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Abstract

TheMore-Electric Aircraft (MEA) hasdeen identified as a majéuture aircraftdue
to the urgentrequirementto reduceCO?2 in the aviation area.Meanwhile, as a
commonly used thrust power souficecommuter aircraftturboprop engirecan be
mademore fuelefficient bythe addition o mechatronic device intbeirgearboxIn
the University of Nottinghaman integrated MotoiGenerator (MG) drive system
functioning as this mechatronic devideas beerdeveloped for the nexgeneration
turboprop.This M-G systemprovides auxiliary thrustto accelerate the turbo engine
startup on the groundysingelectrical powefrom batteres The same system is used
as a generan system when the aircraft is in thé@ and supplies electrical power to
onboardelectricalloads.

ThisPhD project isocused on thdevelopment of this-G systermrandis thoroughly
describedn the thesisincludingthe machine desigrpower electroniconvertersaand
their control development Due to redundancy consideratsra dual threephase
machinewasdevelopedo ensurauninterruptedpower delivery even ifafault should
occur The @rresponding power converterasdesignedising SiC power modules to
achieve high power density.he entiresystem, includingthe machine,six-phase
converter,andcontroller,has acustomized coolingystem desigred to be integrated
into theengine gearbox.

The controlalgorithmwasone of the most challengingartsof the MG systendue
to the absencef a position sensoand is the main contribution of this PhD research
Anl-F openloop andVodel Reference Adaptiveystem MMRAS) sensorlessombined
solutionwasproposed t@over theentirespeed rangé hestability issueof MRAS for

high-speeddrivesneedgo be considered carefully duedadow modulation frequency



Abstract

(of the power electronic convertetd the electricamachinefundamental frequency
ratio (M-F ratio).The entire MG drive system has been modelled inzftmainwith
particular efforts omodelling this noHdinear systemin particularthe estimated rotor
anglewasused inthe frame transformatiare.g.,ABC to DQ frame. With the discrete
z-domain modelgigenvalues of the system modielvethusbeenused toanalyse the
system stabilities. The Rdontroller for this highspeed MG system can thus be
designed with confidenabatthe system will be stableith selected parameters. &h
developedsensorless contradcheme has been validated on theGMsystem at full

speedandfull power rangausing testing facilities within the University of Nottingham
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Chapter 1. Introduction

Chapter 1.

Introduction

1.1Climate Change andNet Zero Aviation

Climate change has becomaegreat challenge for ahuman beingsEvery year
billions of tons of CQ are released into the atmosphere as a result of coal, oil, and gas
production. Human activity is producing greenhouse gas emissions at a record high,
with no signs of slowing dowft]. It is recorded thathe Earth is now about 1.1°C
warmer than it was in the late 180@sd he last decade (2042020) was the warmest
However,the temperature rise is only theginning of the storyThe consgquences of
it include intense droughts, water scarcity, severe fires, rising sea levels, flooding,
melting polar ice, catastrophic storms and declining biodiveli2jty

United Nations (UN) sustainable development goals outline 17 major gdal§lto
by 2030 that address global challengasdgoal No. 13 is directed towards taking
urgent actions to combat climate chaf@jeln the 2021 Unitd Nations climate change
conference (COP26all countries agree to set a clear gafatecuring global net zero
by mid-century and keep 1.5°®ithin reach.The COP26 alsceleased aeclaration
promotingthe development and deployment of innovative new- lamd zerecarbon
aircraft technologies that can reduce aviation CO2 emisglpmiss the host of COP26
the UKisthd i r st maj or aviation sector in the v
andunderlined this pledge with interim decarbonisation targets of at least 15% by 2030

and 40% by 2040However, commercial aircraft in the sky are predicted to double in
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the next 20 years, with emissions soaring in their wake, and by 2050 10 billion
passengs will fly every yeai5].

To achieve such ambitious targets and deliver net zero avidlienaerospace
industry will take concerted and coordinated acforiakng in clean aircraft
technologies and propulsion systems, sustainable aviation fuels, advances in materials,
manufacturing and aircraft maintenance and more efficient airspace and airport
operationg5]. Aircraft electrificationis one way to deliver net zero aviation arah
increase th&uel and energy efficiemesof the engin@ndreduce environmental impact
This ambition should be achieved regardless of whether the engine is powering a large
airliner or a small utility aircraft, meaning more thrust while burning less fuel and

emitting less CO2, NOx and noifsg.

1.2More Electric Aircraft

In the early 1990s, the need for more eneatiicient aircraft promoted thore-
Electric Aircraft MEA) concep{6]. For an MEA, subsystems such amchanical (e.g.,
pumps), hydraulic (e.g., actuation systems), pneumatic EngironmentalControl
System (ECS)andWing IceProtectionSystem (WIPS)) subsystenase replace with
electrical alternative In the following part of this section, trenergy utilization of
conventional aircraft and MEA will be discussed andchpared.

Thedistributions of gas turbingower inconventional aircraft are shown kg 1.1.

As can be seen, most tife energy fromjet fud is used to provide propulsiadhrust
(40MW), whilst only a small percentage (up to 4B)converted to other forsnof
energysupplying differentoads on boardi.e., mechanical, pneumatic, hydraulic, and

electrical power]7].
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l Jet Fuel
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Propulsion
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N

’ Gearbox driven
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+ Lighting
+ Galleys
* Avionic systems

Fig 1.1. Power sources distribution in conventional airci@jft

Pneumatic poweprovides hot air tt?WIPS and ECSWIPS has two working modes:
Anti-lcing mode and Delcing mode The Antilcing mode is turned on before the
aircraft enters icing conditions, whilst the di@ng mode is reactivantil theice has
already accumulated he disadvantages tifie pneumatic system atew efficiency
anddifficultiesin maintenance and rep49].

Hydraulic power on conventional aircraft is derived froneaginedriven hydraulic
pump and supply power to flight control actuators.

Mechanical power is transferratirough gearboxes frorthe engine to several
devices. These devices includentral hydaulic pumpsfuel pumpsJocal pumps for
engine equipmentthe main electrical generatognd other mechanically driven
subsystemsThe mechanical systermcludes large and heavy gearbesand is with
high maintenance cosi{8].

Electrical power is frongearboxdriven generatorand distributed throughout the
aircraft for avionics, utility actuators, cabin electronics, lighting and g&lfdyAs can
be seen fronfrig 1.1, electrical power is only a small percentage ofadlondary power
sources (nofthrust power)within a conventional aircraft.ln contrast with the

pneumatic, hydraulic, and mechanical posystens, the electrical power system owns
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many outstanding advantages suchhegh efficiency, low maintenance feegood
controllability and so orDue to these advantagesplying more eletrical power on
aircraft has becomemajortrend on aircratft.

The concept of MEAs proposedo follow theabove trend to increase the penetration
of electrical power in aircraft systenfi7]. As illustrated inFig 1.2, many on board
devices used to be powered by ralactrical power(such ashydraulic actuation
systems, pneumatienvironmental control and wing ice protection systeamg
replaced by electrical deviceReplacinghydraulic and pneumatic systemih their
electrical alternatives will result in improved efficiency and reduced weight and thus
help reduce the weightost,and complexity of the system

Furthermore the use of electrical power with an appropriate distribution system
provides options for reconfigurability, prognostics and diagnosticsenkbles
monitoting the health condition of the power system and dhgr predic$ its
maintenance periodrhese features offer increased flexibility and availability of the

entiresystem as well as reduced unscheduled dowriBine

lJet Fuel

[t
Py G =, - Propulsion
?VI Thrust (~

40MW)
Gearbox driven Expanded electrical
generators network
I | I I
'l' A 4 v v
Existing Electrical Electrical
electrical loads Wing de-icing system Landing gear
Environment control system Flight actuation
Engine start-up

Fig 1.2. Power sources distribution of MEA]
Fig 1.3 shows the electrical pow&velsof several civil aircraft in the past decades.

It showsthatthe onboard generation power capability of aircraft has increased over the
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pastyears. Especiallythe Boeing 787reaches up t0,450KVA [7]. The Boeing 787
is a prime example of an aircraft that has implemented severalddkifions leading
to 209625% more fuel efficient thathe aircraftit replaces (Boeing 767) [10]. This

trend will continue as electrical power becomes moreportant on board in future

aircraft.
A
<
Z 1500 | B787
-
8
Jav)
o
5
S 1000 +
o)
z A380
[ A340
- B777 B767
5 500 +
E A330
L Year of
- H First Flight

»

1992 1993 1994 1999 2005 2009
Fig 1.3. Electrical power levels for various civil aircraft

Within theaviationindustry, onethird of theemissions come from flights of less than
1,500 kmrange and twethirds from flights less than,@d00kmrange makingmore-
electricregionaland commuteaircrafthas become inevitable to reduaeerall CO2
emissions irtheaviation industnjf11].

With the agility to take off and land in regional or remote utility airpadsnmuter
aircraft are frugal when it comes to fuel consumpti@ommuter aircrafhave fast
turnaround times, and can be deployed on routes that would not be geographically or
ewmnomically viable by rail or road, nor by larger aircraft such as regional turboprops
orjetsTo meet the Flightpath 2050 target whe
cancomplete their journey, dodo-d o or wi t h icommuter dircrafpiugsa,
gap that many other travel paradigms struggle to [fill]. Therefore, lower

environmental irpact(noise, fuel) is &ey improving area forommuter aircraft
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1.3Mild -Hybrid ized Turboprop (Tech TP)for

Commuter Aircraft

Turbopropengine arecommonly used aghe thrust power source afommuter
aircraft A good example of this type of aircrafttlse Beechcraft 190QFig 1.4). This
is a 19passenger twin-engine turboprop fixedving aircraft manufactuce by
Beechcratftlt was designed as a regional airlimath the capabilityof flying over600
miles (970 km) andis one of the most popular 4fassenger airliners in historjhe
thrust power is fromtwo Pratt & Whitney Canada PT6A turboprop engingh each

flat rated at 1,100 shaft horsepower (820)K¥2].

Fig 1.4. A Beechcraft 190vith two PT6A turboprops by Pratt & Whitney Canaf#]
Commuter aircraftommonly useheir turbine engineo drive apropeller to provide

thrust asshownin Fig 1.5. Thein-takeair is firstly compressed bgcompressobefore
entering the combustion champevhere the del is injected and mixed with the
compressedir. Afterignition, thefuel-air mixturewill combustnd the hot combustion
gases expand through the turbine stages, generating power at the point of &kieaust.
thrust is thus provided by th@opeller whichis coupledand driven bythe turbine

through a reduction gdawx [13].
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Prop Gearbox Compressor Turb‘ine Exhaust

Combustion
chamber

Fig 1.5. Schematic diagram showing the operation tifraoprop engingl3]
To make a more fuadfficient turboprop, Safran and its partnevighin CleanSky 2

programmenavedeveloped a technological demonstrator (Tech diRjing to validate

the technologies necessaoydevelopa newgeneration turboprof.his paves the way

for low-fuel and lownoise egines for usein generalaviation and smalcommuter
sized aircraft (up to 19 passenger$)e final aim of Tech T to reduce Ceemissions

by 15% and decrease noise levels by up to 5 deaibetpared to current engines in
service [14]. One importantmeasureto achieve that targetvould be to add a
mechatronic systerfdeveloped by the ACHIEVE projeetAdvanced mechatronics
devices for a novel turboprop electric stagenerator and health monitoring system,
project No.737814within the EU CleanSky 2 programijnato Tech TPto achievea
mild-hybridizedengine.The Tech TP system is shownkig 1.6. As can beseen the
system is mainlgomposeaf PAGB (propeller and accessory gearbox), turbo engine,
andpropeller( mar k e d a s Fighls despediveely) ©he air inlehand exhaust
ofthet ur bo engine ar e rhiglt& €he ACHEVESSgstem snd O f
integrated into the PAGB, and its location is marke@fipnl.6 at A staéter will
drive the turbo engine to idle speedgnite the engineand then the engine will provide

up to1MW thrust power to the propeller through PAGB.
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Fig 1.6. Tech TP systerachematic
(a) Propeller and accessory gearbox (PAGB); (b) Turbo engine; (¢) ACHIEVE system in PAGB; (d) 7
blade propeller; (e) Air inlet; (f) Exhauft5]

The mechatronic systerwas developedwithin the ACHIEVE project This
mechatronic device is essentiadymotorgenerator drive system developey the
University of Nottingham NEMA Ltd and PST companyThis PhD research is
working onthis project and providean advanced sensorless consohemefor the
new motorgenerator system.

The energyflow diagramamong the main components of Techi$RBhown inFig
17.Thet ur bo engi ne iAsdiddn8 soeee@ngigaenhicl8raddevelopad s
for helicopter application and is already certified by EASA. It can provide up to 1MW
power to the propeller throughe gearboxMeanwhile, he ACHIEVES sotor shaft is
coupled with gearbox as welrhis can either geerateup to20kW electrical power to
chargethe battery(as a generatyror provide up to 20kW mechanical power to the
propeller throughhe gearbox(as a motor)The 20kW generation capacityusmakes
moreelectrical ancelectronic devices onboageVailable tonextgeneration turboprop
engine. When it works as a motoACHIEVE canbe used asa boosterof the turbo
engineto assist its statip. Although the maximum power dhe ACHIEVE system
(20kW)is much smallethantheturbo engind 1MW), it can still baused asmauxilary

thrust sourcéor thepropeller which helpgheturboengine to reduckiel consumption.
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Fig 1.7. Tech TPmaincomponents andnergy flowdiagran

To achieve sucHunctionalities, there are a few challenges which need to be
addressd
- Limited space available

Sincethe ACHIEVE system nesdo be integrated intthe propeller gearboxery
limited space is availableside the gearboand this space isregular. Therefore, the
machineand converter must bdeespokeo fit into the limited space.

- High-temperature environment

The ambient temperaturesidethe gearboxcanreach 130°C irextreme caseas it
is close to the turboprop engine and the space is expokighiemperature engine oil
mist for gear and bearing lubricatimpen bearing technology is used for this engine)
- High power density requirement (>20kW))

Sinceat least 20kW power capacity is requifed the ACHIEVE systemin such a
limited space,the high power density oboth the machine and drive system is
necessary.

- Highly integrated design

The project require all drive system components (machine, convedentroller,
heatsink)to be integratedhto the gearboxso the ACHIEVE system mustvolve a
highly integratedlesign

- Fault tolerance design
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In order to enhance the reliabilinf the ACHIEVE system to meethe aerospace
standardadual 3phase machine with two independ&@/DC channelss developed
to makethe system more redundant.

- Sensorless control for higgpeed machines

Due tothe high ambient temperature within the gearbox and limited space available
for ACHIEVE system|t is required byour project partner to appbensorless control
in ACHIEVE system as itan get rid of thgosition sensor as well aavethe space
for the machne and converteiThis is the most challenging part of this projsicice
sensorless contrahould cover all speed rargydrom zero to the maximum speed
(14.2krpm).Development of aensorless algorithmvhich is suitable for such high-
speed electric dre, for both motoring and generatioand covering the entire speed

range is thus the main focathis PhD research

1.4Introduction to the ACHIEVE System

Thelocationof the ACHIEVE systemin theturbopropis demonstratedh Fig 1.8. As
it is integrated withirthe gear boxit occupiesthe limited circular space betweethe
propeller shaft and PAGB housinghe environment is hostildue to thehigh-
temperaturéubrication oil mist(up to 130C), and thusequiresadedicate and higty-
efficient cooling systemas well as good sealing performantiee ACHIEVE shaftas
tedh on its rightendto mechanicallycouple with the gears thePAGB. Throughthese

geas, theshaftcandrive the propeller and also be driven by the turbo engine shatft.

10



Chapter 1. Introduction

ACHIEVE system
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Fig 1.8. ACHIEVE system position inside PAGB (left) atite systendiagram (right)
As an auxiliary mechatronic devicghe ACHIEVE systentan workas a motor to

drive the turbo engineshaft from stopstatusto the ignition speedogether with the
existingstartefgeneratoiof theturbo enginewhich canacceleratehe enginestartup
processin addition,ACHIEVE can also belriven bythe turbo engineas a generator
to chargehebattery during aircraft cruising.

A structure diagramf the ACHIEVE systems shownin the rightfigure of Fig 1.8.
ACHIEVE machine is aual threephasemachine with two power channels. Each
channel has threghase windings from the machine feeding into one AC/DC converter
with its dedicated controlleCompared withhetraditional 270V onboard D®us,the
540V DC-bus allows themachine tohave higher backEMF and higher maximum
speed

Due tothe project requiremengensorless contrdias beerimplemented for the
ACHIEVE machineBecause there otasingle sensorlesaethodwhich can behave
well atboth low and high spesdhybrid sensorless algorithmasdevelopedo ensure
stableoperation from zero to maximum spe&tie stabilityof the sensorlessontrolat
extremdy high speed witha low PWM to fundamental frequency ratwill also be

investigatedn this thesis.

