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Abstract

The objectiveof this research project was to investigatetor control methods applied to
Permanent Magnet Synchronous Motors (PMShMs)erospace applications.

In specific his research attemgdto address two key issuttgat are critical in aerospaceéirsty
theincrea® in system availabilityn case ofa resolverfailure by means ofapplying sensorless
motor control methodsSecondlytheredudion of acousticnoisegenerated frora motordrive.
Reliability, availability and acoustics are key areaa mumber of industriesspeciallyaerospace.

With regards tdhe reliability and availabilitpbjective ahybridmodel/saliency basesknsorless
methodwasinvestigated that catake over motor control in case ofesolver failure.

With regards taheobjectiveon acousticghe research attengafirstly to address the problem of
acoustic noise froriligh Frequency InjectiofHFI). A variant of the Pseudo Random High
Freguency Injection (PRHFBIgorithmwas thus developeaimingto reduce the perception of
acoustic noiseWhile investigatingHFI sensorless methods and observing their acoustic effects,
the most novel contribution of this research was conceivEde concept ofActive Noise
CancellatiorControl(ANC) by meansof High Frequency InjectiofHFI) was thus created
implementedandpresentedn this thesis

The proposedavailability and acousticimprovementalgorithms were first simulated in
Matlab/Modelsim and then tested othe Helicopter ElectrdMechanical Actuation System
(HEMAS). Theabovehardwareplatformis a PMSM based drivesedto control the swasiplate
onboard a helicopter.

Thereliability enhancemergtensorlessbservemwasdemonstrateduccessfullyduring testingand
wasshown totrackthe moto®d speed and angle.

The acoustic suppressiaigorithms (Pseudo Random High Frequency Injectiand High
Frequency Injection Active Noise Cancellatjomnere also demonstrated successfully dhe
hardwareplatform by means of audio capturing using microphones and analysis within Matlab.
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Chapter 1 I ntroducti on

1.1Electric motor typesand suitability for aerospace

A number of safety critical functions onboard an aircraft such as the control of aerodynamic
surfaces have beecommonly based in the past decades on hydraulic systems. However,
hydraulics tend to be heavy, occupying large volume on an aircraft and lacking flexibility in terms
of their operation, fault detection and fault repor{ib [2], [3]. It is not surprising thah the

past decadedyydraulic systems in aerospace tend to be replaced by electric motor, drives
providing a more efficient, compact and lighter implementation

Aiming toaddressoncern®nsustainabilityand the ecological impactfidssil fuelsaconverging
shiftis beingobserved with electric propulsion aiming one day to replace the currently dominating
jet engine technologyThistrend of increased levels of electrificatji@amingfor moreefficient,
compactnd environmentally friendly applicationsknown as th&lore Electric Aircraft (MEA)
Initiative [1], [2], [3].

Electric motos belongto a group of devicealledelectrical maching Electricalmachines are
rotatingpower converterand can belassified to motors and generatp4$. Motorsconvert
electric to kinetic energy argénerators convekinetic to electric energyAn electrical machine

can be used either as a motoasa generator as long as the necessary electrical and mechanical
blocks surrounding the machine are in plaé&ctrical machines amomposed ofwo keypatrts,

the stator and the rotor. The stator is a stationary hollow cylinder struttat@ccommodates

the rotating parf the motor namerbtor(see Figurel.1). The focus of thisresearch is on electric
motorsandspecificallytheir use inthe aerospacsector

Stator winding

Air gap :
&4 Stator

Electro-Magnetics

Permanent-magnet

Stator Rotor (the magnetic circuit)

Figure1l.1 Electrical machine architectugestator and rotgCredit[5]

Due to the safety critical nature of many aerospace applications, stringent conatespisied
to airborne electronic hardware in gendfgl [7] andto motor drivesin particularwith respect to
reliability, weight, size,powerspecification EMI, fire hazardsendurance to extreme vibration
andtemperature Theseaerospaceonstraintsaturally qualify certain motor typeas more
suitable for aerospace applications.



