signal Injection Methods

Theprincipleidea of the persistent carrier signal injectstrategiess that a higkfrequency
carrier signal voltage or currentuallyvoltage) is continuously superimposed on the fundamental
excitation. A rotor positiordependent carrier signal respossieh ascarrier current response or
zerosequence carrier voltage response, is produced from the interaction of the ihjgbted
frequencysignal with thespatial saliency of theachine. Then, #rotor position can bextracted
from the positiordependent carrier signal response by using a tracking observer.

The persistent carrier signal injection can be classified as a rotating sinusoidal signal
injection [JAN95] [DEG98] [BRI04] [BRI0O5] [CARO06]SIL06] [GARO7] [RAC10] [GON 11b]
[GABL13], a pulsating sinusoidal signal injection [COR98] [HA0O0] [JANO3] [LI09b] [GON11b]
[ACC12] [LIU14] [LIN15b], a squaravavehigh-frequencysignal injectionrmethod[YOO11] or
arbitrary injectiortechniqud PAU11].

For the rotating high-frequencyvoltagesignal injection technique, threephasebalanced
voltage carrier signal isnjected in U Breference frame tacomposea rotating excitation
superimposednto the fundamental excitation. Thetor positioninformation could then be
obtainedfrom the phase modulated carrier current response [JAN95] [JOEOQ5] esemprence
carrier voltage [BR104] [BIR05] [GARO7] [XU16].
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In the case of rotating signal injection utilising the carrier current response for position
estimatia, the carrier current response includes two components: a pastiuence component
in which itsrotating speeds the samasthat of injected carrier voltage, and a negaseguence
componentwhere theinformation ofrotor positionis includedin its phase angleBesides, lte
synchronous reference frame filter (SRFF) is usuaitployedtio deduce the positiedependent
negativesequence carrier current [DEG98] [GARO07] [RAC1Burthemore the inverter non
linearity effects [GUEO5] [GON11a], multipkaliencies effects [DEG98] [RACO&nd theeffect
of crosssaturation [GUGO06] [ZHUO7] [BIAO7] [LIO9] [GON11b] areonsideredsince they can
causeerrors in therotor position estimation.

On the other hand, for the rotating signal injectismgzeroseaience carrier voltage, it has
beendemonstrated that the zesequence carrier voltage signal carubksedfor rotor position
estimation [BIR04] [BIR0O5] [GAROQ7]. The zeresequence carrier voltagehows low total
harmonic distortion (THD) anéxhibits less sensitivity to the distortion of the injected carrier
voltage signalcompared to the carrier current response [GARMaareover significant
enhancement dhe system bandwidth and rotor position estimation accuracy caumeéwhen
utilising zeresequence carrier voltage [CONOO] [BIR04] [BIR05] [GARO7] [XU16]. The
measurement of the zesequence carrier voltage is necessary to extract the rotor position
information. Usually, the measurement of zeemuence carrier voltageadshievedased on one
of the two popular measurement methods. Sneemaeutilisesphaseto-neutralvoltages [BR104],
as shown in Fig. 18. Another method employs the auxiliary resistor network [BRIO5], as shown
in Fig. 119. For the first methodyy measuring the three phaseneutral voltages of the machine
utilising voltage sensorhe resultant zereequence carrier voltagedbtained whilst the second
method measures the zesequence voltage by connecting a resistor network in parallel with the

motor terminals
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For the highfrequency pulsating signal injgen technique, aigh-frequencypulsating
voltage is ifected, whether into thd-axis [CAR06] [HOLO6] [LIN15b] [LUO16] org-axis
[LINO3] [JANO4] [YANL11] in the estimated synchronous reference frame as two superposed
rotating carrier voltages with opposite directiofise rotor position cathenbe estimatedirough
minimisation of the amplitude signal along titthogonalkxis to the injection axis. Normally, the
pulsatingcarrierinjection intod-axis is utilised, with the-axis carrier current being employsd
estimate the rotor positiotue to limited riples in theg-axis current. Alternatively, it is also
possible to use the pulsating injection into thaxis, and the employ theaxis carrier current

response for rotor position estimation. However, more current and torque ripples will occur in this
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mehod.

Ontheother hand, for the conventional pulsating signal injection employingsegyeence
carrier voltageijt has been investigated in [XU16] for the single thpbase PMSM. It has been
found, however, that the conventional pulsating injection nte#rploying zeresequence
voltage degrades the position estimation performance due to large DC and sixth harmonic in the
estimation errors. This is because of large amplitudes of undesirable harmonic components in the
zerosequence carrier voltage. A newlgating carrier signal injection strategyging zero
sequence voltage was thus proposed in [XUl6ja departure from the conventional rotating
signal injection in the stationary reference frame utilising-sexquence carrier voltage strategy,
the propsed pulsating injection is based on the estimated reference frame, which rotates anti
clockwise at twice the estimated rotor electrical angular speed. Then, the rotor position is estimated
through setting the zergequence carrier voltage to zero. The megthod is simpler for signal
demodulation and more robust to signal processing delays, since the amplitude is modulated by
the machine saliency. Furthermore, the phase shifts in the saliency position resulting from signal
processing delays are intrinsigatiancelled.

Although both conventional rotating and pulsating carrier injection techniques have been
well developed, the dynamic characteristics and dynamic bandwidth of the control system are
restricted in relation to the highequency of the injectedighal. To overcome the dynamic
limitation, the square waveform signal injection method is the best solution. In [YOOL11], the
sensorless dynamic performance has been remarkably improved by employkigedpucgmcy
squaresignalinjection into the estimatedtaxis, where the LPFs for signal demodulation process
are not required.