11
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1.5Aims and Objectives of Thesis

The tesis ains todiscusghedevelopment oACHIEVE motorgenerator systeifior
mild-hybridized turboprop applicatioithe specific objectives are as follows:

1 Develop the math model ttfie dual threephasemachineand corresponding
control algorithmfor the ACHIEVE project The control algorithmwill
include the current closetbop control, speed closddop control, and
position sensorless estimatiohlthough thedual threephase machine can
even workwith only one threephase, fauftolerant control is not in the scope
of this thesis.

1 Develop thesensorless control algorithm covering the full speed rakgeo
sensorless algorithm cdravegood performancat both low speed and high
speedahybrid sensorless control algorithmill be developed.

1 As the machine will run a& very high speed with lowower electronic
modulation frequency to the electrical fundamental frequency iatvall
cause serious stability issud the control paramers are not selected
carefully. Therefore, thestability analysis othe MRAS (Model Reference
Adaptive System)sensorless algorithm is necessdoy provide useful
conclusions on control parameter selection anMRAS algorithm
development

1 The power converter arfthrdware controller will be developed for thisal
threephasemachine.Due to thehigh-integration requirementthe power
converter isustomized t@chieve high power density. The control algorithm

based on microcontrollsalsoneedgo be developed

12
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1 The experimenof the prototype is necessaty validate thalual threephase
drive systemThetest results are aimed to demonstratduhgower delivery
ability of this systemThis dual threephasedrive system neexto be worked
in full speed and full powestably with sensorless control algorithend

efficient cooling performance.
1.6 ThesisOutline

The rest of thighesis is structured as follows:

Chapter 2 startwith introducing the structure tiedual threephase machindhen,
themath moded of the machinarederived based on the machine parameters fhem
FE model. The most accurate model tise six-phase math modeivhich has been
provenits consistency witlthe FE model by simulation. file dual dg math modeis

more convenienfior control algorithm design.

Chapter 3 introduces the current closémbp control and position sensorless
algorithm for thedual threephasemachine.The currentclosedloop control topolog
based on the proposed duafjdnachine math mode$ developed and validated in
simulation.Position sesorless algorithms are investigated for this machine, dnd |
openloop sensorless and MRA®odel Reference Adaptive Systesgnsorless are
selectedas low andhigh-speed sensorless algorithms respectivEheir principles are

introducedand corresponding simulations are achieved.

Chapter develog the stability analysis model for MRAS sensorless control system.
Firstly, a literature review ofsensorlessstability analysisis given, coming with

challenges oapplying MRAS sensorless tagh-speed driveapplicatiors. Then the
13
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smaltsignal moded of entire currentclosedloops including the MRAS sensorless
controlalgorithm, current PI controller, machine modetl frame transformatigpare

derivedanddevelgedin thediscretetime domain

Chapter Sproposesa stability analysis procedure to analyse the overall stability
performance of the MRAS sensorless sys@md provide simulation results The
stability bounday of theMRAS sensorless contreystemis calculatedunder different
operating conditions with different parametefhe stable areas are validated by
simulationsand some useful conclusions are deriteeguidestable control parameter

selections.

Chapter 6 introducebe experimental prototype of theal threephasanachine and
its drive system. The hardware and software of the customizephase power
converter will be introduced firsthen, thantegratel assembly of thdual threephase
machine and the power converter is introdudédally, the experimental test aptis
introduced.All the content in this chapter tries to give averall picture of the

experimental prototype to readers.

Chapter7 demonstrates the test resultsehsorless control. Botireentaxiing and
generation operatiomodes arevalidatedusing testing facilities in Nottinghanthe
experimenal testsprovethatthe prototype can accelerate to the designed maximum
speed (14.2bbm) and generateated power (20kW)as requiredIn addition, this
chapter also showthe experimental results to validate the stability analysis method

proposed irthe previoushaptes.

14
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Finally, Chapter8 concludes the Thesis with the overall waikd main outcomes.
Possible future research work is also discussed in this Chapter. A list of publications

which resulted from the research is also given.

1.7Conclusion

In this chapter, the consequences of climate change and the urgent need for reducing
CO2 emissions, especially irthe aviation area,were first presented.Aircraft
electrification (also known as MEA (More Electric Aircraft)) can help increase fuel
efficiency by replacing the mechanical, hydraulknd pneumatic subsystems with
electrical altematives.The structures of conventional aircraft and MBAve been
compared talustratethe superiority of MEAand reveal the future trend of MEA.

As a commonly used thrust power sourceaihmuter aircrafta turboprop engine
can becomemore fuel-efficient with the aldition of a mechatronic device into its
gearbox. The project ACHIEVELt the University of Nottinghamhas developed a
motorgenerator drive system for the negdneration turboprop demonstrator (Tech
TP) at Safranlt can work as anotor to drive the turbo engine shaft from stop status to
the ignition speed together with the existing starter/generatbetfrbo engine, which
can accelerate the engine stgptprocessThe same systegan beused as a generator
when the aircrafts in the air andupplyelectrical power to on board load.

The ACHIEVE system includes a 20kW dugbBase PMSMtogethewith its power
converter and cooling system. The dugdltase channel design guaranteeseasing
electric power generatigpvenif one channel fasl Due tothespace limiationandthe
high-temperature environment, the position sensor (encoder owveeswlould be
impossible to integrateso sensorless contrafas implemented for the ACHIEVE
machine. The aims and objectives of ttiesishave been formulated in ththapter

along withanoutline ofthe tesis.

15
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Chapter 2.

Dual Three-PhaseMachine Modelling

The mnulti threephasemachine has many advantagesbe appied in aerospace
applications. Compared withe single 3-phase machinenulti threephasemachnes
canreduce the current per phase without increagiegvoltage per phag&6], which
makesit possible to use multiple small powapdules to achievanoverall high power
rate. The multiphasemachinealso has higér reliability with a higher degree of
redundancy which is preferablen some safetgritical area such as aerospace
applicatiors.

A dual thregphasepermanent magnet synchronous mackiags beermesignedor
this project The optimizedmachinestructurewill be discussed in this chaptérst.
Then, thematrematicalmodelling of this machine is discussedhe following part of
this chapter Two models the six-phase math model anlde dual dq math model) are
derivedbased on the machine parameters from finite element andydfs.of them

match well with the finite element modalit have theiadvantageand disadvantages.
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2.1Dual Three-PhaseMachine Design

The ACHIEVE machine is required to deliver at |1e28kW power to the D&us
between ratedpeed (12.4krpm) and maximum speed (14.2krpm) wathimited space
envelope. The researcherdfa University of Nottingham have conductadradeoff
study to design a high power density machine meeting thehyliddized turboprop
application requiremenfl7]. They compared several sjpvle combinations and
winding configurations, and finalized the machine with 18 slots/12 poles permanent
magnet synchronous machine with concentrated windings.

The optimized machine has the section viewrig 2.1. As can be seen, the rotor
includes a hollow shatft, rotor lamination, permanent magnets (PMs) and the sleeve. The
permanent magnet on the rotor is with a Holbach structure, whitheduce the rotor
size and increase the power density. The magnet magnetization direction is shown in

the figure with red arrowd.he stator includes coils and stator lamination.

Fig 2.1. Section view of the optimizedual threephasemachine

Based on the finite element analysis result, this machine has the designed parameters
shown inTable2.1. The maximum winding temperatuie 132C which hasa good

margin with theallowed maximum winding temperature (285). Theoutput power at
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both ratedspeed and maximum speed are above 20kW (24.6kW and 26.ZkiMhe

efficiencyand torque rippleesults satisfy the project requirements.

Table2.1. ACHIEVE machine design parameters

PARAMETERS Value
Maximum Winding TemperaturéQ) 132
Current Density (A/mrf) 24.86
Phase Resistance (ohm) 0.035
Phase Inductance per channel (uH) 450
Leakage Inductance per channel (uH) 715

Peak ndoad flux linkage per channel (Vs) 0.033
Output Power at 12.4krpm per channel (kW) 24.6

Output Power at 14.2krpm pelnannel (KW) 26.7
Load Torque Ripple at 12.4krpm (%) 3.0
Load Torque Ripple at 14.2krpm (%) 0.83

Efficiency at 12.4krpm (%) 93.6
Efficiency at 14.2krpm (%) 94.1

2.2Dual Three-PhaseMachine M odelling

2.2.1Six-Phase Math Model

The windings distribution of the developed machine is showfigr2.2. As can be
seen,each thregohase windings placed ina semicircle of thestator. This kind of
winding distribution is specifically designed for fatdierant purpose The design
allows the properties of electrical separation, magnetic separation and physical
separatiofil8]. Splitting the stator into 2 sectors can achieve minimum mutual
inductance between the twlreephase windings.

Due to thdayout of the unique windinghe mutual inductances between two sectors
are relatively small than seiliductances within one sector. The purpose of this design
is to decouple the two sectors magnetically as much asbf@sshis allows single
sector operation if thether sector has problems (e.g., winding shkortuit, drive
failure). However this winding topology willalso caus thedisagreemenof mutual

inductances, buheimpact can be minimized if loa@f thetwo sectors arequal.
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Sector 2 i Sector 1

Fig 2.2. Winding distribution of the dual thrgghase machine
As there are 18 slots and 12 poles, the electrical detheeen twadjacent windings

(— )isl2Qas

(2.1)

wherer) = 12 represents pole number and p yrepresents slot number.

With the 12Q) of adjacent windings angle shifthe phaor diagram of winding
distribution can bederived asshownin Fig 2.3. The two sectorsdgenoted a®\/B/C
phase sectoand U/V/W phase sector) argeparated by a dashed line to reflect that
they are physically separated in a stator. Within one sector, the electrical phase shift
between any two phases (e.g-BAA-C) is 120. Between two sectors, the phase shift
of thecorresponding twphass (e.g.,Ato U, Bto V, C to W) is 18D It is because the
flux direction generated by the curreimigphase A and phasedlde oppositas shown

in Fig.2.9
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Stator

|
Sector 2 i Sector 1
|

Fig 2.3. Equivalent star winding configuratigghaserdiagram

Within a traditional dual threphase machine, the symmetrical thptese windings
should be alternated along the entire stator thiglsame spatial interval3 hiswinding
pattern will resulin the sameselfinductanceand mutual inductander each phse In
this machine, however, each thygease windings are only placed on half of the stator
and thus mutual inductances between phases would mofuaé budepending on the
location of the windings (e.db, 0 ). The inductance matrix faghe 6 phases of
this machine is calculated from FEA software (MAGNHEY]) and shown in equation
(2.2). 4 (3x3) represents the self and mutual inductance within each -jiase

windings, and! (3x3)represents the mutual inductance between two-jhinases.

4 U

Iy 0 (2.2)

cqo Yp ppp mumgm
whered pp oco ppp O uvumcmegm O

pPPppP PPPOCOH CMmgTMQGT

For a symmetrical duahreephase machine, the séfiductance is the same for
different phasesThis is also true for mutual inductances. Thus the-igdlictance
matrix4 should be with one value for the diagonal line items {selfictance) and the
mutual inductance matri¥ should be with another value for ndiagonal items

(mutual inductanceHowever, for thistudiedmachine, the mutual inductance matrix
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1" embedded different valuefgr example,d 0 M O . Here,0 is
smaller tharv  and it isbecausé¢he windings A and C are always next to each other
but A and B are discontinuous near the boundary of the one sector. Due to this
phenomenon, thinductance matriX ycannot be transferred tdiagonal matrix by
ClarkePark transformation. This means the decouplegl @irrent control is not
achievable using conveanal ClarkePark transformation.Thus, some further
modelling techniques for control desigrerequired.

For thisdual threephasemachine, its voltage equationgs/enas follows:

Vv

O Yy — (2.3)

where 'Y represents the phase resistance, @fftijv 4 represent phase voltages,

currents, and stator flux linkage respectively. They have expressitoibas:

O , , ., , .
% euomwean @9
¥
Vv ¢ * * B~ * * (2.6)

The vector with subscript A10 represent s
The vectorwithg bscr i pt fi20 represents variabl es
linkage comes from two source®., stator currentand permanent magnetnd can be

expressed as
vy dyy o f (2.7)
wheree represents the rotor flux linkage magnitude per phase associated with

permanent magnetf represents the angle shift betwetde rotor and each stator

windings and can be givexs

i
¥ v (2.8)
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)4 AT© Al 6 — Al & — (2.9)
f Al e+ AT & - Al 6 - (2.10
where—represents the electrical angle shift between rotpold and phasa.

The voltage equation of the machinethe six-phase frame can thus be derived by

substituting flux linkage expressid@.7) 1 (2.10) into voltage expressiofR.3). Thus

we have
O Yy Ay 1 ¢ ym (211)

where
{m ;: (2.12)
fm OE+ OE+ — OER — (2.13)
fm OE+ * OE+ - OEHR - (2.14)

In (2.11), theinductance matrix yis given in(2.2), and'Yfr are given inTable2.2

below. All of them are derived from the finite element model of the optimized machine.

Table2.2. Machine parameters from MotQAD

Machine parameter Symbol Value
Pole pairs 1] 6
Phase resistance Y 0.0357m
Flux induced by magneit . 0.033Vs

The electromagnetic torque can be determined as the first derivative of the field
energyw [20] and given as
Y o— A= -idyy a0 (2.15)
where— is themechanicalotor angle of the machinghich hasa relatiorship with
theelectrical rotor angle dsllows:
— N— (2.16)
It can be seefrom (2.15) that the torque is only proportional to the product of stator
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item of (2.15) is not associated witthe rotor position— and will become zero after
derivation. This item will not contribute to any torque. ThusgpRdan be simplified

as
YR m (2.17

2.2.2Dual D-Q Math Model

Thesix-phasemath model developgdst abovas the mosintrinsic math description
of the dual threephasemachine.However, it is notfriendly for machine control
enginees because all variables dhe six-phase frame are sigoidal. To makea
conveniencef control algorithm developmentdacouplednachine math modélased
ontherotor frame (dq frame) will bedevelopedn this section

This decoupled machine model is caltbd dual dq math modebecausehere are
two sets of dq frames definedor the two thregophase, which ar@p and'(; f1\¢
shownin Fig 2.4 for ABC and UVW phases respectively. As can be seen from it, the
p-axis is aligned with rotor Mole. TheQx;-axis has 18@egree shift witf(p-axis
due to the 18@egree phase shift betwethre A phase and U phas&herp andrg
axesare 90°shift anticlockwisefrom (p and'Qx; axes

o>
RS
A phase
AL
0@
Fig 2.4. d/qaxis and rotor position-§ definition
After the definition ofthed-q frame, the Clark@&ark transformation equati¢.18)

is multiplied on both sids of the six-phase mode(2.11), which can derive the final

23



Chapter 2. SkPhase Machine Design and Modelling

decoupled dual-dy frame equation liké2.19-a) and(2.19-b), which represent A/B/C

phase and U/V/\Wphase respectively.

FooT (2.19)
F
Al-6 ATl & — Al &6 —
wherep - o
O+ OEF — OER —
o) Q 0 ™ 0 0Q
: ) . — . |
0 Y m 0 Q ! b . (219-3)
0 Q 0 m Q 00
r ‘ ”n — o, ”"n -
0 Yq m U Q | b . (2.19b)

where'Yrr F) F) have their valueshown inTable2.3, and®has the expression in
(2.20) The'Yands don ot c h an gRark &rdnsfaenmatiool tleey &reethe
sameasthe parameters dhe six-phase model iTable2.2. Thed and0 are unique

for dual dq model and calculatdshsed ortheinductance matrix yin (2.2).

Table2.3. Machine parameters fduald-q mathmodel

Machine parameter Symbol Value

Phase resistance Y 0.0357m
Flux induced by magneit . 0.033Vs
d- and gaxis inductance O 437 O

Comparing(2.19-a) and(2.19-b) with the traditional thregphase PMSM modethe

dual dq model has aaxtra item® which has the expression as follows:

(2.20)

where! m chTr cpnc‘ "G5 calculated based on the inductance mdtgin (2.2).