CHAPTER 1 INTRODUCTION

A wide variety ofelectricmot or types is currently available
type charactesed by the advancements in analog, digital and material technology. Motor types

can differ in a multitude of ways, with respect to their voltage supply (DC versus AC), power
rating, rated speed, speed torque characterigtiodingtypes number opoles, cooling method,
manufacturing process and structure.

Direct Current (DC) motors establish torque and rotation with the application of a DC voltage
supplyat t he mot [8]r Theinteraxtiomuf thesstatsr/rotor magnetic fields is managed
by mechanical components called brushes and a commutator as§@n(dde Figurel.2). DC
motors need Bess complicatedontrol circuit to operateelative to AC machines characteristic
that made their use wedpread when state of the art digital controllers were not available.
However they suffer from a number of disadvantagaedustrial DC motorslemand high levels

of maintenance, needing to be takemularly offline, have the brushes replaced and the
commutator resurfacd8], [10],[11]. Due to the commutator assembly, DC motors also tend to
be larger and heavier than an equivalent power AC ma¢h@je They also tend to have higher
inertiathan equivalent AC machines resulting into slower speed respbdjsd he mechanical
commutator creates a limit on the maximum speed that can be achi®&dile it can even
create sparks while spinnirj§]. All of the above characteristics make DC motors a rarely
encountered machine in the safety critical aerospace sector.

Armature conductors

— Poles of magnetic field
generated from stator

winding currents
Sator
windings

Figure1.2 One pole pair DC motor architecture

Stepper and Switched Reluctance Motors (SRig a group of electrical machines that initiate
torque and rotation using reluctance torqueney both have projecting polesd share the
characteristic of havingdifferentnumber of poles in stator versus i8tepper motors and SRMs
are considered economical to manufacture, maintenance free and very reliable mathines.
rotorofaSRMis formed by steel laminatiomghile the rotor of steppenotor can be either formed
by steel laminatiosor permanenmagnesdependin@nthe stepper motor typélowever sepper
motorscan only produce sufficienttorque atlow spgg?], theyhavelow power densityand thé
torque toinertia ratiois low so they accelerate slowhA limitation for both stepper motors and
SRMsis torque ripplg13], [14] andresultantacoustic noise.

Alternating Current (AC) motors can be classified into asynchronous machines (induction motors)
and synchronous machines (Brushless DC Mo®k4SM9 [5]. Both types of AC machines are
considereacconomicalrelatively straightforwardo manufacture and are practically maintenance

2



CHAPTER 1 INTRODUCTION

free[9]. They are morkghtweight and efficient than equivalent power DC moi{6is Induction

motors however require excitation currents to flow through the rotor windings thus need to be of
bigger physical sizevhen compared to equivalepermanent magnet motots prevent
overheating10]. Furthermore kushless DC motors produce higher torque ripple than PMSMs
[15], [16]. In conclusion, considering the highower density of PMSMs, their dynamic
performancendthe lack of maintenance needs, they are considered an excellent option for high
performance safety critical motor control applications in the aerospace sector. PMSMs have been
used for the control of aerodynamic surfaces onboard an aircraft and théoehothe focus of

this research work.

Figure 14 two pole pair Interior mounted Permanent Magnet Synchronous Motors (IPMSMs): 4a) radially
magnetized, 4b) tangentially magnetized, 4c) inset magnetized, 4d) multilayered magnetizesh&eg¢ VvV
Credit[5]
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CHAPTER 1 INTRODUCTION

Permanent Magnet Synchronous Motors are manufactured by embegdimganentmagnet to

the rotor and a set of conductors to the stator known as windings. There are primarily two types
of PMSMs depending on the topology of the permanent magnet, Surface mounted Permanent
Magnet Synchronous Motors (SPMSMs) (Figur8) and Interior mounted Permanent Magnet
Synchronous Motors (IPMSMs) (Figuled) [4], [17], [5].