All of the abovementioned higkrequency carrier signal injection methods depend on the
spatial rotor saliency, which is found in salient permanent magnet synchronous machinas such a
interior PMSMs. In the case of n@alient permanent magnet synchronous machines, i.e. surface
mounted PMSMs, the difficulty of obtaining the rotor position information is the main challenge,
since the ratio of spatial rotor saliency is very lbl@wever some physical featuresich aeddy
current loss [YAN12a] [YAN12b], andhagnetiesaturation induced saliency [KOCO09] [BIAP8
have beerxploitedsuccessfully to deduce the rotor position.Bih08], the magnetic saturation
induced saliency was employemlobtain an appropriatealiency ratio in order to obtain the rotor

position, but was not applicable for all SPMSMs. Furthermore, the stator masggetiation
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saliencycould also beitilised to estimate the rotor position, as demonstrated in [JAIR&KEO05]
[HAO8]. Based on resistand®ased induced saliency due to highquency eddy current loss, a
new sensorless control method for rotor position estimation was introduced in [YAN12a] for
SPMSMs. The comparison between resistive saliency and induclremcgahas also been
addressed in [YAN12b]. Additionally, the sensorless control capability of SPMSMs based on

rotating and pulsating injection techniques has been investigated in [LIN15b]

(b) Transient Voltage Vector Injection Method

Forthe transent voltage vector injection, information concerning the rotor positoidbe
deducedfrom theresponse oturrent transient against an impulse voltage vedtbe typical
technique istie Indirect Flux Detection by Glime Reactance MasuremenschemgINFORM)
[SCH96] [RCB02] [OVRO3] [ROB04], and it is designed to superimpes&aimpulse voltage
vectors during zero vectors for the standard P\Mblwever, sich method might be impervious to
parameter variations and measurement noise, since it detedtsdtlotance of the machine
utilising voltage signals in a short tim& compensation scheme such as a Kalman filter is required
due to the injected signal being a periodic signal.

The main challenge in tleéassicalNFORM technique is the introduced curtelisturbance
because of the additionatctors ottransient voltage. Furthermore, this method is suitable only for
low speeds rather than high speegith assumption of constant rotor positi@luring the
successive three PWM cycles. A compensation scleenpoying a double transient injection is
therefore introduced in [ROBO04] in order to enhance the sensorless control performance at high
speeds.Besides with applying theadditional vectors oftransient voltage, the saliency rotor
position information wald be found in the zersequence current derivatives for the delta
connection [STAOpand thezerasequence voltageesultantfor the starconnection [HOL98].
Thesecurrent derivatives angerosequence voltages can then also be utilised for rotor positio

estimation
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(c) PWM Excitation Without Injection

The voltage vectors employed ithe abovementioned techniquso presentin the
fundamentalPulse Width Modulation (PWM) from the inverter output in normal operation.
Measurement of th&ansientcurrentresponsegroducedby theingrainedPWM to deduce the
information ofrotor position should therefore be possible. Compared to transient voltage vector
injection techniques, the merit of the PWM excitation is the elimination of the requirement for
additionaltransient voltage vector injection, which results in some issues such as higher switching
loss, additional current ripple, and restricted dwelling time of zero voltage vectors.

Variousmeasured current derivative responsmbinations in relation tparticularvoltage
vectorscould be employed to formulate the position vector for extracting the rotor position
information [HOLO5] [GAOO7] [BOL11] [HUA11]. An extended modulation (EM) technique has
been introduced in [HOLO5], where the saliency informationhtained utilising the transient
current response produced by the modified PWM. The standard &wldalso be employetb
estimate saliencybased rotor position, as demonstrated in [GAOO07] [BOL11l] [HUA11].
Additionally, the second harmonic PWislregardedas a pulsating voltage vectoecause of its
large amplitudeHence,by using the second harmonic PWM voltage and curtkatposition
dependant impedance can be calculated to be exploited for rotor position estimation [RUA10].
Furthermore, in [LEI11], ti has be proven thathe zeresequence excitation producdzy
fundamentaPWM can bealsoappliedto estimate thealiencybased rotor position.

The PWM excitation technique has the advantages of fast dynamic responsendde to
speed range operation ahegh-frequency PWM However, the measurement of the current

derivative is difficult in its practical implementation
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1.3.3. Sensorless Control for Dual ThreePhasePMSM

Apparently most of the sensorless control strategies mentioned earlier for singkphiasse
PMSMs could beeasily be extended to be applisddual threephase (DTP) PMSM drives.
Recently, different sensorless control methods for IPMSMs have been introduced. In [HE09],
the model of the DTFPMSM was represented according to vector spacendgosition (VSD)
theory first, then a sensorless consbltegybased on the Model Reference Adaptive System
(MRAS)schemevas devel oped. The stability of the sy
stability theory. Furthermore, a new and very sienplethod for initial rotor position estimation
by means of DC excitation without any sensors was also presented in [HEQ9].

In [BAR12], the torque components and sensorless position detection capability of dual
threephase interior PMSM have been invesigghtinder healthy as well as faulty conditions with
different configurations. To test operation under faulty conditions, an open circuit was considered
and only one winding set was supplied. Sensorless control based dreljigéncy carrievoltage
injection was implemented to investigate the capability for rotor position detection under both
conditions. In order to achieve such capability, the presence of rotor saliency has been evaluated
for healthy and faulty conditions, since the position estimaftwrthe highfrequency signal
injection depends on the interaction between the sigj@ttion and the rotor saliency. The
experimental resulidemonstratéhe presence of the rotor saliency even with a faulty configuration,
as well as rotor position estinat capability. In [GRE12], sensorless speed control of asymmetric
dud threephase induction machingas investigated by utilising an inner loop of Mb&ased
Predictive Control (MBPC), which isbtainedfrom the mathematical model of the machine.