It can be seetthed and0 are much larger thatm. In addition,during normal

operatios, 'Q and’Q will follow the same referenasalueand so do th&€ andQ ,
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thus makind®to be even smallelherefore™ can be neglected artidis machine can

be regarded as two separate tiphase PMSM as follows:

6 0 0 m™ Q 0 Q
6 Yo wo " ! 59 . (2.21-3)
6 0 0 m™ Q 0 Q
6 Yo w5 "0 ! o (2.21-b)

Thereforethetotal electromagnetic torquean be regarded as the sahtwo 3-phase
machinas and has its expression fadlows:

Y opBhe Q0 (2.22)
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2.3Comparison of Machine Math M odelsand

Finite Element Model

In this section, théwo machine math models (i.e., $pkase model, duatg model)
derived above will be compared with the machine finite eleifiE)Xmodel.With the
same curreninputs, he two math models are expectechttve the same voltage and
torque outpuaisthe FEmode| so that tqorove the correctness tifetwo math models.

It is assumed that the rotor is rotating constantly at 10,00Qrpm ¢ ¢ W&TH),
and thesix phase windings are injected with sinusoidal currents givef2.B%) with
one period waveform shown kg 2.5. The magnitude of currents (i.&Dis setd 10A.

L Q O ET o
Q- @OEN 0 —
ko ol 6 —

rQ a@Blo ¢ (223
~Q COEN o -
Cr

pQ GaOEN o -

N N /x\ﬂ b
—Ib
N Q ’
~_ 7
0.6 0.8

Current(A)

0 /
| X/
-10 \ )
0 0.2 0.4

Fig 2.5. The awirrentwaveform used fothe FE model, sixphase model, and dualgdmodel

- |

1
Time(s) «1073

For the FEmode| the current injections can be achieved by simply connecting six
current source@with the waveforms irrig 2.5) to the six windingsThen, running the
finite element simulation can obtain the-pixase voltages and torque waveforms.
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For the sixphase math modgihesix-phase voltages and torque are calculatitd
the model shown ifig 2.6 below.Firstly, thef m is calculated usin¢R.12)-(2.14) with
the input of rotor position<}. Then,the sixphase voltageg y) can becalculated by

(2.11) with1 , ¥m, andinjected currents §). The torque(Y) can be calculatetthrough

2.17).
. (2.12) [ Us
"S
6| Six-Phase
Math Model
-
We Ad (2.18) T,
1/s (2.13/14/15)
0 6

Torque Calculation

Fig 2.6. Six-phase math model validation diagram

For the dual ef math modelthe six-phase voltages and torque calculation diagram
is shown inFig 2.7. Because ils math model is built othe d-q frame, the sbphase
currents shoulde transformed tthe d-q frame by Clarkd?ark transformatiomising
(2.18), and thesix-phase voltages also need to be transformed from-theottages by
inverse ClarkePark transformation using the equati@®4) below. The voltages in
the d-g frameare calculated from ¢y frame currents by2.21-a/lb), and the torque is

calculated by2.22) with 'Q and™Q .

SERTRE (2.24)
Fiin"
AT-6 OEF
Ai & — OEL —
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la1 Uagq
D 1/s
We 0 i 1 Ug
a 1 (2.25) u,
(2.19) ign (2.22-a/b) Ugs 6
L Z iqz Ug2
Clarke-Park Single d-q Inverse Clarke-Park
Transformation Math Model Transformation
(2.23) T,

Torque Calculation

Fig 2.7. Dual dq math model validation diagram

After injecting the same sighase currents into tH& models (i.e., FEnode| six-
phase model, duatg model), theoutput phase voltages and torque have thelt®in
Fig 2.8-Fig 2.10.

Fig 2.8 demonstratesne period othe sixphase voltages ithe time domain, and
Fig 2.9 compares thepectrum of Aphase voltage for the 3 modelsom Fig 2.8, it
can be seen the sphase model and duatqdmodel have exactly the same voltage
waveforms, andhe FE model has almost the same waveforms but witlsnaall
distortion.

Their minor difference can bexplained from their spectrum Fig 2.9. There, we
can see that the fundamentaltagecomponents (1,000Hz) atke samdor the six-
phase model and duatgdmodel (208V), but is little different for the FE model
(206.7V). However, the voltage waveforms frotihe six-phase mode&nd dual eq
modelare ideal sinusoidadndonly contain fundamental compongnivhile voltage
waveformsfrom the FE modelcontain harmonics due to impacts sucHhaasination
saturation slots and magnets shapes, uneven flux distribution, etc.

For the control design, only the fundamental components are relevant, therefore, it is

adequate to use the gpkia® modelor the dual eif modelto represent the relationship
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between machine phase voltages and phase currents.

| ----- FE Model = == Six-Phase Model © Dual d-q Model |

300

Lo ] [ue] fue] U] [Ua] |,UW|
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L
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o

-200

_300 L 1 1 1
0 0.2 0.4 0.6 0.8 1

Time(s) «1073

Fig 2.8. Six-phase wltage comparison dfE mode| six-phasemodel,and dual g model
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Fig 2.9. The pectrumof A-phasevoltagefor the FE model six-phasemodel,and dual e model
The comparison of electromagnetic torque waveform, giveidp.10, shows that

the torqusfrom thesix-phasemodel andlual dg model areonstantwhilst the torque
from the FE modelcontainsripple caused by cogging torgaadharmonics omagnet

flux. However, they have similar average valas®xpected
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Fig 2.10. Torque comparison ¢fE mode| six-phasemodel,and dual e model

Above all, thissectionproves theawo machine math modelsix-phasemodel and
dual dg mode) havea good match with the FEBodel Therefore, control algorithms
can be proposed asinulated based dhe sixphase modebr dual dg modelinstead
of thetime-consuming~E modelwith muchconfidenceHowever from the FE model,
the cogging torque and voltage harmonics can be observed, which is impossible for the

two math modelsTherefae,theFE model is pone to be used for torque ripple analysis.
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2.4Conclusion

In this chapter,the dual thregphase penanent magnet synchronous machine
designed fomild-hybridized turboprop is first introducells section view is provided
to give a better understanding of the machine structureméwohine parameters are
derived from finite element analysiand the machine performantrem simulation
satisfies theequirementf themachine from the project.

Then,two math models of thislual threephasemachine aredeveloped(i.e., six
phase math model, duatlqgdmath model).The sixphase math model is the most
intrinsic, but not friendlyfor control algorithmdesign because albriables inthe six-
phase frame are sinusoidalsteadystate Anothermachinemodel,the dual dg math
model,is derived fromthe sixphase math model bbased on the rotor-g frame. It
canfulfil the decoupling oimachine variables and easier for control design.

At the end of this chapter, tteemodels (finite element model, sphase model, and
dual dg model)are compared by using the same@mase currents as inpliheoutput

voltages and torque dfiemare compared to validate thewnsistency
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Chapter 3.
Current Closed-Loop Control and

Position Sensorless Algorithm

The dual threegphasemachine math models (sphase model and duatqggmodel)
have been developed in the last chaptethis chapter, theurrent closedoop control
algorithm will be designed based on tldual dgq machine modelThen, he rotor
position estimation methodsill be reviewed based on previous literature. THe |
(currentfrequency)openloop sensorless control s$glectedor zero to low speed, and
the Model Reference Adaptive System (MRAf)sed estimation method is adapte
for high speedThe principles of these two sensorless costwll be introduced in
detail and corresponding simulation results will validate their ability to control this
machine without position sensdorhe speed control loofs not consideredn this
chapter, whilst it will bemplementedn the ACHIEVE experiment and introduced in

Chapter 7.

3.1Current Controller Design

In this sectionthe PI (proportionalintegral) current contrder is designedased on
the dual ég math modeproposed in sectio?.2.2 Themachinedual dq modelcanbe

summarizeds

o
C:
=

y 0 0 i -
6o Yo wmo "0 ! oq . (3.1-2)
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6 0 0 m™ Q 0 Q
6 Yo wo " ! 5o . (3.1-b)

Each 3phase channel can be regarded as an indepenrgbaas8 machine. Therefore,
the two channels can be controlled separately with the current dtageatontrol
diagram shown inFig 3.1 below. Each 3phase channehas its own current PI
controllers, current decouwpimoduleand SVPWM moduleBecause the two channels
have the same expressiand parameters, onlthe ABC 3-phase channel will be
analy®din the following part of this sectioandthederived control parameters can be

usedfor the UVW channel directly.

lab,c
abc 3-phase
converter

* *
Ugoy, _§ Ugqy

u, ur
qo1] é ql

Decouple

3-phase
converter

* *
ud04 u’dZL

*

“202 ,é Ugo

Fig 3.1. PI current ontrd diagram based on dualgimath model
Transformingthe timedomain expression(3.1-a) to the s-domain, the machine

transfer function othe ABC channel is showas follows:
0 b YQ 7107 (3.2-a)
0 0 YQ 1 0Q - (3.2-b)
The PI controllers ifrig 3.1 have the transfer function &dlows:

o QN - B (3.3-a)
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o Q - 0 (3.3-b)
where QRQ are proportional and integral factors respectively.
The purpose ahe6 D e ¢ omogdleim Big 3.1 is to compensate the cressupling
voltage drop on bacEMF and d/gaxis inductances. It has the expressions as follows:
6" 0o 1 0Q (3.4-a)
60 6 1 0Q . (3.4-b)
Theo® ando6® in Fig 3.1 are the voltage references which gothe SVPWM
module to generate switching signalglef A/B/C-phase. The SVPWM usually causes
a delay between voltage reference and real voltage, which is one switching period.

Therefore, this delay can be described as adidr process as follows:

o) —0° (3.5-a)
6 —0 (3.5-b)

where"Y represents the switching period whiis the samasthe carrier period.

Based on the transfer functiderived above hie entiretransfer function diagram of
the d-axis currentontrol loop can be derived anésplayed inFig 3.2-(a), where the
three blocks representodels ofPI controller, SVPWM delay, anelectricalmachine
respectivelyOne compensation teim 0 "Q after the SVPWM delayepresents the
couping item from gaxis to daxis inside the machine. The other compensation term
1 0 "Q before SVPWM delay is the decoupling itenthe controller. As can be seen
in Fig 3.2-(a), the two compensations are the same but have opposite sywihich
can be counteracted in further analysis. Thereféige3.2-(a) can be synthesizaadto

Fig 3.2-(b) with an operoop transfer function shown {3.6).
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(UeLqiql
et T ]
PI controller SVPWM delay machine
(a)
fa + (skp+k) | _im
i sGT, + D(sLy +R)
(b)

Fig 3.2. The entiréQ current control loofga) and synthesized (b) transfer function diagram
@ | [ (3.6)

It can be seen frorkig 3.2-(b), the operloop transfer function has two polds (
pT'Yh 'YF0 ) and one zeroi(  "QFQ). The design principle 6@ andQis to
make the zercancelthe polewhich is clog to the origin and hasgreater impact on

system performancé herefore, the Pl factors are selected as follows:

Q0] (3.7-a)
QY (3.7-b)

wherg is associated with the syst&alosedloop bandwidthwith a unit of rad/s

Substituting (3.7-a) and(3.7-b) to (3.6), the operoop transfer function haan

expression amllows:

"Oi (3.8)

Therefore, the closkloop transfer function is shown as follows:

O i
(3.9)
where the second order itemn {Y) can be neglected as its factytis much smaller
thanthefirst-order factor 17Y is defined’Y  p#X
As can be seen from the clee®p transfer functio3.9), the current closkloop is

a firstorder system. Its time constdivt is a measure of how quickly the first order
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system responds to a unit step input. The bandwidth of this systeffimisddas'Q
pX ¢“ Y , which represents the frequency of the system a8dB drop.

The transfer function diagram @ -loop issimilar to that ofQ control loopand is
shown inFig 3.3. As0 is assumed to be equaltio for thissurfacemountedmachine,
the closdoop transfer function of2 closeloop isthusthe same witfQ closeloop

and the selection 2 hQin the’Q closeloop can follow(3.7-a) and(3.7-b).

PI controller machine

SVPWM delay
(a)

iq + (sky + k;) _531

- s(sTs + 1)(sLgy + R)

(b)
Fig 3.3. Whole (a) and synthesized (b) transfer function diagrari®©farlosel-loop
With (3.7)-(3.9), the Plcontrollers for the current loop can be defined for a selected

bandwidth™Q . For the specific ACHIEVE machine, we select the bandwidth to be

"Q=1000Hz, the control parametean be derived and shown in the following table.

Table3.1. Current PI controller parameters

Simulation condition Symbol
Controller bandwidthffis ). 1000Hz
Proportional factorﬁ_) 274

Integral factor ) 220

3.2Current Closed-Loop Control Simulation

A simulation modekhown inFig.A.3 in Appendix A is built in PLECS. It will be
used in this section tealidate the currentlosedloop control algorithmproposed in
Section3.1 The motor drive system with designed current loops is tested under two

scenariosi.e., step current command scenario and step speed command scenario.
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3.2.1Step Current Command Scenario

During thesimulation, we kept the machine speed constant at lamthe d-axis
current referenc&is zero. At t=0s, the-axis current referencé) changes from 0A
to 10A. At t=0.01s, th& changes from 10A to 20A. The PI controller bandwidth is

selected to 1000Hz witfQ hQ shown inTable3.1.
The simulation results of-gund daxis currents are shown kg 3.4. It can be seen
in Fig 3.4 thatthe"Qfollows the referenc& very well without any overstot. The d

axis currents are not affected at all by thaxes current change.

25 ¢
20 ,——
‘ id*

2 157 I o id1
= | id2
& 10 ! iq*
5 iq1
@) iq2

5 ; 3

oo

-5 1 1 1 |

0 0.005 0.01 0.015 0.02

Time(s)
Fig 3.4. d/qraxis currents responséth iq reference step command

Fig 3.5 shows the electromagnetic torque under this scenario. This torque changes
smoothly duringhedynamic state and keeps very stable dutfiegsteadgtate As this
machinds assumed to hawgjual d and gaxis inductanceshe electromagnetic torque

does not have theluctancdorque component. Therefotbg torque igproportionako

iq exactly.
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Fig 3.5. Electromagnetic torquesponsaevith iq reference step command

The sixphase currents, given Fig 3.6, havetheir magnitude the sanasthe g-axis
currentsince the d-axis current is zero. The current waveforms also inchidé-

frequert harmonics caused by the PWM voltages.

30

0 0.005 0.01 0.015 0.02
Time(s)

Fig 3.6. Six-phase currentwith iq reference step command

3.2.2Step SpeedCommand Scenario

In this scenarigo we applied a step change mfachinespeed at t=0s from Orpm to
1lkrpmand t=0.01s from 1krpm to Skrpralthough the step speed change is impossible
in reality, itis a good assumption when only analygimeanti-disturbance performance

of thecurrent loop.
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Fig 3.7. Speedcommandstep change waveform

The d and gaxis current waveforms, given Fig 3.8, show the currents are not
influenced by the speed step changes and digmayg antidisturbance ability. The
torque waveform, givemn Fig 3.9, is always constant even with these speed step
changes. The torque rippleadtigher speed (5krpm) is also larger thiaa torqueipple

at 1krpm, which is caused by the lower modulatioruttdbmental frequency ratio at

5krpm.
35
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Fig 3.8. d/g-axis currents response witep speed command
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Fig 3.9. Electromagnetic torquesponse with step speed command

The sixphase current waveforms, givéam Fig 3.10, show thecurrentfrequency

increasesvith higherspeed, but the magnitude is not affected by the speed change.
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Fig 3.10. Six-phase currentegonse with step speed command
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3.3PermanentMagnet Machine Position

Sensorlesontrol

In this sectionthe position sensorlesontrol algorithm for thedual threephase
machine will be discusseHirstly, ashortliterature review wilbeintroducel regarding
commonly usedsensorless control methods for permanent magnet machihe
selection ofl-F openloop sensorless anbRAS sensorlesmethodss discussed for
this highspeed motor/generator system application in ddtalally, the sensorless

control simulation models are buitt PLECS andheir performancé demonstrated.
3.3.1Position Sensorless Control Methods Review

For field-oriented contol, the rotor position, which is usually measured by an encoder
or a resolver, is used in frame transformations d&germanent magnet machine.
However, due tohe project requiremenposition sensorless control is the only option

Sensorless control of AC machines has heelirstudied over the past few decades.
Many approaches have been propoged machine sensorless control amde

categorized irFig 3.11.

V-F
Open Loop [-F
-\ | ..
Low Speed <
Rotating Signal Injection
Closed Loop Pulsating Signal Injection
Sensorless .

Control

Open Loop MRAS

. Kalman Filter-Based
High Speed < Closed Loop Luenberger Observer
- Sliding Mode Observer

L.