The location of the permanent magwéhin the rotoraffects the overall magnetic circuit and the
characteristics ofhe machine Each of the PMSM topologies shown in Figur8 andl.4 has
therefordts advantageslisadvantageand higher suitability for specific applicatioas will be
analysed below SPMSMs for example are known for their high power density winibest
IPMSMs are considered attractive for using their reluctance torque &lasespeeda method
widely used in traction applicatiors the automotive sect¢b].

Specifically,radially magnetized IPMSMshownin Figure 1.4.a exhiblow saliency rati@ 0

and thereforenodesteluctance torqufs]. Tangentially magnetized IPMSMshown in Figure

1.4.b, unlike other IPMSMsxhibithigherd-axis inductance® thang-axis inductancé [5] and
thereforetheirreluctance torqueannot baised towards enhancing performance. Inset IPMSMs
illustratedin Figure 1.4.c have the advantage of operating in an extended torque speed range and
have been used in commercial hybrid vehicles. The multilayi@&&M topology shown in

Figure 1.4.dexhibits high saliency ratioD 70 thereforesupportinghigh reluctance torque.
However theirdesignis considerednore complex than other IPMSNE]. Finally the V-shaped
topologyshownin Figure 1.4.eexhibitswider constant powespeedange than other IPMSM

types and has enjoyed commercial applications in hybrid veHg]es

Motor type Pros Cons

9 Complex and expensive
manufacture for high end industr
DC applications

9 Straightforwardcontrol circuit (DC | 1 High maintenance.

1.BrusheddC motor voltage supply) 9 Larger and heavier than equivak
’ 9 Economical for very lowcost low | AC machines.
performance motors (toys). 9 Higher Inertia and Lowe

maximum speed than equivak
AC machines.

9 Can createmarks.

9 Torque ripple and acoustic noisg
high speed.

1 Stepper motorgfficient at low
speedonly, slow acceleration

1 Straightforwardand economical tq
2. Stepper motor and SRM| manufacture.
1 Maintenance free an@bust.

3. AC Motor
3.1Asynchronous Maching

1 Straightforwardand economical tq¢ 1 Compared to PMSMs, excitati

manufacture currents through rotor winding
3.1.1Induction Motors 1 Maintenance free and robust. reduce efficiency add them
1 Higher efficiency and power densi considerations and increase md

than DCmachines size.

4



CHAPTER 1 INTRODUCTION

3.2 Synchronous Machine
1 Straightforwardand nomical t 1 Higher torque ripple and reduc
3.2.1Brushless DC Motor aigntrorwa economical [ efficiency when compared 1
manufacture
PMSMs.
9 Straightforwardand economical tq f Cost of permanent magnet useq
manufacture. be a disadvantage, th&st hag
3.2 2PMSM 9 Maintenance free and robust. been reduced greatly.

- 9 Higher efficiency and power densi  Risk of demagnetizatioin eary
than DC machinesind inducton| products not a risk in moden
motors. systems.

9 Superior power density than D{ { Torque reduced when used abg
3.2.2.1SPMSM Induction, Brushless DC steppel base speed when compared
motors, SRMsand IPMSMs. IPMSMs.
9 Superior power density than D
Induction and Brushless DC Motof

3.2.2.2IPMSM 1 High torque can be maintained abd 1 v[\\llﬂ':er?ispeod\jvert:t?gig ssegg'MS
base speed using reluctance ton P P :
(ideal for traction applications).

Table 1.1 Comparison o&lectric motors
Motor type Suitability for aerospace

1. BrushedC motor

Not suitable for aerospaag@plications. Tiey require high maintenance, cre|
sparks during rotation, are of low efficiency and low power density.

2. Stepper motor and SRM

SRMs have some usage in aerospace, theynaigtenance free, they a
consideredery robust however they are not as power dense and effick
PMSMs and are known to experience high torque ripple and acoustic
Steppermotors have very narrow and limited applications due to speed
characteristics.