Furthermore an improvedhird harmonic baclEMF basedsensorless control method with
the aid of a simplified EKF based estimator has been introduced in [LIU15], where the rotor
position could be estimated without any filter and consequently can improveetigeificy

response and dynamic performance
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1.4. Scope of Researcland Contributions of the Thesis

1.4.1. Scope of Research

Thisthesis focuses on the sensorless control of single and duaptrase PMSM drives to

enhance the rotor position estimation using difiergensorless control methods covering both

low- and highspeed ranged.he fundamental modélased sensorless control methods, i.e - flux

linkage observer (FO9chemeand extended Kalman filter (EKBEhemeare employed for the

high speed region, and ntace-saliency based sensorless control techniques, i.e-ft@ghency

rotating and pulsatingcarrier voltage injectioiechniquesare utilised for zero and low speed

regions. Fig. 20shows the scope of research of this thesis
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Otherchapters arsummariseds follows:

Chapter 2: This chapter investigates the influence of bEB&8KF and current harmonics dhe
accuracy of rotoposition and speed estimation for single and dual thhese (DTP) permanent
magnet synchronous machines (PMSMs), which are widely utilised for AC machines, with two
fundamentainodelbased sensorless control strategies, i.e. thdifilkage observer (FO) method

and the simplified extended Kalman filter (EKF) methdthe single thregphase PMSM is
employed to investigate the influence of b&MF harmonics onhe accuracy of rotgposition
estimation, while the influence of current harmonics on the rotor position and speed estimation
accuracy is studied for the DIPMSM, which inherethy involves harmonic currents in S3TC
methodsThe experimental result®nfirmthat the simplified EKIShowsbetter rotor position and
speed estimation accuracy compared to the FO method, even with the existenceEd bauid

current harmonicgjue b its higher noiseejection ability

Chapter 3: In this chapter, the commonly used conventiootting and pulsatingigh-frequency
voltage signalsinjections based sensorless control strategies for single and duatpihase
PMSMs are described in @ and a comparative study between both methods is outlined. The
machine saliency level, which is essential for Higlguency carrier signal injection techniques,

is investigated for the test machine. Furthermore, a detailed discussion about cectial pra
issues concerning sensorless control implementation, including thecorgdsg saturation
effectcompensatioandthe tracking observer faptor position, is also provided

Chapter 4: The sensorless control performance of pulsating carriealsigection utilising zere
sequence voltage for DFIPMSM drives isstudiedin this chapter. A new simple measurement
techniquéefor zeresequence carrier voltage is then proposedhich aly one voltage sensor is

put between the two isolated neutral pisi of the two stator winding sets. Subsequently, an
improved pulsating injection based sensorless costrategyemploying zeresequence carrier
voltage is proposed, in which the undesirableh@rmonic components can be suppressed by
consideringan ogimum phase shift, i.e. 90 degrees, between the two independent injected high
frequency signals. Consequently, #ecuracy of rotoposition estimation is enhanced and the
experimental results validate the effectiveness performance of the proposed ometbotboth

steadystate and dynamic conditions
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Chapter 5: In this chapter, the rotor position estimation accuracy of the rotating carrier signal
injection utilising zero sequence carrier voltage method for PMSM drives is investigated. For the
single thregphase PMSM, undesirabl& Garmonic estimation errors occur due to the additional
saliency components in the zesequence carrier voltage. In the case of the -BWBSM, an
improved rotating carrier signal injection using a zeeguence voltageased sesorless control
technique is proposed, where the oscillating position estimation error can be suppressed by
employing the optimum phase shift between the two injected-fregjuency signals, i.e. 120
degrees, thanks to the existence of additional degfefsemlom in DTPPMSM drives. This

results in improvements in rotor position estimation accuracy. An outstanding overall performance

of the proposed method for DIPMSM isvalidatedby the experimental results

Chapter 6: A combination of sensorless contstrategies to derive the estimated rotor position at
full speed range with smooth transition between thedoa/highspeed ranges is presented in this
chapter. The combined sensorless control technique includes tHeKage observer method and

four different highfrequency carrier signal injection strategies, namely pulsating injection
utilising carrier current response, rotating injection employing carrier current response, pulsating
injection using zeregsequence carrier voltage response, and ngfatjection utilising zero
sequence carrier voltage response. Such strategies are applied to tRVIBWPto investigate

the sensorless control performance under different speed ranges. To achieve smooth transition
between the combined methods, a funcsionilar to hysteresis is applied for certain speed ranges
with optimum weighted gains for both estimated positions without requiring a complex structure
and timeconsuming computations. A smooth transition from the {fiiguency carrier signal
injectionstechniques at low speeds to the flinkage observer strategy at higher speeds are

achieved, with the experimental results confirming that the system stability can be ensured

Chapter 7: This chapter summarises the research work carried out in this, thed discusses

potential related future work

It is worth noting that Chapters 4 andepresenthe most significant contributions of this

thesis.
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1.4.2. Main Contributions
The major contributions of this thesis are:

1 The new rotor position estimation metisadbased on pulsating and rotating carrier signal
injections andzerosequence carrier voltagensingfor DTP-PMSM are developed to
significantly improve the accuracy and system robustness of rotor position estimation by
injecting two highfrequency signla into both stator winding sets and employing an
optimum phase shift between the two signals.

1 A new simple method to measure the zeequence carrier voltage is proposed for the
DTP-PMSM.

Other contributions include:

1 To enhance the rotor position estitoa for PMSMs with distorted baekMF and
currents, a simplified EKF based rotor position estimator is applied with conventional

flux-linkage observer based sensorless control.