Fig 3.11. Categories of position sensorless control
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Based on their operation speed range, sensorless control techarigueasegorised
into two groupsjow-speed sensorlesontrol techniquesnd high-speed sensorless
control techniquesEach group can bfurther divided intoopenrtloop method and
closedloop methoddepending on whether the measured variables (e.g., phase current)
arefed into the sensorless algorithmeasorrection ternj21]. The open loop sensorless
methods, either in the low-speed orhigh-speedgroup have the advantageof
convenierefor implementation. Howevethese open loogsased sensorless congol
may not satisfy performance requireneeduring transients and hawée risk of
position tracking failure.

On the contraryclosedloop sensorless methods are more reliable and robust. The
closed loop methods for low speed carcagegorizeasrotating signal injectiofi22],
[23], pulsating signal injectiof24], [25] and others. The rotating signal injection
methods injecphasemodulated signals into T frame, whilst the pulsating signal
injection methods inject magnitude modulated signals ‘Ghtframe. Both of them
essentially reliesnrotor saliency whichlimits theirapplicationn the machinewith
little difference between d andaxis inductaces

The high-speedclosedloop sensorless methods include MRB&ed26], Kalman
filter-based27], Luenberger observ§28], sliding mode observg29], and so on. For
these methods, the control inpof the plant (actual machine) and the tracking error of
the observe(i.e., tre error between plant and observer oufputre often used as the
input signals to the observer. The observer gains are desgobdhat the observer
outputsconverge to the plant output. Thus, the estimated values for the states of interest
can be fored to converge to their actual valy@8]. When the speed is high, the back
EMF and flux are easier to be extracted from the phase voltages and the impact of noise

and converter nonlinearity can be neglected. Therefore, thhesariables can be used
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for obserer and can have higher accuracy in high speed within sensorless control.

In this thesis, the widelysed MRAS sensorless method is the major research
objective not only because it is well developed during the past several decades, but also
becauset hasa simple structure ani$ robust to parameter variati¢g6], [27], [39]i
[42], [31]i [38]. In this application, the machine will run athigh speed (>6000rpm)
range most of the time, and only raighe low speedvith limited time duratiorduring
startup accderation Therefore, the-F (CurrentFrequency) opefoop control is
adopted during the short stap period.Comparedwith V-F (VoltageFrequency)
open loop control, the current iFFlopen loop control is under closkxbp control so
that it will not become overcurreni3]i [45]. Although he low-speed closetbop
sensorless methods.(.,signal injection) are more reliable thak bpenloop control,
theyhavemore complicaté control rules, thus more computation time will be required.

In the following section, the theory ofH openloop controland MRAS sensorless
control will be introduced separately. Their simulation models will also be built in

PLECS to validate their effectiveness.

3.3.21-F Open-Loop SensorlessStart -Up Control

The FF openloop sensorless contrdiagram is shown ifrig 3.12. As can be seen,
the reference rotor positior) is generatedrom integration of reference speed’)
instead othe rotor position from machin&he referenceand ° are theoutputs of
I-F openloop sensorless algorithnThey can be step signals or ramping signals
depending on theequirement, anthey should also followa proper sequende ensure

asuccessful stadip. Thel-F controlprinciplewill be discussedtbelow in detail.
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Fig 3.12. Block diagram of4F openloop sensorless stamp control system

3.3.2.1 |-F Open-Loop Control Process
The whole {F openloop sensorless staup period can belassified into two stages.
They are the initiatlampingstageand rotating stage shown kg 3.13(a) and (b)

respectively.

Fig 3.13. I-F openloop control frame diagram
(a)initial clampingstage (b) rotatingstage

(2). Initial clampingstage
As the actual ehxis position icompletelyrandominitially, the startingposition of
thereference rotating framegieen&’ and N -axisin Fig 3.13(a)) is defined tdealigned

on A-phase. At the same time, a rogro reference currented Qin Fig 3.13(a)) is
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given to the current controller. Due to the electromagnetic torque generated by the
current, the eaxiswhich is aligned to the rotqmarked adluein Fig 3.13(a)) will be
forced to align with\f -axis.

The final stablestate of this initiakclampingstage is shown ifig 3.13(a). As the
current’Qdoes nohave any componeptojected on the actuataxis, therawill be no
electromagnetic torque anymore, so the rotor sgithainin the position shown ifrig
3.13(a).

In Fig 3.13(a), the angle betweeki-axis and Aphase+) is defined as the position
of reference rotating fram@&' -N frame), and it is always zeruring this initial
clampingstage. The angle betwe#re actual rotor eaxis and Aphase -} is defined
as the position of rotor, and it becomes 90° at the etiteaiitial clampingstage.

(2). Rotating stage

In this stagea step change will be givéa] * and thughereference rotating frame
(A -Nf frame)starts to rotateas shown irfFig 3.13(b). Due to the rotor inertia and load
torque, the actual-édxis will lag behind thereferenceqg*-axis. In this case, the
projection ofthe current referenc&to the machine actuatais ('Q) will not bezero
anymore and electromagnetic torque will be generated and drives the rotor tdAtate.
the"Qkeeps constant during this stage, the electromagnetic torque totally depends on
the angle betweed-axis andd*-axis (— —) which isthe same with angle between
g-axis and g*axis.
3.3.2.2 Speed Transfer Functionof I-F Open-Loop Control

The mathematical relationship between real rotor speedand its reference ()
will be discussed below:

First of all, equatior(3.10) demonstrates the relationship between electromagnetic

torque and current on the reabgis'Q The0 represents theorque constanof an
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electrical machineEquation(3.11) shows the relationship betwe&andQ. It is

conveniento derive from thé=ig 3.13(b), whereQis the projection o) on theactual

g-axis.
Y00 (3.10)
N QAT & = (3.12)
Combining(3.10) and(3.11) gives
Y U QAT & = (3.12

In I-F openrloop control, théQis always set tde constant, thus therqueYis a

linear relation withA | © —= . The relation betweefY and— —is shown inFig
3.14 (the black curve The red initial point represents the initisiarting state
demonstrad in Fig 3.13(a). The position erro— —is 9QJat this state. When the
reference fram&*-g*) starts to rotateg torque will be produced atitemachine starts
to rotate.Thus, the angle difference— — will become lessthan 9Q). Thus, the
operating point will move along the red arrow shown irRige3.14. After the transient,
the final stablestatepointon the curveshown inFig 3.14 will be with] 1 “ and the
machine torquéY is equal to thdoad torque. The position errer — will remain
constantduring the steady staf€he two blue lines ifrig 3.14 demonstrate howy and

— — change during theF startup period.

T,

Stable point
W, = W,

Initial point
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Fig 3.14. Torqueposition error relationship and their tirdemain wavefom with thel-F startup
process

The cosine function i(B.12) is not convenient to analyse, thus it is linearized around
the initial point(— — w @ tothe equation as follows:
Y L " Q— — (313

The relationship between position error and speed error is as follows:

z

1 1° (3.14)
Combining(3.13) and(3.14) together, a new equation of is derived as follows:
— 0 QI 17 (3.15)
The mechanical equation of an electrical machine is given as
YUY 00— (3.16)
wherg is themechanicakotating speed of an electric machifide”Y is friction
torque and)is inertia. The friction torque usually has three components: Coulomb
friction, stiction friction and viscous frictig#6]. In this study, only viscous friction is
considered, thuae have
Y 6] (3.17)
whered represents the friction factaZombining(3.16) and(3.17) togethemives
Y 0— 6 (3.18)
The ratio of electrical rotating speed to mechanical rotating spedfl () is pole
pairs €). Therefore], in (3.18) can be replaced by to derive a new equation as
follows:

Y oo— (3.19)

Till now, two expressions 6fY have been derived 48.15) and(3.19). As both of

them have derivatives, their expressions after Laplace transfermae convenient
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for further analysis. Therefore, the expressiont@s-domain of(3.15) and(3.19) are
derived as follows:
(7Y i (VI 0.2 I T B (3.20
i — i (3.21)

Combining(3.20) and(3.21),"Y i can be eliminated and the transfer function from

z

1 °1 to] 1{ isderived as follows:

z Z (3.22)

Thus,the relationshifpetweerspeed reference and actual speed is finally derived

is a secorwbrder system, which has the typiexipression a3.23)
Oi _— (3.23

with natural frequency and damping factor. We prefer to have p because it
can avoid théluctuation oftherotor.
Comparing(3.22) with (3.23), the expression dhe damping factor is derived like

(3.24).

(3.24)

As can be seen froif8.24), the damping factor haspositive correlation with the
friction fador 6, and has negative correlation with inemiapole pairs, torque
constant) , and'Q

The above derivatiogivesa mathematical understanding of te&ationship between
speed reference and actual speed-foopenloop control.lt is a secongrder system
and thedamping factor is relatetb friction factord, inertiav, pole pairs), torque
constan® , and’Q Sinced andOare difficult to measure in practical tgghe actual

damping factois difficult to derivetoo, but it still givesus arule thatthe "Q cannotbe
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selected too larg®therwisejt will cause theoscillation of actual speed.

3.3.3MRAS Sensorless Control

The model reference adaptive system (MRAS) is an effective scheme for rotor
position estimatioi36], [47], [48]. In a common scheme diagram of MRAS, as shown
in Fig 3.15, an adaptive model and a refece model are connected in parallel. They
are fed with the same inputs. The output of the adaptive model is expected to converge
to the output of the reference model using a proper control rule and adaptive
mechanism. The output of the adaptive mechanidirbesfed back into the adaptive
model. If the output of thadaptive model tracks that of the reference model accurately,

the internal states of these two models should be identical.

U ; Reference Model I
] (Actual Machine)

bl

Adaptive Model Gty

Rule

L Adaptive Mechanism J

Fig 3.15. Scheme diagram of MRAS sensorless estimation

When it comes to the MRAS&ersorless algorithm adhepermanent magnet machine,
the reference model represents the SVPWM calculation, power converter, and the
actual machine. Thenput==is the voltage given to the machine and the output
represergthe machine current.

The adaptive model is the maching dnath model developed in sectidr2.2with

its expression rewritten as
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where6 ando are the inputss of theadaptive model ifrig 3.15, and the estimated
currents Hand Hare the outputskof the adaptive model denotes the estimated d
and gaxisinductances,Yf» denote estimated phase resistance and permanent magnet
flux respectively.

As boths and Lare 2*1 vectors, the scalar error (e) cannot simply be the difference
betweerthe two vectors € B. In addition, the control rule and adaptive mechanism
should also guarantee the stabilityttof MRAS systemTherefore, based on tik®pov
super stabity theory[49] [26], [34], [41], the control rule is designed to be 1{{826),
and the adaptive mechanism is [{827). Theycan guarantee the global convergence
of the MRAS estimated positiorto the actual position. Whilsthe control rule and
adaptive mechanismre derived irthe ssdomain and ignore the control delays in the
actualsystem. Therefore, the stabilitgedto be investigated furthermore for our high
speed application.

Q QHI QHI Q  He TO (3.26)
1a Q0 _ QQQo (3.27)

Finally, the MRAS sensorless control algorithm flee surfacemounted permanent
magnet machine is derived with its full diagrahown inFig 3.16. The voltaged and
0 are the inputs of machine as well as the adaptive model. The actual currents from

themachine TQHQ) and the estimated currents from adaptive modd will be used

as the inputs of control rule to calculate the ers)r énd the estimated speed and

position are calculated from the adaptive mechanism and integrator respectively.
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Fig 3.16. The ontroldiagram of MRAS sensorless estimation

Above all, the MRAS rotor positioand speed estimation algorithm is introduced
briefly. It is a nonlinear, strongoupled algorithm and depends on the machine

parameters.
3.3.41-F Open-Loop Sensorless StartJp Simulation

In this section, several simulations &f lopenloop control based on ¢hdiagram in
Fig 3.17 will be presented to analyse the stgptperformance. The simulation model

built in PLECS is shown ifig.A.6.

la,b,c

3-phase
converter

it

3-phase
converter

Kot =
Sws Sur Sw

SVPWM,

I-F open-loop
sensorless algorithm

Ly w

Fig 3.17. Simulation diagram ofF openloop sensorless stanp control system
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3.3.4.1 Initial Rotor Clamping

As mentioned in sectioB.3.2 the rotor will be clamped to an initial position before
the reference current starts to rotate. The rotor is in a marmigsition beforethe
reference curreri@applied Once a noizeroQis applied to the windings, the rotor
will be clamped to a position. This process happens quickly but may cause damage to
the bearing if not dealt with carefully.

To smooth the clutching process, a rampfdmstead of a step command can be
applied atthe beginningFig 3.18 compares the currents, speed and — of the
ramping'Qand stepQ scenariosFig 3.18(@) and (b) are the-cand gaxis currents
response with a sté@ and a ramimg "Qrespectively. It can be seen that with a $&p
, the machine curreng: andiq2 arewith noticeable overshoot, which is not ideal for
real application. Fig 3.18(c) compares the rotor speed variation when applying
different types ofq . As can be seen, the maximum transient speed with a raifping
is with much lower peak speed compared with that from a igtepgemand. The
waveform of position error- —), is given inFig 3.18(d). There, we can see the
angleerror— —is more linear with a rampin@ Therefore, in the real application,

ramping'Qis adopted in the-F openloop sensorless control.
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Fig 3.18. Simulation results of initial rotor clamping with two different types of ig*

(a) Current with step ig*, (b) Current with ramp ig*, @ptor speed, (d) Position error

3.3.4.2 |-F SpeedControl Start-Up Simulation

In this section, two -F speed control statp scenarios will be compared in
simulationsThe first scenario hasramping speed command, and the second scenario
has a step speed commantie parameters afmachine Inertia), friction factor6 and
"Qare shown iMMable3.2.

Table3.2. Simulation parametefsr I-F open loogstartup

ltem Value
Inertiav 2e5EQ

Friction factor B 0.05. i 20

Q 6A

The simulation resudt areshown inFig 3.19 and Fig 3.20. The rotor position has
already been clamped by applyiifr6A beforels. At 0s, thespeed command steps to
300rpm in scenario 1 and raspp to 300rpm in scenario & Fig 3.19(a), the actual
speedn scenario 1 haanobvious overshoot to follow thetepcommand, whilst the

actual speed in scenariof@lows the ramping speed commaakbsely withoutan
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obvious overBoot. Similarly, current overshoots are observed in-axis currentsas

well with step speed commandhig 3.19(b).

300
5 200
=1 .
8 ——Ramping speed command
C.% 100 —— Actual speed with ramping command

Step speed command
—— Actual speed with step command
O 1 1 L |
0 0.05 0.1 0.15 0.2 0.25 0.3

(@)

——ig command
——iq for ramping speed command

8 iq for step speed command
<
= 6=
c
£
5 4 ——id command
© ——id for ramping speed command
2 id for step speed command
0! i . j
0 0.05 0.1 0.15 0.2 0.25 0.3
Time(s)

: (b)
Fig 3.19. The smulationcomparisorof I-F startup with step andamping speed commasd
(a) Speeacomparison(b) d/g-axis currents comparison

Thecurrent overshoot can also be obserfveth the six-phase current wavefornns
Fig 3.20(b) with step speed commarnithe current magnitudecreases nearly to 10A
whenthe current commani only 6A, which has a 66.7% current overshodtis
should be avoideds it may cause overcurrent and damage power electibaiesger
current command is applie@n the contrarythe $x-phase currestwith ramping speed

commanddo not havesurrentovershoot during the whole process-ig 3.20(a).
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Fig 3.20. Six-phasecurrents comparisoof |-F startup with step and ramping speed command
(a) Ramping speed comman(ih) Step speed command

Above all, the simulation ressltabove about theR openloop sensorlesgalidate
the I-F initial rotor clampingstageand the startip accelerang stageup to 300rpm.
Both stagesompare the ramping and step comnsgibdth ‘Qandn*). It is concluded
that ramping clamping current comman@)(and ramping speed command (wgn
havea smoother acceleration process aaduce the current and speed overshiban
step commandswhich is a good method to applyFlsensorless control in real

applicatiors.

3.3.5MRAS Sensorlesontrol Simulation

In this section,ite MRAS sensorless algorithm will be validatecbughsimulatiors
usingthe PLECS simulatioplatform The validation is to demonstrate that the MRAS
algorithm can estimate the rotor angle position and speerectly. Thus, only the
current loop is implemented in the simulation scheaseshownin Fig 3.21. The
machine is assumed to be driven by a dynamometer at a cosptaatof 1,0000m.