3.AC Motor

3.1Asynchronous Machine

3.1.1Induction Motor

Induction motors have usage in aerospace, they are maintenanc
straightforwardo manufacture and more power dense than DC mac
Howevertheir power density and efficiency is lower than that of PM§

3.2Synchronous Machine

3.2.1Brushless DC Motor

Brushless DC motors have some usage in aerospace, they are maintene
however they are known to experience high torque ripple.

3.2.2PMSM

Surface mounted PMSMs (SPMSMs) are considered an excellent chg
high performance, high power density aerospace applications. IPMSMs
more narrow application range in aerospace as their reluctance torqui
them more suitable for traction algations

Table 12. Electricmotortypes and suitability for aerospace

1.2Magnetic field and rotation in electric motors

The fundamentaprinciple behind the energy conversion in electric motors is the interaction

bet ween t he

A A

statordés and rotord6s magmME[®.i c
A magnetic field can be created either by means of introducing a current flow through a conductor

5
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CHAPTER 1 INTRODUCTION

or naturally around a permanent magnet (see figjile A key parameter of a magnetic field is

its magnetic flux. Magnetic flux line® avisual representation of fldxare shapes that would be
formed if steel pins were to be placed within a magnetic field. Flux lines show direction of flux
as well as the intensity eiemagnetic field. The closer the flux lines, the higher the flux density
and the intensity of the fieldzlux density B is a physical measure of magnetic field intensity i.e.
how close the flux lines agdtuated to each othand the physicalnitis a TeslgT). Flux lines
indicate the location of the poles of a magnetic field namely North (N) and So(Eg®e1.5).

It can be shown that as magnetic fields interact, Force candakiced Using Lorentz law4],
the ForcéCthat isexperienced by movingcharged particlef electric chargé), whentravelling
at speed through a magnetic field of Flux denstbyis:

O No Eqil.1

Starting from Lorentz lawlefined in Eq 1. it is possible tasubstituery twith 1 i o as the speed
L equaldo the ratio oftravelleddistance in time oover this time Additionally,itis possible to

substitute o With "Oaselectric current is defined diserate of charge movemeaver time The

abovetwo substitutiors resultinto Lorentz lawbeingre-formulatedto the familiar equation Eq 1.2
shown below[8]:

'O 0 Oa Eq12

where'Ois theForce experienced by a conductor of lengttarrying currentGandexposedto a
magnetic field offlux density B

Aiming to explain thidield interaction further, e t 6 s tehecstater and Btor magnetic fields

are generated bymbedding a permanent magnet or applying current through windihgswill

result into the stator and rotor developimggneticfields eachwith N and S magnetic poles.
Matchingstator/rotopoles(N /N and S/ Syill attempt to distance from each other and opposite
stator/rotopoles (N / Swill attract each other. T¥synchronism and interactiaf rotating stator

and rotorfields is thekey mechanism to exert force aedtablisirotationin Permanent Magnet
Synchronous MotorsFigurel.6 illustratesthisfield coupling and rotation within a PMSM. Note

that both the rotor and stator experience equal and opposite inaliréztce. This is the reason

why the former is designed to rotate freely and the latter is typically fixed on a surface to remain
stationary.

This synchronism of stator/rotor magnetic figlddere one field is oriented in vectorial relation

with the other and produced by applying appropriate voltages to the stator terminals is known as
Field Oriented ContrFOC). However, in order to achieve this field orientation and establish
stable controlthe motor controller needsto bdormedof t he rotor 6s angl e.
Is for this reason a very significant piece of information for the controlrsition encoders
known as resolvers atbereforecommonly embedded within PMSMs to achieve this.
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Windings

Figure1l.5Magnetic flux linesand magnetic poles: Permanent magnet (Lefityent carrying windings (Right)

Credit[9]
T
Ab
q
d
g
/ X N Poles of magnetic field
> VI | U — generated from stator
winding currents
X Qator
windings