1 Based onthe injection ofhigh-frequency carrier voltage based sensorlessrabont
strategies, the sensorless control performances for single and duglhtbhseePMSMs

are systematically investigated.

1 To achieve high sensorless control performance for a wide speed range, a combination
of flux-linkage observer method with four higfequency carrier signal injection
techniques is introduced. Furthermore, in order to obtain a smooth transition between the
combined methods, a function similar to hysteresis is presented for certain speed ranges
with optimum weighted gains for both esti®ma positions without needing a complex

structure or timeconsuming computations.

Thelist of publicationgresultingfrom this PhD research woiklisted as follows, and alsthown

in Appendix IlI.
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CHAPTER

| NFLUENCE OEMBARKD CURRENT HARMONI CS
SENSORLESS CONTROL PERFORMANCE OF SI N
THREEHASE PMSMS

2.1.Introduction

Threephase permanent magnet synchronous machines (PMSMs) havexieasively
applied to various industrial drives for decades due to their excellent features of high efficiency
and torque density, etc. In order to achieve high performance control of PMSMs, accurate rotor
position information is required, which candigtained from highresolution sensors, e.g. encoders
and resolvers. However, such sensors may not only increase the system size and cost but also
impair robustness and reliability of the system [ACA06]. Therefore, various sensorless control
techniques havéeen proposed and developed in literature which can be classified into two
categories: methods based on machine saliency [RAC10], [LIU14] and [CHE14], and methods
based on fundamental model @R02], [SHEO6], [WAN12], [WU91], [SHEO2], [ANDO0S],
[CHI09], [FOO10], [LJU79], [HAR96], [TERO1], [LIUO6], [PI08] and [ALM14].

The former approaches have been shown to be capable of providing high performance
sensorless control at lespeed and standstill operating regions. In contrast, the latter approaches
provide syperior performance in mediurand highspeed ranges where the machine model can be
accurately established.

The mainidea ofsensorless control strategies basedumilamental model is to estimate
back electromotive force (badkMF) or flux-linkage, which mvolve the information of rotor
position, according to the machine mo@@OR02], [SHEO6], [WAN12], [WU91]], [SHEO0Z],
[ANDOg] and[ALM14]. Hence, the position estimati@ould be accomplished via opdoop
calculation, closedbop observer such as fldnkage observer (FO)WU91], [SHEO2] and
[ANDOQS§], or directly obtained from the machine model utilizing adaptive observers including
sliding mode observer (SMQCHIO09] and [FOO10], extended Kalman filter (EKF$cheme
[HAR96], [TERO1] and[LIU 06], and modeleference adaptive system (MRA®)108]. Among
them, the most common method is the integration of H&dk which is stator fluxinkage

observer.
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In [WU91], it has been demonstrated that the pure integration offbliékhas some issues
such as fludinkage vector drift due to the offset error resulting from the inaccurate winding
resistance, measured currents and voltages. Hence, to improve the position estimation accuracy, a
replacement of the pure integrator with a {pass filter (LPF) has been presehte [SHEO0].

However, in variable speed operation, a phase shift to the fundamental flux vector will occur when
LPF is utilized due to its slow dynamic response.

Alternatively, EKF algorithm, which is introduced[inJU79], can directly estimate the rotor
position from the machine model. The EKF is a-tulller stochastic observer for the recursive
optimum state estimation of a nonlinear dynamic system in real time, which shows good position
and speed estimation performandER01]. However, it requires latively complex matrix
computations, which maket challenging to be implemented in practice. On the other hand, a
simplified EKF algorithm, which was firstly introduced [HAR96] to estimate the rotor speed
from noisy output signals of a resolver, hmeen developed ifLIU06G] to be combined with a
backEMF estimator for accurate speed estimation.

Ideally, boththe FO and EKF approaches exhibit decent speed and position estimation
performance. However, in most of the industrial applications, some sscess distorted back
EMF and current harmonics could more or less affect the sensorless control performance for both
stat egi es, whi c hknowledges leade nat beerainvestigatad in $iterature.

Generally, the main reasons for machine varigbs har moni cs (k=6nN1, wh
as follows[KAR12]:

1  The construction of the machine: permanent magnets, pole shape, slotting, rotor saliency and
possible magnetic saturation can producegap flux harmonics, which can be calculated
with finite element method (FEM) or measured from the {t&dic.

1 Supplying voltage source inverter (VSI): if the supplied voltage contains harmonics of the
order (k=6nKN1, w h e r ebasad=\1S|s3 adéitior&al) statorecurggnt P WM

harmonicsthe5th and 7th hanonic components in particular) might occur.

Thus, as the extended work{8fLM 14], thischaptemims to provide a detailed investigation
of the influence of harmonics in ba€MF and currents on the accuracy of position and speed
estimation for both FO ahEKF. In[ALM 14], it has been demonstrated that the performance of
conventional FO based sensorless control would be deteriorated when the singfhdkeee
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PMSM suffers from distorted badkMF. In order to overcome such issue, a simplified EKF with
high-noise rejection ability has been adopted which renders a higher rotor position estimation
accuracy. Furthermore, it should be noted thatheprevious work|ALM 14], the harmonic
components of currents are deliberately injected to the system, whathsis appropriate. Hence,

in thischapteytheconventionakwitchingtablebased direct torque control (&3TC) strategyfor
DTP-PMSMintroduced iMfHOA15], which inherently suffers from nesinusoidal stator currents

in addition to the distorted badkMF, is taken as a case to investigate the effect of current
harmonics on sensorless control performadaklitionally, the modified switchingablebased
direct torque control (SDTC) method for DTHPMSM presented in [REN1j, which exhibits
more sinusoidalstator currentscompared to that of conventional ®ITC strategyis also
implemented for the same investigatidhe experimental results indicate that the simplified EKF
exhibits better position and speed estimation accuracy in both the conventionadifidd ST

DTC strategies.