TheMRAS will estimatethe rotor speed and positiandfeedthese estimated variables
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to the control schemeAlthough the two channels are controlled separatedth
channelsise the estimated speed and positinly from the ABC channel. There is no
need to estimatthe positionagain fromthe UVW channel as both channels share the
same rotor(The corresponding simulation model in PLEiSShown inthe appendix

Fig.A.7, and the detail the6 MRAS sensor | ess O6FiglABock i s di

dq lap,c
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Fig 3.21. Block diagram of MRAS sensorleggegrated with current closddop control
Other control parameters and settings during the simulation are shown in the table

below. Thecurrent Pl controller factors are calculabaged on thenodel ofthecurrent
loop developedn Chapter 3.1land the MRAS PI controller factors aelected based
on the stability analysis in Chapter 5.

Table3.3. Simulation condition for MRAS sensorless witlrrent closedoop control

Simulation parameters Value
Speed 1krpm
- 0A
A 10A
Current controller bandwidtrl%% 1000Hz
Current controlleproportional factorfg ) 2.74
Current controller integral factof) 220
MRAS proportional factori_) 10
MRAS integral factor ) 5000
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The simulation results are displayedhig 3.22-Fig 3.24. In Fig 3.22, the gaxis
currents increase quickly from OA to the reference value YWthout any overshat.

This isbecause¢he™Q and™Q are properly selecteid section3.1to makethe current

closedloop equivalent toa firstordersystem.In Fig 3.23(a), it can be seen thdhe
estimated speed converges to the actual speed (1000rpm) quickly. The position
estimation error, shown irig 3.23(b), convergeso 0 within 0.01s, and the stable error

is smaller than 0.1 degreeThe six phase currents, shownhiy 3.24, are wel
balanced sinusoidal wavefos with PWM harmonics on theriherefore, all these
results indicate the MRAS sensorless estimation can workwhgh integrated into

the current closetbop controlalgorithm.
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Fig 3.22. d/g-current waveforms with ig*=10A and id*=08f MRAS sensorless simulation
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Fig 3.24. Six-phase current wavefosof MRAS sensorless simulation
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3.4Conclusion

In this chapterthe currentclosedloop controltopology based on the duatgimodel
is designed for thedual thregphasemachineapplication The control schemean
control the two3-phasechannels independentlyhe closedoop transfer function of
the current loop isderived, and PI factors aredesigned basedn the bandwidth
requirementSimulationresultsin Sectior3.2indicate the current contralgorithm has
good dynamic and stablperformance In Section 3.3 the position sensorless
algorithm of thedual threephasemachinehas beerdiscussedThe simplel-F open
loop sensorless is adoptddring the machine startp period low-speed range), and
the MRAS sensorless control methocadopted as our major sensorless appr@ach
high speedlue to its simple structure and reliability. Finally, the simulation models of
I-F openloop sensorless control alMRAS sensorless estimati@ne validated using

simulationresults from PLECS
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Chapter 4.
Stability Analysis Model of MRAS

Sensorless Control

The MRAS sensorless control algorithm developed in Chepters been approved
to be effective to control dual threephasemachine However,the control scheme
proposedis in the continuous timedomain (sdomain) For electric motor drives,
control design irthe ssdomain is very common antiakes sense when thatio of
power electronic modulation frequency to the electrical fundamental freq(&REy
ratio) is high However, for our studied higigpeeddual threephasemachinedrive, the
M-F ratio can be as low as 28, thus, the conventiedahsain MRAS desigrmay not
be sufficient, and a-domain MRAS design is required’herefore, this chapter will
focus onbuilding the zdomain MRAS sensorlessontrol model and its stability
analysis

In this chaptera review of previous MRAS sensorless stabgibhalysis approaches
will be introducedfirst. Based on théiteraturereview, a statesvolutionand smaH
signatbasedVIRAS modelwill be developed irthe z-domain.The eigenvalues othe

proposednodelcan evaluate the stability tdfe MRAS sensorless control system.
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4.1Literature Review of MRAS Sensorless

Stability Analysis

The MRAS method has been widely studied and applied to AC machine drives in the
past two decadd®6], [27], [39] [42], [31]i [38]. Although there are different MRAS
sensorless algorithms proposed for PMSM applications, all these control designs are
based ornthes-domain andhe modulation to the electrical fundamental frequerdy (

F) ratio is relatively high.For highspeed PMSM drives with low N ratios, the
stability issues need to be properly addressed. It is a very important isssebiity
issuein aircraft can cause serious safety problems.

Although there are many publications sensorless contralesign, analysis ahe
stability of sensorless control drive sysgerhas gained much less attention.
Nevertheless, we have identified several literatures where authors have proposed their
methods to analyse the stability of MRAS sensorless control sy318nf32], [36]. In
[31], the eigenvalues of the adaptive rabakre placed to be close to the reference model
eigenvalues. With this method, the proportional and integral factors of MRAS PI
controller can be determined but this does not prove the stability of the entire system.
In [36], authors found that PMSM drive systems with MRAS control algorttane
different stability regions under different reference frames, igpratating reference
frame and Ub stationary fr ame. They conc
considered in stability analysis. [B2], the authors concluded that the gainstloé
MRAS PI controller can be selected as high@ssible to provide quick tracking of the
estimation. However, this conclusion obtained from the continuous time ddsaain
domain) might not be true when the 44 ratio is low andhe control algorithm is

designed inhediscretetime domain(z-domain) In addition, the literatur¢32] ignores
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the differene between the real applied voltage and reference voltage caused by the
frame transformation.

Indeed, all the stability analygs of MRAS sensorless contrah the literature
mentioned abovare designed ithes-domain.This is sufficient ashese literatureare
focusingon lowspeed applicatia However, when it comes to higipeed machine
drive applicatios, especially when the M ratio is lowtheconclusiorhas beenlrawn
that MRAS control designin the ssdomainwill not be sufficient anymore and the

stability design andénalysis inthe z-domainarenecessary

4.2MRAS Stability AnalysisChallenges forThe

Dual three-phaseMachine

Themotivationto pursue higkspeednachine drive systems due to its higlpower
density andhusreduced volume and weight, but it also brings challet@yssnsorless
controlas discussed below.

1) Low modulation to fundamental frequency(M-F) ratio

The permanent magnet machine studied in phigectis with 6 pole pairs and a
maximum operating speeaf up t014,200 rpm, i.e. 1,420 Hz electrical frequendy.(
The modulation frequencifs) is 40 kHz, which isfrom tradeoff studiesbetween
control accuracy and switching lessTherefore, the smalleM-F ratio is only 28.2.
The time delays in current sampling and PWM voltage application cannot be neglected
in low ratio conditios. In addition, these time delays will also influence the accuracy
and stability ofthe sensorless estimation algorithm as meagwurrerd and PWM
voltage referenceare inputs othe sensorless algorithnTherefore, it is necessary to
design and analyskecontroller inthez-domain as time delaysn be considered more

conveniently
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2) The nonlinearity of MRAS sensorless controlystem

A traditional machine control algorithm with position feedbackmally includesa
speed PI controller, current PI controfleClarke Park transformation, inverse Clarke
Park transformation, PWM duty cycle calculation, etc. Many matured methods have
beendevelopedo analysecontrol system stability in the synchronous rotating frame
(d/g-axis). However, with the application of MRAS sensorless control, the currents in
thed- and gaxis are seriously coupled together. The MRAS control rule hatethe
of 'Qand’Q, which is undesablefor a linear control system. In addition, the estimated
rotor positionwill be used inframe transformationsr'his makes the coupling between
thed- and gaxis everstronger Thereforea small signal analysis ethodneeds to be
used to linearize the control system near equilibrium operating points.

3) Multi -state variables

The traditional stability analysis of PMSM is usually conducted in a synchronous
rotating dq frame, where two scalars or one complex vectooisyh to represent three
phase currents or voltagEs]i [52]. However, the estimated position error causes the
misalignment ofthe estimated ehxis and actual-dxis. Therefore, more state variables
are required to describe voltage and current when analysing the MRAS sensorless
system. In addition, more state variables are required if control delay is considered.
Therefore, the stalify analysis method fothe multi-inputs multioutputs (MIMO)
stateevolutionmodel isa better option othéghanthetransferfunctionbased analysis
method.

Above all, the stability analysis method basedtlomz-domain, smalsignal and

stateevolutionmodel will be proposed in the followirggctionsof this chapter.
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4.3Small Signal Model of MRAS Sensorless

System

As mentioned befordlRAS sensorlessontrok for electric drives irthe literature
are proposed inthe ssdomaindue tolow machine speedHowever, for highspeed
electrical machines with low MNF ratios, theMRAS sensorless control needs to be
designed in @lomain. Thereforethis section has the outliraes follows:

1) Introduce the MRAS sensorless algorithmhas-domain

2) Convertthe sdomain modelo thez-domain and derive its small signal madel
4.3.1MRAS SensorlessAlgorithm in ssdomain

Traditional MRAS sensorless algorithmtires-domain has been well developed for
various machines imifferent kinds of literature recentlyThe MRAS sensorless
algorithm diagram has been demonstratesieiction 3.3.3 withrig 3.16. However, in
this chapterthe measuredd/g-axis currentsfeedback into the control rule block has
considered the position estimation erdorring abc/dg transformaticand represented

as gand g.

Fig 4.1. Diagram of MRAS sensorless rotor position estimagilgorithm in sdomain

4.3.1.1 Adaptive Model
The adaptive moddias its expressiof8.25) in section3.3.3 and it is rewritten as
(4.1) in the format of matrices becauseldibks simplerand easier for equation

derivation.
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— b, =, |, | (4.0
In (4.1), thee represents estimated rotor flux linkade,, H H represents
the estimated dfaxis currents, angtm, 0" 0" represents the dfaxis voltage

referenceThe three parameter matriceq4nl) have their expression as follows:

- 4.2-
1 VI (4.2-2)
pf0 T
o . 4.2-
[ - (4.2-b)
. m™ 71 7 (4.2-c)

where'YHOh  represent the estimated phase resistanceaxiéqinductance, and
estimated electrical rotate speed respectively.
4.3.1.2 Control Rule
The control rule is expressed(@=6) in section3.3.3 andit is rewritten in matrices
format as
Q gHU 6HU & He 10

I.A”-I.A L I.A I-A_ (4.3)

wherem, H H W, 6 ¢ L 1 pandl T[p f;
It is important to note the sampled currents in the estimated dq frém® (ay not

equate to the actual déxis currents’QHQ). This is because the estimated dq frame is

based on the estimated rotor positiejpiQistead othereal rotor position. This control

rule expression(4.3) is specifically designed to ensure the algorithm stability is
guaranteed by Popov Super Stability Theof@8]. When m, ', the adaptive

model running in the microcontroller can be regarded as identical to the running
machine, and in that case the estimated speed and position from adaptive model can

represent the actual machine speed and position, which in simulations are available for
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stability studies.
4.3.1.3 MRAS PI Controller

The expression adhe MRAS PI controlleris rewrittenas:

T N QO _10QQQo (4.9
where®Q HQ represent the proportional and integral factors;] antepresents the
estimated electricabtationalspeed.

When m, lm, the result ofQfrom (4.3) cannot be zero, which will force the
MRAS PI contoller to adjust the estimated speed to make the speed from the adaptive
model match that from the real machine.
4.3.1.4 Estimated Position Integration

The estimated rotor positior¥is the integration af coming with its expression
as

— 1 Qo (4.5)

4.3.2MRAS Sensorless Algorithmin z-domain and Related

Small Signal M odels

As mentioned before, th#ual threephasemachine studiethas6 pole pairs and a
maximum operating speed of 14,200 rpm, i.e. 1,420 Hz electrical frequéhcyhe
modulation frequencyd is selected a#0 kHzto ensure the power losstbieconverter
is below the heatsinkapacity Thus, the MF (modulation to indamental frequency)
ratio can be as low as 28 for our studied drive system. In this case, the control delays in
current sampling and PWM voltage application cannot be neglected anymore. Due to
the convenient description of delays in thdomain and the discrete naturetbé

microcontroller, it is necessary to design and analyse the MRAS algorithdomain.
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Similar to sdomain models, four basic function blocks (i.e., adaptive model, control
rule, MRAS PI controller, position integration), given Big 4.2, can describe the
discrete MRAS sensorless control algoritimz-domain and the details of each block

will be derived in the following sections.

7dq (k)

Usg ()

Fig 4.2. Diagram of MRAS sensorless rotor position and speed estimation algorithdomain

4.3.2.1 Adaptive Model

The zdomain adaptive model can be derived from ittomain model4.1). The
referencd53] proposedhediscrete statevolutionmodel of 3phase PMSMike (4.6)
and (4.7a/b/c).

=, Q0 p 3QW,Q g.O0m,Q 4, Q (4.6)

where lm ,'Q H'Q HQ represents the estimated currents at time lstepd
lm,'0 p is the value at time instantk+l. The parameter matrices (i.e.,
3 Qhfy, QRy, Q) can be derived fromdomain parameter matrices (i=&h| .h|| )

andare giverbelow

10 (4.7-a)
1.0 10 p=1 .7 (@7-)
70 Q 3Q =70 |, 0 (4.7-c)

where TF; o’

Based orthe equatior(4.6) and (4.7a/b/c)from [53], the MRAS discrete adaptive
model will be derived in this section using Taylor expansé@can be seen fro@.7-
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a), the expression of Q includes an exponential tengr . This term must be
linearized for hardware implementation. Here we have two options to linearize it (i.e.,
first-order Taylorexpansionand secondorder Taylor expansion), and both of them
will be discussed below in detailhe stability analysis as well as test resui the
following chapters will demonstrate the superiority using secondrder Taylor
expansion to improvene system stability.

a) First-order Taylor expansion

Using firstorder Taylor expansion, the Q can be linearized as

10 F =QY 1 QvyL p — (4.8-a)

Substituting(4.8-a) to (4.7-b), the final expressions gf, "Q can be deriveds

1.2 30 =10 [0
F =QY =1 [.7Q (4.8-b)
Yo —F

Substituting(4.8-a) to (4.7-c), the final expressions gf, Q can be deriveds

Te Q =I'QW=Q”VQ
Fo=9Y p=7 |, 0
..Yr”V o ] ’ (4.8c)
— TQU_

Substituting(4.8-a)-(4.8-c) into (4.6), the final expression of the discrete adaptive

model can be derived as follows:

m ,"Q 1 Qvyl — m,"Q
A p P Ir A 4.9)

As can be seen from4.9), it contains thestate multiplicationitems such
1 Qlw,Q. In order to decouple all state variables to conduct stability analysis, the

small signal equation @#.9) is derived as
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sm, Q0 p Qo QYL p — f z=,0

s QYLE,, —smm, 0 -3 Tl.

1YL p — f 3E,0
o 7 z 7 4.10
YLk, Q -3, -Legy 0 (410
1YL p — f 3E,0

"y L L o — TQ _3"_|'Z- A:'Q
whereQr & represent the equilibrium operating point value of * whesystemis
in steadystate, |=- Adepresents thequilibrium operating point value diie estimated

current, and> m ,'Q, 3  Q, a=m ,Q represent the corresponding small signal

variables. Replacing the constant parameter$4.10) gives

wu,Q p ==, 0 [0 O om0 (4.11)
where
=1 YL p — F (4.12-a)
|y LE = (4.12:b)
r - (4.12c)

b) Secondorder Taylor expansion

Using secongrder Taylor expansion, the equationqon is expressed as follows:

3 Q 3 F = QY -=Q°Y

~ (4.13
71 Q 21 Q o
where
nop - — (4.14-a)
7 - (4.14-b)
Iz v — L (4.14-c)
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Substituting the final expression =q)f7§2 in (4.13) to (4.7-b), the final expression of

To Q can be derived as follows:

1.0 3 =1 [

. 4.1
A1 Q n (419
where
n =L (4.16-a)
Iy - — F (4.16-b)

Substituting the expression®fQ in (4.13) to (4.7-c), the final expression gf, Q

can be derived as follows:

702 3Q =7 ”’vTQ

51 0 a1 0 (4.17)
where
Iz sl (4.18-a)
Iy al (4.18b)

Therefore, by substituting the expressiorqolQ in (4.13), 7, Q in (4.15), and

v Qin (4.17) to the adaptive discrete modél6), an explicit secondrder adaptive

model is derived as follows:

w,Q p 0@, Q 4. Q= Q 4, Q-
71 81 Q s W,Q

. ;A 4.19
271 Q 0 o=, 0 ( )
A1 Q a1 Q-

Applying the same small signal derivation method in the-@irder Taylor expansion,

the small signal equation (4.23) can be derived as follows:
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>w,Q p

Qe Q 81 Q s 3E,0Q
301 Q 91 Q af ko
Qnal Q o 3=, Q
301 QA qha0
N1 Q n1 Qe

a1 a7 nF 3w, QO o n 3= ,Q
cr ke ki A7hi0 62T ¢ 2 @ Q

(4.20)

whereQn 6 represents the equilibrium operating point value of * wihersystemis
in steadystate,3 Z represents the small signal expression of;*AJepresents the
equilibrium operating point value tiie estimated currentm ,Q, -"-Z_ Asdepresents the
equilibrium operating point value cfm ,Q, and>m,Q, 5 Q, 3=a,Q
represent the corresponding small signal variables.