Figurel1.6 Field couplingor one pole paiB phase AC PMSM

1.3EMAs and the HEMAS platform

ElectroMechanical Actuators (EM# aresystemghat utilise electric motos andconvert their
rotary motion into lineamovement There is a clear trend of EMAS replacing heavier hydraulics
[1], [2], [3]. especially in newer lightweight composite based planes where efficiency is key.
PMSM based EMAs catmusbe commonly found in safety critical aerospace applications such as
the control of aerodynamic surfaces (rudder, elevator, aileron, trimming horizontal stabilizer).
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Motor  GearDOX -t - Fan and load control

),

—

Figure 17 The HEMAS hardware test platform

TheEMA that wasusedfor hardware testing in this research is thedicopter ElectreMechanical
Actuation System (HEMAS)18], [19], [20]. The HEMAS systenin an SPMSM based drive
located in correspondence of the swaddite of a helicopterChapter3 of this thesis provides a
more detailed description of tiEEMAS platformand the test rig used in the resed®&eFigure
1.7).

UsingtheHEMAS systenas a test platform is an excellent choice consideraigtiany aerospace
applicationswill sharemanyfundamental motor technology similarities

1.4Current state of the art, researchmotivation and objectives

The use ofPMSMs hasbecome increasingly widespreadthe past yeardue to their high
performance and power density. However onederacteristiof PMSMs is theneed for the
motor controller to be aware tifie rotor angle. This neduhs been typically accommodatsith
the use ohresolver embedded themotor. However, awill be detailedin chapter 2resolvers
can fail due to extreme temperature and vibration resulting into redwdtgystem availability.
The safety critical nature of aerospace applicatorttheexpectatiorior high levels ofeliability
especially for DAL A/B designis] make tle weakness foresolver failures a significant drawback
for conventional PMSM drive solutionslToincrease system reliabilityhis research investigates
the use of sensorless methods to enable motor control in the case of a resolver failure.

Another key aspect investigatetthis research iacoustic noiseriginating froma motordrive.
Acousticds of critical significancén aerospackor the comfort of passengeonboard commercial
aircrafsand the safety gdersonnel onboamiilitary planes. This research therefore investigates
and proposga number of ways that acoustic noise can be suppressed and reduced
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1.5Thesis organsation

This thesis is organized in the following chapters. Cha2and 3provide a background dhe

two main areas investigated in this reseasgistem availability and acoustics. With respectto
availability, Chapter2 presents reliability considerations for PMSMs and specifically the
mechanism of resolver failures. Aiming to increase availability chaptemtroduces sensorless
methods thatre proposed ttake over control in case afresolver failure It providesa survey

and comparison of differesensorlesmethodsillustratingkey advantages and disadvantages of
each method With respect to acoustic€hapter3 analyses thetypes ofacoustic noise typically
encounterednboard araircraft and then outlines two proposed algorithms to improve acoustics

Chapted presentshe hardware platform and testtupfor the experimental phase of this research.
At firstit provides an insight to theelicopter ElectreMechanical Actuation System (HEMAS)

It then introducethe softwaréghardwargartitionsof the system and the test methodology adopted
during this research.

Chaptel5 details theproposednodel based sensorless observer towards increamsitay drive
andsystem availability at mediuto high rotationalspeed. The chapter preseatsanalysis of
the algorithm along withsimulationandhardware test results on the HEMAS platform.

Chapter6 presentghe proposedsaliency basedensorlessethodtowards increasing system
availability atstandstill or low speedit present&n analysis othemethod along witlsimulation
andhardware test results on the HEMAS platform.

Chapter7 detailsthe proposed Pseudo Random High Frequency Injection (PRHFI) algorithm
aimingto suppress acoustic noisem HFI. It details the algorithm and th@mesentsimulation
and hardware test results on the HEMAS platform.

ChapteB presentshe mosinnovativeand novemethod introduceh this thesis It was named
in this researchActive Noise Cancellation (ANQ)y means oHigh Frequency Injectio(HFI).
It provides a background on AN&ystemsn generalfollowed by thedescription of th@roposed
methodalongwith simulation and hardware test resudts the HEMAS platform

Chapten is the final chapter of the thesis and contains the conclusiondiegadion towards
futurework related to this research project.