2.2. Sensorless Control Based on Flukinkage Observer and Simplified Extended

Kalman Filter
2.2.1. Conventional Flux-Linkage Observer (FO)

For rotor fluxlinkage observer, the rotor positioroistainedrom the observetlux-linkage
vecr produced by the permanent magnet (PM) whalidbederivedby subtracting the voltage
drop on the inductance from the stator flinkage vector in the stationary reference frame based
on the phasor diagram shown in Rdl [WU91] and [SHEOZ2].

The sttor voltage vector is expresseddriyeference frame as

\753 b: 975 a bRTs (21)
and the stator flukinkage vector in the stationary reference can be derived by the integration of

the respective baeEMF as
)73.3 b= ﬁvs ab_Rs_Is )aéjt (2 2)

Then therotor flux-linkage vector pyduced by PM £ ) can be calculated as

yra b= J_/s a b_le_s (2 3)

where Vs goys gols oare the stator voltage, flux and current vectordJibreference frame,
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respectivelyp is the differential operatoRs denotes the stator resistance whieepresents the

stator seHinductance.

In the case of surfaemounted permanent magnet synchronous machine (SPMSM), which

is utilized in this investigation,_, =L, =_. Thus,the rotor fluxes foSPMSMin »- and &-

axesare given by SON09] and[XU 14]
Via :ﬁva -RI; dt I:SI
Yo =RV, -Rijdt Li

Hence the rotor position can be estimated

a
g = arctanaé/'—b
(}yra
and then, the rotor speed can be calculated as
2 A€
w=pgq aqr(k) - ék-l)
r
¢ %

(24)

(25)

(26)

(27)

whered; is electrical rotor positionsis mechanical angular speed, ands the sampling period.
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As discussed ithe introduction the pure integration of badkMF would cause the drift
issue in the estimated fldinkage vectobecause ofhe offset error in the measured currents and
voltages. Usuallysuchoffset error is a small DC value andrdries slowly. kbwever, it can still
give rise of saturation in the output value of the integrator which results imaacurate value.
Thus, in thischapter the pure integrator is replaced by LPF to overcome this {&HEO02]
Additionally, the rotor position and speed estimation accuracy would also be affected by distorted
backEMF and stator currents. Hence, the sifrgdl EKF with higher noiseejection ability is

employed to enhance the sensorless control performance, which is presented in the next subsection.
2.2.2. Simplified Extended Kalman Filter (EKF)

Generally EKF is a recursive optimwstate estimator, and it can beployed in a non
linear dynamic system by utilizing noisgonitoredsignals, which areontaminatedy random
noise. By using measured states in addition to statistics of thearmusemeasurementhe EKF
can obtain the immeasurable states such as position and speedsenerally, it is possible to
consider the modelling errors, the errors in the measurementp@pditationalnaccuracieslue
to have noginputs.

A discretetime, nonlinear dynamic system in the stepace form can be expressed as
[HAR96], [TERO1] and [LIUO6]

x(k+1) =f(x(k), K+o(UR, B+v§ (28)
y(k) = (XK, RB+\(K (29)
where u(k) andy(k) are the input and output signals, respectively, and the processamus

measurement noise are representecvly) and v(k) , respectivelyx(k) is referrel as the state

vector which care estimated by EKF, and isvgh by

Hk+D) =f((K, K gURB B K Yk bkk Xk (210

where Kk, is the Kalman gain, and it can be obtained through the Riccati difference equation.
However,it requires relatively complex matrix calculations, and therefore, istak&gnificant
computing timgLJU79]. In [HAR96], a simplified EKF was proposed to estimate the rotor speed
from noisy signals of the resolver with less computational burden. Ting¢nlUO6], the same

simplified EKF has been developed to be combinel baickEMF estimator for better sensorless
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control performancdt is worth mentioning that the simplified EKF is regarded asvase PLL
observerFor the same principle, in this thesis, the simplified EKF is adopted to be combined with

the rotor FOfor rotor position and speezstimation

In the sensorless control with the rotor FO for SPMSM, the rototlifilage inU eference
frame may beelectedas the output variables of the EKF, i.e.

é,yl(k) g g/rb

(211
&, (0 0§ ..

while the state variablesan be selectedk the rotoposition, G, , speed,W, and double integration

of the noisew;.
To simplify the model in terms of the computation of the Kaingain and the output

variables, 2.11) is described in normalized form as

ey, (K g casg (B
&,k 0 s@q (R

al ke
% B er

Hence, the statepace model, with a state vector>0#[qr, l/,W\/i]T and inputu(k) =0, can

+

be written as

X(k+1) =Fx(k) WK (213

y(k) = h(x(K) +(H (21 %

where
& T, 0
F=0 1 1 215
€ 0 1
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and

écosq, (K
hO(R) =g @15

Then, the Kalman filter gaik can besignificantlysimplified as

0 K cosg® sin §
K= 20 K, o {7 21y
sing® cos
@ k3 r r

wherek, k, andk, indicate the tuning parameterBhe Kalman filter gairK, i.e. (2.17)can le

obtained by using thBIATLAB's DLQE (A, G, C, R, Q)command (Discrete Lined&uadratic
Estimator)or the Kalman estimator design of discrétaee systems, for instant, the input variables

according tqHAR96], areas follows
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By choosing an appropriate tuning paramefetio optimize the noise rejection ability of the
Kalman filter, The Kalman filter gaid can be determined by utilizing the above Matlab command
The tuning parameteS can be chosen by trial and errors in the experimental system.
Consequently, the k, andk, can be obtained.