A brief expression of4.20) is derived by replacing the complicdtgarametersvith

three new symbols (i.es, ||, ) as follows:

wu,Q p ==, 0 [0 Q rom,0 (4.21)
where:
= a] a7 T (4.22-a)
| co bkl akio Aq4a0 Ca1 ¢« a3 (4.22-b)
r 71 by (4.22-c)

Above all, the small signal equations of and 2%orde adaptive models are
established i¢4.11) and(4.21) respectively. They will be used for the stability analysis
and their differenein control performance will be compared in the later content.
4.3.2.2 Control Rule

The control rule irthe ss<domain expressed i@#.3) does not have any derivative or

integration termsthus we can directly derive the control rulghez-domain as:
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QQ QHQ gQHQ ¢Q HQ —
~ ~ B B (4.23
w,Ollw, 0 L w,0 W, 0—
where m, Q@ 60 6Q andm,Q HQ HQ are sampled and
estimated dand gaxis currents at time instaktespectively.
The small signal equation of the discrete control (423) is derived as follows:
WwdQ 0 da,Qlzm, Q0 zu,QLlOn d,Q
— L pgw, Q0 ww,0
om0 o, QL ,, —L o, 0 ow,Q 429
Ié-Ay_(*.)I-ATQ I=-AJ§L(*.)I-ATQ —L ({OI-ATQ Q)I'ATQ
E.Ag- —L (Pl'ATQ I:.AJSL —L (PI'ATQ

whereQn & represent the equilibrium operating point value of * wtersystemis
in steadystate. Theslm ,'Q and wlm ,"Q represent the small signal variables of
estimated and sampled currents respectivﬁlx.gepresents thequilibrium operating
point value ofthe estimated current ,Q. E_Agepresents the equilibrium operating
point of sampled currert ,'Q, which is the samasthe current reference because the
current Pl controller willltimately reduce their error to zero.

A brief expression of4.24) is given in(4.25) by replacing the constant pawith

symbolsf , F as follows:

wdQ Fow,Q Fow,0 (4.25)

where
ok L (4.26-3)
F I=- A — L (4.26-b)

4.3.2.3 MRAS PI Controller

The MRAS PI controller in thedomain expressed {@.4) includes continuous time
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integration. To discretize it, a new state variable Qi s i ntroduced for
p a and defined as follows:
® Qp ® 0O Q0 (4.27-a)

The (4.27-a) is an iterative equation which shows the relationship between
® Q p and® Q. Therefore, the expression & "Q can be obtained as a
summation ofQ°Q by substituting(4.27-a) repeatedly, and its result is shown as
follows:

®» Q 'QiQ P (I)NTQ P
'9‘(2 P Q0 ¢ & 0 ¢

E
B 1Q0Q

(4.27-b)

Therefore, the discrete format of thel@main expressiofd.4) can be derived as
follows:

7 Q QQQ B QQQ Y
T Q0 QYyQQ B Q0Q (4.27-c)
Q QYQQ Q- Yh Q

By defining two new variables (i.@), Q "YHO Q  "Q V), equatior(4.27-
c) can be simplified a@l.27-d) below.

1 Q0 0o 0 0Q0 (4.27-d)

Finally, the discrete MRAS PI controlles modelled by(4.27-a) and(4.27-d). The
smallsignal equations of them can be easily derived as follow as both of them are
linear.

3 Q p 3O Q 3FQ0Q (4.28)
33 Q 0s3d QO 0300 (4.29
4.3.2.4 Estimated Position Integration
The estimated rotor position is from the integration of the estimated speed shown in

the sdomain position integration equati¢hb). To discretiz€4.5), the Forward Euler
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method is adopted, and the discrete model of estimated position integration is expressed
as follows:
—0 p —Q Y 10 (4.30)
where—Q is the estimated result tferotor position at current time Sté&p
The smalisignal equation 0f4.30) can be easily derived and it is listed as follows:

=0 p 30 Y8 0O (4.31)

4.4Current ClosedL oop Small Signal

Modelling

Sincethe bandwidth ofhecurrent control loop is normally much higher than that of
the speed control loop (>10 times at leasi)) the propellenas largenertia, the speed
can be regarded as constant thuswve will only focus on thestability analysisof the
currentclosed loop

The current closetbop system can be regarded as the composition of 5 different
blocks shown irFig 4.3 with different colours. The grey blocks denote dual three
phasanachine model, which includie rotor position integration and the math model

bet ween machine currents and voltages.

T

the voltage referencesd@®@ d on current er r odblackinclide® 6 Vol

the voltage commands transformation from-fithgne to a/b/drame as well as the

actual voltage transformation from aAffame to d/gframe. Similaly, the OCuUTrT e

transf or mat incudesall the t@msformatibns foom the actuataigents
to the d/gcurrents used for current Pl control. All the 4 blocks mentioned above can
also be found in the machine control algorithmveghnosi t i on sensor ,

position and speed estimationd block is
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signal model of it has been discussed in the last section. The outputs of this block are
the estimated speed and position—at time™Q p instead of timeQin Fig 4.3
because, at every period, this block is executed after all the other blocks. Thus, only the

estimated speed and positiwom the last period are available.

Position (k)

qu (k) We integration l ¢
I

Ui (k )
aq k) »| uitage gensestion Uq (RL Machine d/q-axis | 'de (k) Current n
o model o transformation

1 Current
PI controller

A A

e (k—1),00—1)

+ Tag (k)

Fig 4.3. MRAS sensorlessurrent closedoop system diagram

Therefore, inthe following sectiors, the other 4 blockéi.e. current PI controller,
voltage generation current transformatignand machine dgq model with position
integration)in Fig 4.3 of thecurrent closedoop system will be modelled inrdomain
with their small signal modsl Then the state evolution equation thle wholesystem

will be derived for stability analysis.
4.4.1Current Pl Controller

The O6Curr ent Fig4.3powdast/gqaxis doltagedeferemces based on
current reference and feedback. To simplify the controller structure, the PI controllers
of the daxis and epxis are designed without considerithg decoupling items. This
design consideration will influence the dynamic performance but will not affect steady
error. The PI controller takes the error of current at each time instant k with the equation

as follows:

. Q B, =0 (4.32)
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wheregm ,'Q  Q Q@ Q Q representshecurrent errorlm, Q "Q isthe
constanturrent reference, anb ,"Q $Q 6'Q isthe sampled current in the
estimated dq frameSimilar to the discrete MRAS PI controller design process
mentioned in Sectiof.3.2.3astateveor<m ,'Q  ® Q & Q isdefined here
to represent the integration. Therefore, the current Pl controller can be expressed as
follows:

@0 p &, 0 g0 (4.33-a)

2,0 04,0 Gm,0Q (4.33h)
whered QY,0 Q QV.=-m, Qis the output result othe current Pl
controller.

Thus, the smalsignal expressions ¢4.32), (4.33-a)and(4.33-b) are as follows:

. Q 3=, (4.39)
3<m,Q p 3<m,Q 3gu,0 (4.35)
3=m,Q O3dm,Q Cgu,0Q (4.36)

The current referencé ,is regarded as constant as otilg steadystate is analysed

here. Therefore, the tersnlm , can be neglected i@.34).

4.4.2Voltage Generation

The 0 VGeherado®e b | oFgld.3 hanits full diagram irFig 4.4. This

diagramshows thevrocesesfrom the Pl current controller outpsa ,Q to the actual

voltageTm= . Q applied to the machine.

Ok — 1)+ 1.5T v (k — 1) O(k) + 0.5T, w,

qu “‘)

U;Iq(k); dg U;ﬂ (L) aff Uape(k) Euubc(k) abc Uy (l‘) aff
»> - > —_—
ap abc af dgq

Fig 4.4. Voltagegeneratiorblock diagram

In the diagranfrig 4.4, the voltage referencem ,Q is fedintoadgto{ | blockand
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then d T-to-dq transformationblock to get 3phase voltages referenﬁﬁiﬂ. The
T:HH:“Q will only be applied to the machine at the next sample time in&teht
Therefore, a unit delay.e. a Z* block, is placed between theferencer-;HfQ and
the real 3phase voltage$++H§Q. Based on the machine dg model theory, the dqg
voltagesm . Qis derived from Phase voltagq=+4H;Q by usingClarke (abeto| 1)
and Park|( T-to-dq) transformation
Fig 4.4 can be further simplifiedoy neglecing the| f-to-abc and abto-| T

transformations. This neglection will not influence the final result tlasse
transformations are based on the static frame and do noahgvelation with rotor
position and speed.he simplified voltage generatidiock diagramis shown inFig

4.5.

Ok = 1)+ 1.5T, @ (k = 1) 0(k) + 0.5T, w,
Uy, (k) Uz, (k) Uy (k Uy ()
dq dq f op EI s (k) ap = q

Q|

Fig 4.5. Voltage generation simplified block diagram

Readers may have started to wonder whif) T@®"Y is used instead 6£Q
“Y during the| f-to-dq transformation irFFig 4.5. This can be explained by the

following figure.

o op=-
=

+ F
—

o

=

=

m

Fig 4.6. The rotor position compensation foif-to-dq transformation

As can be seen froffig 4.6, during the period from time instant k to k-1, 'Q and
6 "Q hold constant during this one sample time. However, the actual rotor position
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actually changes continuously from™Q to —Q p . As a result, d and-gxis
voltages after Park (1-to-dq) transformation change continuously, as showRign
4.6. To discretize the continuowsyaxes voltages, therm, Q@ 60 Q 6 O
chosen are at the middle of one period. Therefore, a half period time rotor angle
™Y is added to compensate to théQ for the| f-to-dq transformation.

For the dgto{ T transformation irFig 4.5, it is noticed that the rotor angle is used as
— 0 p p®Y Q p.Thep®Y Q p compensates thene period unit
delay due to the PWM converter as well as tHeperiod delayof the=m ,Q to
=, » Q [54]. The transforming matrices of inverse Park (dq teframe) and Park (1

to dgframe) transformation used kig 4.5 are listed below:

J __ C€CO0s s
1 S in c o-s (4.37)

CGS SN
1 — s i—nc o-s (4.38)
where—represents the angle betweé®@iaxis and -axis.

Therefore, the three blocks from left to right kg 4.5 can be expressed with

eguations as follows:

., 4 —Qp p&Y Qp =0 (4.39)
T nTQ ?Z» nTQ p (4.40)
=, 44— mY T ,0 (4.41)

where, ,Q and=m , Q are the voltage reference at time insf@m| 7 and dg
frame respectivelys, ;" Q and-m ,"Q are the machinevoltage at time instari@in

| T and dgframe respectivelyit can be seen that the discrete math modglenfoltage
transformation part i4.39) and(4.41) are nonlinear and their smalignal equations
cannot be derived directly.

Substituting(4.39) and(4.40) to (4.41), the relation betweethe input and output of
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voltage transformation can be obtained as follows, and the detail derivaiiéd 2)f
and(4.43) are inAppendix Bl.a.
-=,0Q 4 Om=,0Q p (4.42)
whered| "Q has the expression shown(h43).
1 Q p T — —Tol (4.43)

~

In (4.43), the — has the expression— —Q —Q ¢ Y 1®
p& Q ¢
The small signal equation ¢4.42) is shown in(4.44). The detail derivatiomf this

eguation can be found Appendix Bl.b.

sm, 0 p — o — — Tolasm,Qp
L p TA— r— 'ITZ. AS— (449
The purpose ofhe small signal equation is to construct the system state evolution
equation, which has the format liee’Q p =08 Q, wheree Q isthestate vector
at time instant k, anekis thestate matrix. Becaugd.44) has variables not only at time
instant k (i.e.3—"Q in (B.12) but also at previousme instant (i.e.3<= ,Q p in

(444,3—Q ¢,y Q ¢in(B1l2). Therefore, itds neces

state vector/variables as follows to modify44).

wrm, Q p  wm,Q (4.45)
Ww—1Q p ©-0Q (4.46)
Ww—Q p ©w—T1Q (4.47)
@ Qp @ TQ (4.48)
W Qp @ 1 (4.49

The numbesin the subscripts of the 5 ngwndefined vector/variables represent how
many delays the have whencompared with their original vector/variables. For

example,d Q has two unidelays compared with) Q, which means
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@ Q @ Q ¢.Replang3s=,Q p,3—0Q ¢, Q ¢ in (444
with newy defined state vector/variables (i.exm, Q, w—"Q,q@ Q), this
small signal equation can be rewritten as follows:

3= .0
p — o — — Tolsrm, (4.50)
L p md— F— Taad—Q 3—10 p&Yvs Q

Equation(4.50) only has state vectors/variables at time instant k, which cannot be
regarded as a state evolution equation. However, it can still be integrated into the system
state evolution equation by stiisting it into other state evolution equatgwhich

have the itema=m , Q.

4.4.3Machine dg Modeland Position I ntegration

The machine df@xis model irthediscretetime domain, shown as the grey block in
Fig 4.3, has a similar expression as the discrete MRAS adaptive model giyéispy
The only difference is the parameter matrices. Equdti@) uses estimated machine
parameters (i.e)Yfb and estimated speed ( Q) to build the machine MRAS
adaptive model, but the machine -@kjs model in this subsection should be built with
the actual machine parameters (i ) and actual speed (). Although the
estimated machine parataes are assumed the same as actual parameters in this section
for simplification, the estimated speed ('Q) cannot be regarded as the same as the
actual machine speed ().

Therefore, based dhe discrete MRAS adaptive modg@l.6), the machine digxis
model in zdomain is expressed as follows:

w,Q p @, Q q.m.Q (4.51)
where
T m (4.52-a)
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o o1 r=l (4.52b)

v 1 F =l (4.52:¢)

. YI0
- - (4.52-d)
pfO T
o "% om (4.52-€)
e, m™ 1 70 (4.52-f)

The machine digxis model in zdomain is finally derived af4.51) with its
parametes listed in(4.52-a)(4.52 -f). The exponential expression {A.52-a) is not
replaced by its Taylor expansion likeat in the discrete adaptive mo@4l8-a). This
is because=in the actual machine model is constant=sUf2 in the discrete adaptive
machine model is not.

Because all parameter matrices (ké¥ .y, ) of the machine dfaxis mode(4.51)
are constantit is quite easy to get its small signal equation as follows:

0,0 p Fum,Q .m0 (453

As can be seen fronfig 4.3, the actual rotor positior-Q comes from the
integration of constant rotor speed. This can be modelled with eqétiah and its
small signal equation is lik@.55).

—Qp —Q 7Y (4.54)

—0Q p 3—0Q (4.55)
4.4.4Current Transformation

The ACurrent tr ans frig4.7wdhtaiwbole diagram (aJdandsap | ay e
simplified diagram (b). Similar to th@&/oltagegeneratiodin sectiord.4.2 the overall

diagram, given byFig 4.7(a), has four frame transformat®and one sample time
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delay. The depxis currents at timastant k (i.e.,m ,"Q) are transformed to | frame
(i.e., 5 ,°Q) using the rotor position at time instant k (i-e-Q). Then, it will be
transformed to phase currents (i.e!;%%;Q) by| T-to-abc transformation. There is a
unit delay after them because the sampl@th@se current at time instant k will only be
used by controller at the next instant k+1.

The two transformations after unit delay (i.e.,-&t¢ T,| T-to-dq) are executedi
thecontroller to get the sampled currents in the estimated dq frames(i.€Q) for the
current Pl controller. The position used| irf -to-dq transformation is—=Q p
Y Q p instead of—Q p as the unit delay nesdo be compensated.h&

1 Q p and—Q p instead of "Q and—'Q are used at time instant k because
the MRAS algorithm is executed after the current transformation.

Similar to dvoltage generatiod in section4.4.2 the| T-to-abc and abto-| |
transformations irFig 4.7(a) can be neglected to have a simplified diagram Hike
47( b) as theyredmdt ohanepawyth rotor poOSI

analysis result.