Chap2&yrs tAeai | afbarl iMoyt or Dri ves

2.1Introduction

Reliability and availability is an area of great significance in aerospius chaptefirst provides

a brief background oavailability considerations for Motor Drives drspecifically reliability
concerngor PMSM drivesdueto resolver failures Thearchitectureof a resolveandits failure
mechanisnaretherefore presentedAiming to enhance availabilitysensorless control methods

are proposedo take ovemotor controlin case of a resolver failure. gurveyof sensorless
methods ighereforeperformedshowingstrengths and weaknessdeach group of algorithms
followed bya brief analysisof how sensorless methods can be used towards increasing system
availability.

2.2 System availability
2.2.1 Resolverarchitecture and failure mechanism

The controller of a PMSM drive needs to be continuously informed of the rotor angle to ensure
efficientand stablemotor control. The most commonly used method to achieve thiy is
embeddin@ resolver to the motor.

Motor resolvers are electnmechanical components that monitor rotation and provide electrical
signals conveying the position of a rotorThe construction of a resolver is based on three
windings, a primary winding and two secondary windifs], [22]. The primary winding is
embedded within the rotor and the two secondary windings are pladkd stator at quadrature
angle of 90(see Figure 2.1)The primary windingis fed with an excitation signal typicalighin
thel0 kHzfrequencyrange. The resolver design functions as a transfamddepending on the
angle of the rotqithe excitation signal will appear &ach ofthe output windingésee Figure 2.1
and 2.2) Thefeedback from théwvo output windingss known as the resolvéeedback sie and
cosine signals.

YQi ¢ EQRMOVQOEWOTE 20é +— Eq2.1
YQi ¢ UG GadE zi Q& Eq2.2

where—is the angle of the rotor modulated to the excitation signal frequency

Note thatlhe modulated sine amgdsine feedbacks contain information on the rotor angle that can
be demodulated at the controller.
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Secondary windingl,
cosine feedback signal

vvvvvvvvv

Secondary winding, Primary winding,
sine feedback signal excitation signal

Figure2.1 Resolver architecture

Motor theta

Resolver cosine feedback
Resolver sine feedback
= Demod. cosine within controller

— Demod. sine within controller
L N, i

Figure2.2 Resolver sine/cosine feedback vs angle theta

Notethata Matlab model*.m file was writtento generateheresolver feedbackignalsshown in figure 2.2
please refer to Appendix B1of this thesigo obtain the Matlab source code

While resolvers provide a viable solutitm convey the electrical angieformation, they are
naturally sensitive devices. They can fdule toextreme temperature and vibration conditjons
leadng to inability of the controller to drive the motor and reduction in system availability

The underlyingmechanism of aresolver failure due to temperature and vibrataiisdoelow:

11
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1. Resolvers are transformers ahereforeneed currentlow to function. Conductors
carryingthe currentto the resolver within the motorgredurrounding insulating material
howeverespond to temperaturdExtreme temperatures or fast changes in temperatures
cause these conductors dhdir neighboringnsulation to expand and contradthe factor
that amplifies this problem that the thermal expansion coefficieaf¢heconductorsand
neighboring insulatiordiffers substantially causinthem toexpand and contract by a
different degree This unbalanced movemamsulsinto extreme mechanical strebsit
can eventuallgau® open or short circuitto the conductors. This in turn results to the
resolver not being fed with the neededirentand to stop functioning

2. The primary winding block of the resolver is embedded on the rotor. Vibration and
mechanical shock can result into the resolver rotating circuit slipping and becoming
detached from the main rotor or suffer an impact to its electrical connection intdgrity.
either case this results into the resolver stop functioning.

Aiming to preventresolver failusglecreasing system availability, this research proposes applying
sensorless methodsat cartake over motor control in the caseaoksolver failure. The section
belowpresents a survey gsensorless methodsningto identify a suitable sensorless algorithm

to beimplemented and evaluated in this research

2.2.2 Survey of sensorless methods

In view of the disadvantages encounteredin resolver based motor control designs, sensorless motor
control has been an area of research in thedexstdes. Sensorless position calculation involves
calculatingthe angle of a motor withoutthe use of an encoder butby means of monitoring feedback
signals such as motor voltages and currents.