Finally, according to aforeemtioned equations, the rotor position and speed can be

estimated from

e(k)=y,(Kcos i k - X k sin°g)} 219
Fk+1l) oK) T R k(R (22 P
uf(k+1) Bifk) Wk k+eR (221)
witk+1) Fw(K) tke(K] (222

whereqre and n,_, denote the estimated rotor position and speed, respective\2.Fighows

st

the block diagram of the simplified EKF, which can be combined with rotor FO.

This chaptertargets to provide a detailedvistigation of the influence of badkViF and
currents harmonics on sensorless control performance for both FO and simplified EKF. The
sensorless vector control system for single tptegse PMSM, which is employed for
investigation of baclEMF harmonics ifluence on position estimation accuracy, is illustrated in
Fig. 2.2. The switchingtablebased direct torque control (S9TC) for DTRPMSM, which
inherently exhibits noisinusoidal stator currents, is taken as an example to investigate the effect
of currert harmonics on sensorless control performance. The conventional and modHEOCST
methods for DTHPMSM have been presented AT 05] and [HOALY], and hence, only a brief

description is provided here.
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2.3. Basic Principle of Conventional and Modified SwitchingTable-Based Direct
Torgue Control (ST-DTC) for Dual Three-Phase PMSM

2.3.1. Machine Model and Voltage Vectors

By using vectoispace decomposition approach (J§BRHA95], the final model of DTP
PMSM with isolated neutral points can be expressed in stationary reference frame as

Vo o= Rl oY (223)
Var=Lds a1, (2 24)
Van= You€" (2 25)
Vo =Ry H 42 (2 26)
Vean=Ld as (227)
T.=3P(V qiss ~Vobe ) (228)

whereVsz122 Y sz122 Isz1z28re stator voltage, flux, and current vectorg iz subspace, respectively,
Lisis leakage selinductanceTeis electromagnetic torque, aRds number of pole pairs.
It can be seen from the above equations that the machine ocoadigébe decreasedo two
sets of decoupled equatioitenticalto the machind&) bandzz-subspacefHAT05]. However
only U fromponents contribute to torque and flux production, whtecomponents arthe main
sourcedor the lage circulating currertarmanicsdue tothe small impedance in tlez-subspace.
Dual threephase drives hav@anymore inverter voltage vectors tharsingle thregohase
system due to its six inverter legs. By neglecting 4 zero vectors, blamdziz-subspacgvoltage
vectorsare illustrated in Fig.2.4 (a) and (b), respectively, where the voltage vector number is
named with binary value &fi=SzS/SSSESa.
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2.3.2. Conventional ST-DTC Scheme

Corventional ST-DTC of threephase drives can be extended to EFMASM drives
[HOA15]. Such method which exhibits nemuidal stator currents, is utigsl here to investigate
the influence of stator current harmonics on the rotor position estimation acclirecU b
subspace could tsplit into twelvesectordased on the estimated stator flux position, Eig.(a).
The torque responsEn be maximized when employitite voltage vectors from the outermost
layer in theU Esubspace together with the zero vectorsiégally, when the stator flux vectgs oo
lies in sectok, appropriate voltage vectors can be determined according to ZaHEAKS86].
Taking voltage vectoWk+2 for example,the torque production component is positive since it
rotates at the same ratat direction, and the flux production component is positive as well. As a

result, the electromagnetic torque, and stator flux will be increased.

TABLE 2.1
SWITCHING TABLE FOR CONVENTIONAL STDTC OF DTRPMSM DRIVE
Te Ys Vector req
|l ncreased l nased Vk +2
|l ncr easedq Decreased Vk +3
Decreased l ncreaseog V-3
Decreased Decreased V-4
Unchanged Unchanged Vzero
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TheconventionalST-DTC is easyn implementationHowever, since only theomponents
of U Bsubspacare involved, large harmonic currents inevitably occur. Thus, a modified strategy

which controls bott) Ecomponents anzizz components is required.
2.3.3. Modified ST-DTC Scheme

The modifiedST-DTC of DTRPMSM drives which shows more sinusoidal staturrents
than that of conventional SDTC method,is presented in [REND. It is also used in this
investigation to investigate the influence of stator current harmonics on the rotor position
estimation accuracyAccording to 2.27), minimizing the sitor fluxin ziz-subspace sz122iS an
effective method tsupresshe currentharmonisin z1z;, due to their proportional relationship. It
can be seen from Fig.4 thatfor each vector utilized in conventional ®ITC, e.gVi1in Fig.2.4,
there is another vector with the secdayest amplitude, e.y>s, pointing to the same direction
in U Bsubspace, which means similar effect on torque and flux control, and simultaneously,
exhibiting the opposite directions mmz-subspace which indicates opposite influence on the
variationof flux ysz1z2

Thereforein orderto minimize themagnitude ofzz stator flux, theziz-subspace can be
dividedinto two halfcircle subspaces, where the diameter is orthogondlitandVzs, Fig. 2.4
(b), and if thez1z flux vectorysaz2lies in ore halfcircle subspace, theoltage vector in the other
half circle subspachave tobe employedFor instance wheny sz1z2l0cates in sector7, as shown
in Fig. 2.4 (b), the amplitude ofys;1.2will be ircreagd byapplyingVii, and it will be reduced
when Vzsis utilized Hence Vs should be adoptedstead oi11. Similarprinciplecan be extended
to other sectors.