0(k) Ok —1) = T,o.(k — 1)
Liy (k) [@@ 1 (k) [@B 7] Tabc(®) =T anc(K) [@B 7] Tap(k) [ap 7] Tag®)
> .-— > » —
ap abc ap dq
(a)
0ck) Ok = 1) = Tydpe(k — 1)

Iy (K) [@@ e (K) =1 Tap(k) [ 7] Ty k)
— aﬂ—»—» dq—»

(b)

Fig 4.7. Current transformation diagram f#) and simplified (bYliagram
Just like the equation@.39)-(4.41) i n O V geheratiop there are also three

equations likg4.56)-(458t o descri be the ACuron@3)t tr an

describes the real current transformation from dq terame; (4.57) describes the
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dday of current sampling(4.58) describes the sampled current transformation from

| Tto dgframe.

E,Q 4 —70 k0 (4.56)
L_J nTQ I'_ﬁ nTQ p (4.57)
m,Q 4—"0p Y Qp E,O (4.58)

where lm ,"Q and § ,"Q are the machine currents at time insf@m dgframe and
| {-frame respectivelylm ,'Q and k ,"Q are the sampled curreratstime instaniQin
estimated ddgrame and {-frame respectively.

Combining(4.56)-(4.58) together, the relationship between machinexig current
lw ,'Q and sampled current in estimated dq frag’Q can be derived lik¢4.59)
and(4.60). The detail derivation is explained Appendix Bll.a.

m, Q0 4 Qm,Q p (4.59)
where
19 p — T — —Tol (4.60)
In (4.60), the—has its expressionlike- —Q p —Q p Y Q p.

The small signal equation ¢#.59) is shown in(4.61) and its detail derivation is

shown inAppendix Bll.b. The expression a—is shown in(B.21)

% L . . L %
>0 pll_ 0 nj,:_ﬁ . 'ij’:; 2.0 e (4.61)
Similartot h e ¢ denérdti@dpaet in Sectiordt.4.2 the state vector/variables in
(4.61) at time instant K. (i.e., 0w, Q p,w0—0Q p,0-0 p,@ Q p)
should be replaced by new state vector/variables at time instant ko, Q,

w—Q,w—"0,0 Q).Thew— Qandw "Q have been defined i(¢.46) and

(4.48) respectively, andm , Q, w— "Q are defined if4.62),(463. The number
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in the subscripts of the nedefined vector/variable represent 1 delay of them compared
with their original vector/variable.
e, Q0 p w=,0 (4.62)
=10 p 30 (4.63
Therefore(4.61) can be rewritten to a new equation |{Ke64) which only has state
vectors/variables at time instant k. Althou@64) is not a state evolution equation, it
can be integrated into the system state evolution equatisnlstituting it into other

state evolution equatismhich havethe itemw m Q.

sm,Q p — T — — Tolsw,Q
Lp m— F— L.d (4.69)
¥Q p 3=Q p Y Qop

4.4.5Current Closed-Loop State Evolution Expression

Till now, the entire current control loop with sensorless rotor position estimation
shown inFig 4.3 has been modelled thez-domain and teir smaltsignal models have
been derived. In this section, alnall signal equationwill be synthesized into one
state evolution equation. This equation will show the stability of the cuasdl-loop
system.

All small-signal equations are derived $ection4.3.2as well asn Section4.4.1
4.4.4 These equations can be classified into 2 categories, one is the equations of state
vectors/variablesTable 4.1), and the other is that of intermediate vectors/variables
(Table4.2). There are 13 state vectors/variables for the current clospdsystem in
total, which are listed iTable4.1. The first 5 state vectors are 2*1 vectors, and the
other 8 state variables asealarsThe value of these state variables at time ins@nt

p will be updated by theit*-order linear difference equations (i.e., second column o
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Table4.1) based on the system state at time ins€ant

Table4.1. State vectors/variables summary tioe system state evolution equation

state State vectors/variables
vectors/variables  difference equation

3<m , 0 (4.35)

wrm, Q (4.45)

wu,0 (453

wm, Q (4.62)

wa,0 (4.11) or (4.21)
3 Q (4.28)

3 Q (4.48)

Q o) (4.49
) (4.31)
=10 (4.46)
w— 0 (4.47)
) (4.55)
) (4.63)

The vectors/variables listed fable 4.2 are intermediate vectors/variables, whose
results at time instant k depend on the state of other vectors/variables at time instant k.
These vectors/variables will not appear in the final systate evolution equation, but
their expression listed ifable4.2 will be used to derive the final system state evolution

eqguation.

Table4.2. Intermediate vectors/variables summarytfa@system state evolution equation

Intermediate Intermediate
vectors/variables vectors/variables expression

w'dQ (4.25

3 Q (4.29
3l . Q (4.39)
3=m ,Q (4.36)
3=m ,Q (4.50)

Wm0 (4.64)
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To derive the state evolution equation of the entire current-tdogesystem, all
differential equations listed in column 2 Béble4.1 should be synthesizadto one
eqguation as follows:

L0 p 13t7 (4.65)
where< "Q is a state vector at time insta@18 rows, 1 column) including all state
vectors/variables in the first colunui Table4.1. 4 is the 18 rows and 18 columns
state matrix, which can describe how this system evolves from time i@ p.

The procedure of deriving is with the assisanceof MATLAB as it has so many
variables and equations involved, but the basic principle is substituting all equations in
Table 4.1 into (4.65), and replacing the intermediate vectors/variables with their
expression in th&able4.2.

The stability of the modelled current closleop control system is closely linked with
the eigenvalues of matri% , which can be obtained by calculating the equation as
follows:

d _pn (4.66)
where_ represents the eigenvalue of matfix and I is the 18*18 identity matrix.

As the size ofl is 18*18, there will be 18 eigenvaluesdbf Forthediscrete math
model, ifthe modulus of all eigenvaluesare smaller than 1.0, the system is stable at
the specific equilibrium operating point. If there is any modulus lafger than 1.0,
the system will not be stable. The nexiapterwill use this nethod to analyse the

stability of the system.
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4.5Conclusion

The MRAS sensorless stability analysis the ssdomain can be found in some
literature, whilst the existing methodologies cannot deal witkir highspeed
application scenarios due tbe control delays. Thereforthis chapter develops the
discretestateevolutionmodel oftheMRAS sensorless current closkep systemThis
model is dinearized small signal model which can considerdbetrol delag in the
real applicationThe eigenvalues of the proposed madatrix canbe used t@valuate

the stability othe MRAS sensorless control system.
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Chapter 5.  Stablility Analysis

Procedureand Simulation Validation

The stateevolution and smabsignatbased MRAS sensorless current clokesp
model is developed in the last chaptédsing that proposed model, system stability at
anyoperating point can kenalysedHowever, stabilityanalysis aanysingle operating
point is not enougfor system stability evaluatian the full operation rang&herefore,

a stability analysis proceduigproposed in this chaptéy analyse the oveliatability
performance of the MRAS sensorless systemaddition, he stability boundaries of
MRAS sensorlessontrol under different operating conditions and different control

parameters will bealculated andompared witrsimulation results
5.1Stability AnalysisProcedure

Although te stability ofthe current closedoop system is determined by the
eigenvalues of its system state mattixit is not straightforwargincemachine and
control parameters as well #g equilibrium operating poinbeed to be determined
firstly. The machine parameters, givierTable5.1, areassumed to beonstantduring
the stability analysisand the impacts of these parametire to temperature or stator
saturation changkave been neglectedhe bandwidth ofthe current PI controllers

designedo be 500Hz.

Table5.1. Machine parameters and abant control parameters for stability analysis

Symbol Description Value
R Resistance per phase 0.171m
0 d- and gaxis inductance per sector 530 (
Permanent magnet flux linkage 0.03Vs
o) Proportional factor of current Pl controller 2
Q Integral factor of current PI controller 800
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A basic stability analysis stepskown intheflowchartin Fig 5.1. The first step iso
determire the control parameters of MRAS sensorless algorithm. Differexthine
parameterd Q hQ hYF ) will affect system stabilies as well as estiation
accuracy, thus need to be defined in the first step. The second step is tahselect
equilibrium operating poinf QO ). The next steps to calculate the stdystate
values of currents and voltagek ,bk LB By 1) Finally, the state matrid of
the current clostloop system is obtained and its eigenvalues are calculated to evaluate

the system stability.

Determine the control parameters
(KpmsKim, R, L, §5) of MRAS

A 4
r 2

Decide operating point (ig, ig, n)

. S

v
(" Calculate stable value of actual )
current (Ipqy), estimated current

(Tequ). actual voltage (Veqy),
\_command voltage (Vig,)

Y
4 . . . N\
Build the state matrix M of the
current close-loop system with
paramctcrs above

A 4
d )

Calculate the eigenvalues of M

\. J

Maximum
eigenvalue of
M is smaller
than 1.0?

[System is stable ] [System is unstable]

Fig 5.1. The flow chart of stability analysis steps
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Morecomplicatel analysis of evaluating the system stability will be explained in the
following subsections.
1) Determine the control parameters of MRAS sensorless algorithm

As shown irFig 5.1, the first step iso determirethe control parameters of the MRAS
sensorless algorithm. The selection ragfethese parameters are listedTiable5.2.
The range ofQ andQ are based on some preliminary simulation results, and the
estimated machine parameters are selected around the actual machine parameters. It is
important to ote thafQ andQ will only affect the system stability instead of the
estimated position error. It will be provéterthat the estimated position error is zero
if all estimated machine paramet¢tdDfr ) arethe same with thactual machine

parameters.

Table5.2. MRAS sensorless control parameters range for stability analysis

Symbol Description Range
o] Proportional factor range of MRAS PI controller 1to6
Q Integral factor range of MRAS PI controller 1000 to 15000
Y Estimated resistance per phase 0.6~1.4R
0 Estimated dand gaxis inductance per sector 0.6~1.4%
Estimated permanent magnet flux linkage 0.6~1.4%

2) Determine the operating conditions

The operabn conditionsof this dual threephasemachineare determined by 3
parametersi.e. (QHOH ) asshownin Table5.3. For our studies,hie machinespeed
rangeis from 0 to 14.2krpm. Th&is always zero as there is no fhweakening
requirement. Th&is from -30A to 30A, considering both motoring and generating

modes.

Table5.3. Machine operating point range

Symbol Description Range
n Speed 0 to 14.2krpm
Q d-axis current reference 0A
Q g-axis current reference -30A to 30A
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3) Calculate the seady-statevoltages and currents
If the machine parameters used in MRAS sensorless algoaitbthe sameasthe

actualparametersY YW) OF ), all currentvariablesin thesteadystate will

be the same (i.elm ,"Qhlm ,"Qhlm ,"Ohlm Q). This is alsotrue for all voltage

variables (i.e.sm fQﬁfZ- . Q). However, this is the ideal case and in practice, the

estimated position errdrom MRAS is inevitable. Therefore, the voltage and current

transformations irthe control algorithm will bring mismatas to the voltage and
current variables.
Therefore, the following equations define theastystate(SS)values of estimated

position errorcumrents,and voltages.

— LEQ p —Q (5.1
|=-A<> io Eilm,Q (5.2)
|=-A<> io Eilm,Q (5.3
E 1 Eim, Q0 lu, (5.4)
T 49 io Ei-m,Q (5.5
Taao | ElFm,Q (5.6)
where—  represents the estimated position erl’ﬁr‘gepresents the equilibrium

operaton point of the machine current the d/q-axis. |=_ Asdepresents the equilibrium
operaton point of the estimated current from MRAS adaptive mo@ewepresents

the current referencelm ,'Q is the sampled currensingtheestimategosition —for

abc/dq transformation anvll finally be regulated to'm AT A& n-nfL AJ epresent

equilibrium dpaetatalngv @lot age odnd voltage
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In (5.1)-(5.6), there are one unknown scaler ( ) and four unknown 2x1 vectors
(k .BL LBry 4By 4)» There is also one 2x1 vectok (,) already known. Therefore,
there are totally 9 unknown variables, areb@ations are required to calculate a unique
solution.

In steady state, theactual machine model and MRAS adaptive model can be

expressed as follows:

=I=.A0 T A¢ Tw LLA (5-7)
=I=-AO _'ﬂ'z. A0 Tv LLA (5-8)
where:
. YO ]
= 1 IO (5.9
q¢ T 1 ¢ 70 (5.10)
Y
= . 511
1 Y0 (5.11)
Tv m 1 ¢ 10 (512)

The relationship betweeg A<>andf- acan be expressed 45.13). A similar
relationship betweenlé- aoand |=-A<>is expressed agq5.14). The ClarkePark

transformation and its inverse transformation can be simplified to linear expression

when— is close to zero.
Al-O OE+ , L ,
Tma® QEF Ai® Tmao T —  Tgao (613

i Al-©O OE+ L L

o A0 AL Ai-© mao T — k. (619

The MRAS error calculating expression is another one to determine the equilibrium

variables. The stable state expression is shown as follows:
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Q BdLet

Based on the analysis above, 9 equations are obtair8d)n(5.8), (5.13)-(5.15),

2 L. ,—

m A0 A0

Tt

(5.15)

which can be used to calculate the 9 unknown variables Ok Bk LBry JBrg ) -

The ¢ alfcludwact

Il i sted in

hi aornt

Appendi x B. 111

Calculate 8,4, from equation
(B.28) with ‘solve()’ function

A

A

\

Calculate Vg, from equation (B.26)

~

7

A

y

Calculate iequ fro

m equation (B.27)

~

7

A

y

-

.

Calculate Vg, from equation (5.13)

~

>

A

y

-

\.

Calculate 1,4, from equation (5.14)

\

7

Fig 5.2 bsehl aswvt loimre

equation

Fig 5.2. Flowchart of equilibrium operating point calculation in MATLAB

4) Calculate eigenvalues of matrix!

After the 3 steps above, all parameters and variables in the statednatave been

determined. The eigenvaluesdbfthus @n be calculatedd MATLAB manuscript

based on the steps introduced above is written and attached in Appendix C.
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5.2Simulation Validation

In this section, the proposed eigenvatbased stability analysis methadovewill
be validated by simulation.ifferent factors, which will affect the system stability, will
be considered such as MRAS PI parameters, different types of MRAS adaptius, mode
differentiq currents and different estimated machine parametgosneinsights can be
obtained by analysing the system stability at different operating conditions. In this
section the simulation model based on Simulink is built as an importantaodhe

validationof our proposed smaslignatbased analysis

5.2.1Simulation M odel toValidate The Stability Analysis

M ethod

The simulation model is built in the Simulink and its basic structure is demonstrated
in Fig 5.3. It includes d/epxis current Pl controllers, currents and voltages frame
transforms, MRAS rotor position and speed estimation, and continuous machine model.
Compared with the realpalication, the outer loop controllers (Elis or speed
controller) are neglected as they are not considered in this stability andlgsis.

simulation model built in MATLAB/Simulink igjivenin Appendix D.
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6k — 1) + 1.5T@,(k — 1) Ok — 1) — To@,(k — 1)
w, (1)

i +¥ DP' ua()f a,ll’;,(lc):]zﬂd—,lL U, (t) . )| 5 /]2t

Ed (k) Delay and Hold
.+ g (k)

- I Delay and Hold
tq(k) elay and Ho

Ok—1) Dyl —1)
é é

Continuous
machine
model

( N
uy (k) 2109}
Rotor position and speed
ug (k) estimation Iy (k)
e
\ J

Fig 5.3. Simulation model structure diagram

Thepower converteis simplified to a unifidelay and hold b | o cthe vdtage ¢ e

referenced” "Q ando® "Q can only be applied to the windings time instan{k+1).

The transforrations between | and abeaxis are also neglected as they do not affect
the final result. As for the curresitthe current sampled at time instantdn only be
used at time instarfk+1) due to the long current samplihglding times of the ADC
module (about 5usYherefae, one unit delay is applied to the sampling currents.

The machine used in the simulation is in the contindivoe domain (sdomain)
instead of the discretime domain (zdomain), whichcan better represent raal
electricalmachine. The continuottine domain machine model adopts the machine
parameters listed ifable5.1. Apart from the machine model, all the others are built
by discrete blocks with sampling frequency 40kHz (sarasthe PWM frequency).