Consequently, based on the aforementioned concept, th&tép® approach is given:

1 Accordingto Table2.1, one vector with largest amplda and another vector with the second
largest amplitude havingimilar direction inU Bsubspacarespecifiedas one group;
1 Depending on the position of the stator fluxz-subspaceys.1-2 the vector that can
minimizeits amplitude will be picked from the chosen group
Sincethe first step is the same to the selection of vectotiseirconventional SDTC, the
vector groups can be chosen from Table 2.1. Consequently, a switching table for the second step
is given in Table 2.Eor instance, if the vector group 11 is selected fii@hle 2.1, Vi1 will be

employed only whel sz1z2lies in sectors 56, and 12, otherwis&/s will be adopted to decrease
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the amplitude ofys;122 Similar results can be easily obtained for other vector grdP#\15].

The overall sensorless SITC scheme is shown in Fig. 2.6.

TABLE 2.2
SWITCHING TABLE FOR SEP-TWO IN THE MODIFIED STDTC OF DTRPMSM

Group Gi | Sector ofysz122 | Selected| Group Gi | Sector ofysz122| Selected
vector vector
9 7,8,9,10,11,12 Vo 54 1,2,3,4,5,6 Vs4
1,2,3,4,5,6 Va3 7,8,9,10,11,12 V20
11 12,1,2,3,4,5 V11 52 6,7,8,9, 10,11 Vs2
6,7,89, 10,11 V25 12,1,2,3,4,5 V3g
27 5,6,7,8,9,10 V27 36 11,12,1,2,3,4 V36
11,12,1,2,3,4 V10 5,6,7,8,9,10 Vs3
26 10,11,12,1,2,3 V26 37 4,5,6,7,8,9 Va7
4,5,6,7,8,9 V19 10,11,12,1,2,3 Vag
18 3,4,5,6,7,8 V1s 45 9,10,11,12,1,2 Va5
9,10,11,12,1,2 V30 3,4,5,6,7,8 V33
22 8,9,10,11,12,1 V22 41 2,3,4,5,6,7 Va1
2,3,4,5,6,7 V50 8,9,10,11,12,1 Vi3
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2.4. Influence of BackEMF Harmonics on Sensorless Control Performance for
Vector Control of Single ThreeePhasePMSM

The experimentdor the influences of baeEMF and current harmonics on seriess control

performancesre implementedon experimental platform which is constructed depending on a
dSPACE(DS1006)control system and tarfaced with Matlab/Simulink model. The hardware of

the experimental rig igrovided, and only the control system is applied by the author of this thesis.

The detailed information about the experimental rigsatiliin the thesis are presented in Appendix

|. The experimental rig consists opeototype of DTPPMSM, and coupled with a DC machine

for loading Also, wo sets of thre@hase inverter, which is supplied by a DC power, issatilifor

both machine drives where only one set is enabled when impliexgéhe control of single three

phase system.
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It should be noted that the DIFMSM can also be used as single thphase PMSM when
only one thregohase winding set is employeahich it has been employed this thesis The
overall control system semesshownin Fig. 2.3 and Fig.2.6 with the scheme of simplified
extendedKalman filter shown in Fig2.2 are implemented in the dSPACHEe investigation of
the backEMF harmonics effect on the sensorless control performance for vector control of single
threephase PMSM is fully described in the following subsections, wthigeinvestigation of
current harmonicseffect on the sensorless control performancedorventional and modified ST
DTC strategies of DT#IPMSM will be described in sectiod.5. Thethe DC link voltage is set to

40V, and thesampling frequency iset to10 kHz for both investigations.

2.4.1. Back-EMF Analysis

The vector control of single thrgghase PMSM is utilized to investigate the influence of
backEMF harmonics on position estimation a@y. The speed reference is set to 300rpm, and
the load is about 1.8 Nm. The phase bR&kF has been measured as shown in Eig(a), and
its harmonic spectrum is given in Fg7 (b). It should be noted that significarif,3" and
harmonics areobserved. However, the dominant harmonics are thead 7 harmonic
components since théYzharmonic will disappear due to the stamnection of the machine
windings. The conventional FO and simplified EKF are implemented to show the influence of

backEMF harmonics on the accuracy of rotor position estimation.
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2.4.2. Steadystate Sensorless Control Performance Using FO

By firstly applying FO based sensorless colnttbe observation of PM excitation flux
linkage vector inU breference frame is illustrated in Figs8. It can be seen that the locus of
observed fluxinkage vector is nowircle due to the backEMF harmonic component¥hen,the
comparisorof actual and estimated rotor positions is shown in ERj.as well as theosition
estimation error. It is obvious that significant fluctuations in the position estimation error occur
because of the distorted bagKMF.

59



b-Flux (mWhb)

-80 -60 40 -20 0O 20 40 60 80
U-Flux (mWhb)

Fi®a8Locus of i BM -léixmkxaagpet vector.

8
~—~ 6 -A
g 4 g
c 2 5 §
S =
%]
g 5
= ©
@]
: £
ad n

= = Act_pos pos_ Est_err FQ -0.054

-0.1
0 005/ 01/ 015 02 025 03
Time (s)
Fig9oComparison of actwual and estim

2.4.3. Steady-State Sensorless Control Performance Utilizing Simplified EKF

After employing the conventiah flux-linkage observer, the simplified EKF is appliexd
investigate the rotor position estimation performance when the-Bislék is distorted. The
estimated rotor position of simplified EKF is compared with the actual rotor position iB.Fy.
in addition to the position estimation error. It is worth ngtihat the position estimation error of
simplified EKF exhibits less fluctuations, and it is relatively small compared to that of FO. The
comparison of rotor position estimation errors for both sensorless control methods is depicted in

Fig. 2.11. It can beconcluded that the rotor position estimation accuracy is less affected by the
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backEMF harmonics when the simplified EKF method is utilized since it is less sensitive to such
harmonics
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2.5. Influence of Current Harmonics on Sensorless Control Performance for
Conventional and Modified ST-DTC Strategies of DTRPMSM

2.5.1. Steady-State Sensorless SDTC Strategies Performance Aplying FO

The conventional and modified SITC strategies of DT#MSM are implemented to
investigatethe influence of nomsinusoidal stator currents on the position and speed estimation
accuracy for conventional FO and simplified EHHs worth mentiomg that although the testing
machine exhibits distorted ba&dVF, the influence of stator current harmonics is dominant in the

performance deterioration in sensorless control 6DST for DTRPMSM. The machine speed
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is set to 300rpmandthe stator flux eferencas 0.075Whb, respectivelyhe load isset toabout
1.8 Nm.