The following simulation scenarios analyse the systéambilgy under different
conditionssuch as MRAS PI parameters, order of MRAS adaptive model, different iq
currents etc. However, they share the safoanat: firstly derivethe stability result
from the smabsignatbased state evolution equation and theathe simulation to

validate thesystem stabilities and compared with srsdinatbased analysis results.
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5.2.2Stability Analysis ofMRAS System with 15-Order

Adaptive M odel

The MRAS sensorless algorithm is first proposetth@s-domain. It has been proved
in [26] that the MRAS sensorless algorithm is always stable no matter how much the
0 andQ of MRAS PI controller are selected, but tigsan ideal situation without
consideration of real application consttaisuch as control delay, voltage saturation,
etc. In fact, there must be some limitations of MRAS PI parameters selection due to the
relatively large control delaip high speedin this section, the system stabilitjth 15-
order MRAS adaptive modekill be analysed at different MRAS Pl parameters

(Q hQ ), providing guidance for the parameters selection.
5.2.2.1 StableArea of MRAS System with F-Order Adaptive Model

As the keypoint of this section is focused on the MRAS PI param¢®@rs andQ ),
‘QandQareset to 0A where thenachine isunning atidle modewithout any loads
Using the smalkignatbased stability analysis methodSection5.1, a 3D map irFig
5.4 is obtained to display the stable aréa.(maximum eigenvalue<l) at different
speeds. It can be seen the stable area shrinks when speed indreasegeans that
without a properselectionof Q andQ , the systenmay only stable at low speed
and become unstable at @ler speedAs can be seen iRig 5.4, whenthe speed is
6krpm, almost allQ (range from 1 to 6) and) (range from O to 14,000)
combinationscan make the system stablEhese areadave already significantly
reducel whenthe speed increases to 7krpm. When the speedlgmesdlO0krpm, the
stabe areas ofQ HQ combinations become relatively unchanged.

The red line aredn Fig 5.4 represents the overlapped stable area at all different

speeds. Th&® hQ combinations within this area are suggested for selection as they
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can make the system stableaatider speed range. This figure giveguideline for

control parameter seléon to avoidany potentidly unstableconditions

kpm g 14 speed(krpm)

Fig 5.4. The stable areaf k,m and kn selectionat different speesffor the 1s-order adaptive model
To providea better guidelinef Q andQ selection, anaximum eigenvalue map

in Fig 5.5 is given. The colour represents the maximum eigenvalues at all rsegs!
from 6krpm to 14krpmThe steady areaissidethecontour line of 1.@nd it is located
betweenQ P® ¢dandQ o mmTp . lherefore;Q and’Q can be

selected from this area.

1.014
14000 ot
12000 o
10000 1008

£ 8000 1.006

6000 1.004
4000 1.002
2000 1

Fig 5.5. The maximum eigenvaluesapfor the 15-order adaptive modeitall speed
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5.2.2.2 Stability Simulation of MRAS System with F-Order Adaptive Model

The stable area shownhig 5.4 andFig 5.5 is calculated from the smadignatbased
stability analysis method isecton 5.1 This section is going to validate tls&ability
analysis result above symulation studies

Fig 5.6 shows the maximum eigenvalue contour limedifferent’Q and speed with
o) v Tt T The red line represents the contour line of 1.0, which is the boundary of
thestalde operation aredt can be seen that the unstable area is locatta top right
corner where is witla higher speed anc biggerQ . This makes sense because: 1)
the control delay deteriorates performance further at higher speed; 2)dangreller
gain(Q ) will also cause stability issues. To validate the proposed-sigaihl model,
eight operating points (i.e., a,b,c,d,e,f,g,h) around the red line are selected (detailed

parametersistedin Table5.4) to conduct simulations in the model giverfig 5.6.

14
wl

1.012 3

12 =
=

101 8

=11}

10 8
g 1.008 B
R 2
=1 1.006 2
8 6 "8
& g
1.004 ¢

‘ £
1002 -5

2 a1

=

kpm

Fig 5.6. The maximum eigenvalue map wkkh=5000 forthe 1s-order adaptive model
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Table5.4. Selected perating pointparameters forstorder adaptive model

Operating point ~~ Q speed(krpm)  Position inFig 5.6
a 25 12 Stable area
b 2.75 12 Unstable area
C 25 9 Stable area
d 3 10 Unstable area
e 3.5 7 Stable area
f 3.5 9 Unstable area
g 5 7 Stable area
h 5 8 Unstable area

The simulation waveforms at those 8 operating points are demonstratedsiid.
The™Q , as well as the actual and estimated speed, are givenhrsieadation. Itis
obvious that the estimated speeds at operating points and,g,are convergent, but
the estimated speeds at operating points addh are divergentThis is exactly what
is expected fronFig 5.6. Therefore, the simulation results validate the correctness of

the proposed state evolution equation.
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Fig 5.7. Stability sSmulationresultsat the 8 operating points iRig 5.6
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5.2.3Stability Analysis of MRAS System with2"-Order

Adaptive M odel

In section4.3.2.1 the MRAS adaptive model has two types of sraghal

expressions. Depending on the linearization method to the exponentiggterm
they can be named a8-@rder MRAS adaptive model ané%rder MRAS adaptive
model respectively.

Althoughthelast section has displayed the stable afeslRAS sensorless control
with the 1%-order adaptive modelthis stable area will shrinkurthermorewhen
considering differenQ andestimatednachine parameterOfe ). It is even possible
that nostable’Q and’Q is available fothe F-order adaptive model.

Therefore this section will demonstrate the stable as€MRAS sensorless control
with a2"%order adaptive models well as the simulation results.
5.2.3.1 StableAreaof MRAS Systemwith 2"-Order Adaptive Model

Using the smalsignatbased stability analysis methodsection5.1, a 3D map in
Fig 5.8 is obtained to display the stable area (maximum eigenvalue<1) at different
speeds witthe2"%order MRAS adaptive model used. As can be seen from it, the stable
area shrinks with speed incsiag. At the highest speed (14krpm), 8@y higher than
3.5 is unstable no matter how mugh is, but the selection of stabl® at 14krpm is
more flexible. So, the system stability is more sensitiv@toat high speed.

The red line areaniFig 5.8 represents the overlapped stable area at all different
speeds. Th&® hQ combinations within this area are suggested for selectitregs
can make the system stable atwider speed range. This figumguides control
parameters selection and avoiding the possible danger compared with-thedegalor

method in real higispeed tests.
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Fig 5.8. The stable areat different speesifor the 2nd-order adaptivenodel
Similar to the last sectio®.2.2 the data to ploFig 5.8 is processed by calculating

the maximum eigenvalue at the safle and™Q but with all different speed from
7krpm to 14krpm. Then a new maximum eigenvahegp asFig 5.9 is derived. The
contour line of 1.0 is exdgtthe boundry of the overlapped areakig 5.8. The contour
lines inFig 5.9 show the stability trend of the system wiitlie 2"-order adaptive model,

telling engineeswhich area haalarger stable margin.
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Fig 5.9. The maximum eigenvalues map tbe2s-order adaptive modeit all speeds
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5.2.3.2 Stability Simulation of MRAS Systemwith 2"9-Order Adaptive Model

This section will validate the stability area withe 2"%order adaptive model by
simulation. To achieve this, a maximum eigenvalue map with diff@@enaindQ at
14krpm is given byrig 5.10first. Thered lines represent the stable boundaries, and 8
operating points around the boundary (i.e., a,b,c,d,e,f,g,h) are selected as simulation
points to validate the system stability. These 8 points are markad 510, and the

"Q and’Q of them are listed ifable5.5.
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12000
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10000 1.003
£
< 8000 1.002
6000 1.001
4000 1
2000 0.999

kpm

Fig 5.10. The maximum eigenvalue map 14krpmfor the 2"%-order adaptive model

Table5.5. Selected perating points parameters fdf-drder adaptive model

Operatingpoint Q 0 Position inFig 5.10
a 3 3000 Stable area
b 3.5 3000 Unstable area
c 3 5000 Stable area
d 3.25 5000 Unstable area
e 2.75 8000 Stable area
f 3 8000 Unstable area
g 25 12000 Stable area
h 2.75 12000 Unstable area

Simulations at the 8 operating points are conducted on the Simulink model discussed
in Section5.2.1and their results are shown kg 5.11. The speed reference (n*),
estimated speed ( ), and MRAS error'Q) at each operating point are demonstrated.
As can be seen from it, the andQwaveforms are convergent at operating points a,
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C, e, g, but divergent at operating points b, d, f, h. These simulation results match well

with the operating point locations g 5.10, which proveghe correctness of thé®

order adaptive modddased current clodeop system.

—14.00002 [ = 14.00001 i i
5 it Operating point a g_ lOpcratmg ROLIED
= il W X !
5 14 " - " 5 14 .
[0} e (]
8 | n| £ |
® 13.99998 . . ; L est » 13.99999 ¢ I ] )
0 0.02 0.04 0.06 0.08 0.1 0 0.01 0.02 0.03 0.04 0.05
-3
N: Ci; 2 x10 : :
= Operating point a = Operating point b
2 g
o 0 ‘
(9] 9] f
& g, | | ‘ ‘ |
= = :
0 0.02 0.04 0.06 0.08 0.1 0 0.01 0.02 0.03 0.04 0.05
Time(s) Time(s)
__14.0001 : __14.0002 — :
£ ‘ Operating point ¢ £ Operating point d
=y S
= =
T 4 5 14
[0} @
o i)
o o
D @
13.9999 . 13.9998 - -
0 0.02 0.04 0.06 0.08 0.1 0 0.01 0.02 0.03 0.04 0.05
& 0.02 T & :
< Operating point ¢ <C 0.02  Operating point d
: 5 l
S O i S 0f
%) ) ”
é é -0.02
=-0.02 ; : : ” = . ; . :
0 0.02 0.04 0.06 0.08 0.1 0 0.01 0.02 0.03 0.04 0.05
Time(s) Time(s)
~14.00002 —~14.00001
5 “M i Operating point e g_
= I = :
= 14 " =1 14
[0 [0} |
[0 [
o o
® 13.99998 : ‘ © 13.99999 ‘ ‘
0 0.02 0.04 0.06 0.08 0.1 0 0.01 0.02 0.03 0.04 0.05
xq
& & h x10 : .
ifz Operating point e § Operating point
e o
o G0
(9] 9]
& &
= -5 . L L " = o) L L " L
0 0.02 0.04 0.06 0.08 0.1 0 0.01 0.02 0.03 0.04 0.05
Time(s) Time(s)
__14.0001 - ;
£ Operating point g £ 14.0002 | Operating point h
o S
£ =
g @l 5 14
@ @
2 2
& $13.9998 1
13.9999 : ‘ - : : ‘
0 0.02 0.04 0.06 0.08 0.1 0 0.01 0.02 0.03 0.04 0.05
& 0.02 : < 0.05 e
< Operating point g < ¥ Operating point h
5 | o
s off ‘ ‘ c 0
g :
= -0.02 . =005 ‘ ‘
0 0.02 0.04 0.06 0.08 0.1 0 0.01 0.02 0.03 0.04 0.05
Time(s) Time(s)

Fig 5.11. Stability sSmulationresultsat the 8 operating points Fig 5.10
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5.2.4Stability Comparison of £- and 2"%-Order MRAS

Adaptive M odel

To compare the performance ¢tdnd 29-order MRAS adaptive models, the stable
boundary inFig 5.5 andFig 5.9 are plotted together iRig 5.12 below. The red line
represents the statdeeaboundaryof the current closd-loop system withthe 15order
MRAS adaptive model at the whole speed range, and the blue line represents the stable
boundary of the same systewith the same speed range but vifie 2"%-order MRAS
adaptive model. It is obvious froitrthat the 2%-order adaptive model hasarger stable
area of MRAS PI parameters than tieotder adaptive model. Althoudhe 2"%-order
adaptive model is more complicdtend consumes more controller tif@out3us) it
is still preferable for our application as the microcontroller we used can handle the

increasing computation.

14000 + —— Stable boundary with 1st order adaptive model
——Stable boundary with 2nd order adaptive model
12000
10000 /ﬁ
= L/ N
i~ 8000 | \
|
6000 | \ )
/r‘
4000 - \\ //
2000
1 2 3 4 5 6

kpm
Fig 5.12. Stable area comparison ¢fdnd 2%-order adaptive modalith speecbetweer7-14krpm
There are 3 parameters (i.®, ,Q , speed)requiredto be determined in the

simulation, but the unstable arearig 5.12 does notindicate which speethis system
will be unstablefor a given set okom andkim. Thereforewe fix theQ v Tt Tand

derive theFig 5.13 which shows the stable areas of the current cldsef systenfor
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different kom and speedising ' and 2%order MRAS adaptive model desigRor
comparison studiesp@ir operating pointgi.e., a, b, ¢, d) are selected as simulation
scenarios and all of them are located inside the stable area dFihel& adaptive
model but outside the stable area of t@dder adaptive model. The parameters of the

four operating points are listed Table5.6.

"/ S
12
~10 .
S .
e
x 8
g
o
o 6
n
4
= 1| st-order adaptive model
2 ——2nd-order adaptive model
1 2 3 4 5 6
kpm

Fig 5.13. Stable areaomparison of $and 2%order adaptive model witkn=5000

Table5.6. Operating pointselectiongor 1t and2"%order adaptive modgicomparison

Oper.ating 0 0 Speed Stability for 1storder Stability for 2%order
point (krpm) adaptivemodel adaptive model
a 3 5000 13 unstable stable
b 3.5 5000 11 unstable stable
c 4 5000 10 unstable stable
d 5 5000 9 unstable stable

The simulation results at these 4 operating pointghfedst and 29-order MRAS
adaptive model are demonstratedFig 5.14. Figures on the lefcolumnshow the
estimated speed and MRAS erusingl®-order MRAS adaptive moddk can be seen
that the variablearedivergent at all 4 pointas theoperating point locations outside
the 15-orderMRAS adaptive model stable rangeFig 5.13. However the figures on
the right show the convergent estimated speed and MRAS error at all 4 poirtsewith
2"%-order MRAS adaptivenodelas these four points are within the staimendaryof

this methodn Fig 5.13. Above all, all the simulation results lfig 5.14 are consistent
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with the stable area shown fiig 5.13, proving the superiority of the ®-order MRAS

adaptive model.
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Fig 5.14. Stability sSmulation resultsat 4 different operating poin{a,b,c,d)in Fig 5.13.
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Left column: results fromstorderMRAS adaptive model; Right column: resultem 2"-order
MRAS adaptive model

5.2.5Stability Comparison with Different Q-Axis Current
All discussions above are under the conditioffof ‘Q 7 . In this section, the

stability performance of the current closd-loop MRAS sensorless system with

differentQ currentsareanalysed. Th& currentis always zero athere is no neefbr

flux weakening for the studied machine
Based on the analysis in previous sectitims2"-order MRAS adaptive modébs

alargerstable areaompared with theStorder MRAS adaptive modeAs different’Q

may causdurther shrink of stable ared,is wiser to choose¢he 2"%-order adaptive
modelfor MRAS sensorless control

Using the maximunreigenvaluebased stability analysis method proposeskiction
5.1 the stable boundaries at 14krpm with different iq are showfigrb.15. Both

positive and negativéQare considered because machine will work both in motoring
and generating modes. It is obvious fréig 5.15 that the stable area witQ ¢ ht

is the largest. With the increasingoofrrent’Q, the stable area will shrink. This indicates
‘Qwill certainly influence the system stability, so the selection of proper MRAS PI

parameters should be based on the most severe condition (maX¥num
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Fig 5.15. Stable boundaries with different ig wheresd is 14krpm
To validate the correctness of the conclusion derived above, simulation at the two

operating poi Fgt545arke adnducteavith the lbedultsisimown iRig
5.16. Table5.7 list the operating situations and control parameters in the different time
slot of Fig 5.16 to provide a clear view. At operating poi@f) simulation with'Q

¢ 1t (0-0.1s) is stable but unstable with 1@ (0.15s0.2s), which is consistent

wi t h t he poiRgH.l5direside bluelinesbtt butside yellow line). Similar
result is obtained at operating point Ob¢
‘Q 1 (0.25s0.3s) but unstable witfQ ¢ 1t (0.4s0.45s), matching with the

location of operating poinbdin Fig 5.15 (insidethe yellow line but outsidehe green

line).
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Fig 5.16. Stability sSmulation results at operating point a anohlfFig 5.15
Table5.7. Operating situations and control parameters in the different tinmso$leiy 5.16

Time(s) Operating point Q o) Speed (krpm)  Iq(A) Stability

0-0.1 a 3.3 6000 14 -20 Stable
0.150.2 a 3.3 6000 14 0 Unstable
0.250.35 b 2.8 6000 14 0 Stable
0.4-0.45 b 2.8 6000 14 20 Unstable

5.2.6 Machine Parametersimpacts on MRAS Sensorless

Control Stabilities

5.2.6.1 MRAS Estimated Position Error Analysis

In the MRAS sensorless algorithm, the machine parameters such as phase resistance,
inductance and stator flux linkage will be used to btieladaptive model and control
rule. However, these machine parameters vary with temperature, stator steel saturation,

etc. The machine parameters floe MRAS algorithm are normally based on the static
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