Figs. 2.13 shows the steadystate performances of the sensorless control for conventional
ST-DTC strategyased on FQuyhile the steadygtate performance of the modified-BTC based
on FO is illustrated in Fig2.14. From Fig.2.13 and Fig2.14, it can be seen thabththe torque
and stator fluxarewell controlled in both the conventional and modified Di€€Ghniquesvith FO.
The torque rippleareslightly decreased and the steadgteerror of torque is also significantly
reduced when modified SDTC is implemented compared to its conventional counterpart, Figs.
2.13 (a) and2.14 (a). In terms of current performance, it can be obsetkatithe phase currents
of the conventional SDTC strategy areseverelydistorted, i.enonsinusoidalwaveforms Fig.
2.13(c). On the other hand, tlarrentharmonicsare significantly reduced by using the modified
ST-DTC strategy, Fig2.14(c).

Furthermore, the rotor position and speed estimag@nirmances foconventional and
modified STDTC strategies based on FO are shown inZEidgh and Fig.2.16, respectivelylt can
be seen from Fig2.15 that significant fluctuations in the position estimation error and estimated
speed can be observededo seriously nosinusoidal stator currents in the conventionall5ITC.
By utilizing the modified STIDTC strategy, the fluctuations can be reduced to some extent, which,

however, remain obvious since the current harmonics are still larg2,1Big.
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Fig. 2.16. Sensorless control performance of modified[3NC, EKF.

2.5.2. SteadyState Sensorless SDTC Strategies Performance Employing
Simplified EKF

After employing FO, the simplified EKF based sensorless control is implementéduefor
conventional and modified SIDTC strategieso investigate the effect of distorted stator currents
on the sensorless control f@mance The steadystate performancef conventional SIDTC
strategywith simplified EKF is given in Fig.2.17, whilst Fig.2.18 shows the steaebtate
performance of modified SDTC strategyFor simplified EKF based sensorless control method,
it can ckarly be seen from Fi@.19 (a) andFig. 2.20 (a)that the position estimation errors are

relatively small with less fluctuations due to the higher noagection capbility of EKF.
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Furthermore, the estimated speeds for botHDIT strategies exhibit lefluctuatons compared
to that of FO, Fig2.19 (b) andFig. 2.20 (b).

Detailedquantitative results of different sensorless controlDSTC strategies are given in
Table2.3, in whichthe ripples othe torque and statomtk are calculated as [HOALS

ys_ripple =\/1/n a (ys_i - Jé_av)z (22 9
i=1

Te_ripple = \/1/ n a. (Te_i -Te_ av)2 (23D
i=1

According to Table2.3, both of sensorless control methods can achieve significant
improvement of steadgtate performance whehe modified STDTC strategies are employed,
compared totteir conventional counterparts in terms of flux and torque ripples, and THD of phase
currents. Between thenthe modified SFDTC technique with simplified EKF exhibits better

performances compared to that with FO.

67



I

35 ——Est_torque
3 —Ref_torque
€
52.5
ng_ 2
|§ 15
1
0.5
0
0 0.05 0.1 0.1t
Time (s)
(a) Torque
100 — Est_flux
—Ref_flux
= 90 -
=
E 80 - ‘
X |
=
= 70
o
IS
» 60
50
0 0.05 0.1 0.1t
Time (s)

(b) Stator flux

Phase currents (A)

0 0.05 0.1 0.15
Time (s)
(c) Phase cuents

Fig. 2.17. Steadgtate performance of conventional-BTC, EKF.
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Fig. 2.18. Steadgtate performance of modified SITC, EKF.
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Fig. 2.19. Sensagbks control performance of conventionatSTC, EKF.
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Fig. 2.20. Sensorless control performance of modified[3NMC, EKF.

TABLE 2.3
STEADY-STATE PERFORMANCE OF DIFFERENT SENSORLESS-BTC STRATEGIES
Convent Conven-t : . Modi f i
3 OrOp th,N8n FO EKE Mo d i fFiOe EKE

Vs ribWR 7.5@413 7. 48414 5. 08494 4. 86849 3
Te riGNm) 0.295 0.2091 0.223 0.211
T H D4 %) 31.47 31.03 12. 47 11.81
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2.5.3. Dynamic-State Sensorless SDTC Strategies Performance for FO and
Simplified EKF

By applying FO and simplified EKF based sensorless control techniques, the dynamic
performances for both the conventional and modified3 T strategies with FO based sensorless
control are shown in Fi@.21 and Fig2.22, respectivelyWhen the simplified EKF is employed,
the dynamic performances for both-8TC strategies are illustrated in F@§23 and Fig2.24,
respectivelylt can be found that the estimated speed exhibits significant phase lag in FO for both
ST-DTC strategies due tihe low-pass filterused inthe rotor fluxlinkageobserver In contrast,
the estimated speed tracks the actual speed with less phase lag when simplified EKF is employed
thanks to its ability to suppress such noisy signals whidsleafast speed response. Furthermore,
both the sensorless control techniques based on FO and simplified EKF show good dynamic torque

performance fothe conventional and modified SDTC strategies.
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