Sensorless motor control algorithms for PMSMs can be classified into two main groups, model
based methods and saliency based methods. The former group involsieguibtor feedback

signals during rotation to establish the rotor angtasidering the equivalent circuit model of the

motor. The latter group takes advantage of anisotropies in PMSMs by means of injecting High
FrequencyHF)carriersandanay ng t heir ef fect to the motor 6s
methods are considered suitablerfeedium to high speed motor rotation as they rely on feedback
signals while the motor is spinning while saliency methods are typically applied at standstill and

low speed. Below is a survey of sensorless motor control methods for PMSMs:

2.2.2.1Model based methods

Open Loop Back Electromotive Force (EMF) estimatofjhe method calculates the rotor angle
by integrating the back EMF of a spinning motor. létiaightforwardo implement however being
open loop the method leads to accumulative ef&8kdue to sampling noise and DC offset while
it is also vulnerable to motor parameter variaf@d]. Consideringthe above, this method is not
widely used.

12
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Closed loop and observer methods:order to mitigate against noise and enable-ceifective
capability closed loop methods and observers were introduced:

Extended Kalman Filtering observer (EKF) and variantsThe EKF is a widely used observer
[24]. The method is highly effective in processing a noisy source contaminated with random
interference. Limitations include the difficulty to track fast changes in motor speed and tuning
complexity. Toremedy the formerthe Saptimal Fading Extend Kalmdtilter (SFEKF) variant

was proposef5]. To remedy the latter, the Unscented Kalman Filter (URE) and Cubature
Kalman Filter (CKF)[27] were proposed. ThEKF observer is considered more complex to
implement than the MRAS and SMO methods.

MRAS ObserverThe Model Reference Adaptive System (MRAS) observer is a widely used
method relying on the application of the motor equivalent circuit to two parallel models, the
reference model and the adaptive model thus the name. The accuracy of this observer is
suseptible to motor parameter variation. Variants of the method to mitigate this limitation have
been proposed 28] where the method is less parameter sensitive.

Sliding Mode Observer (SMO)The Sliding Mode Observer (SMO) is a method designed to
extract the back EMF voltage of a spinning motor and from this calculate the motor speed and
angle[29]. The SMO method iess complexo implement than the EKF and is notimpacted by
motor parameter variation as is the MRAS. Howethes method is known to introduce jittery

and noisy position estimation and motor control. Variants of the method have been proposed to
mitigate the jittery performance including hybrid fetls marrying the best characteristics of
different methods such as the EKF/SMO.

Flux linkage Observer The method calculates the rotor position by means of estimating the rotor
flux [30]. The observer has a number of limitations most importantly the difficulty to accurately
estimate the rotor flux. Variants of the method attempting to remedy this have been proposed
including the Second Order Integral Flux Observer (SOI[B®). This method however is not as
widely used as the EKF, MRAS and SMO.

Fuzzy Logic and Neural NetworksThe application of Neural Networks (NN), Fuzzy Logic (FL),

and Fuzzy Neural Network (FNN) in the area of sensorless motor control has also been an area of
active researcf82]. A number of publications propose algorithms based on the above artificial
intelligence methodologies towards the calculation of motor speed and position. Such methods
are considered suitable for cases when the system is difficoibibel accurately due to its
complexity or nonlinearity for example when attempting to compensate parameter variation.

Third harmonic detection This method is a variant of the flux linkage calculator. Specifically the
third harmonic flux linkage is estimated by means of third harmonic back EMF integration. This
method was introduced by Moreira and Lipd38]. The method enjoys a number of advantages
over a number of conventional model based sensorless methods including not being affected by
parameter variation, and PWM noif34].

13
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2.2.2.25aliency based methods

High Frequency (HF) signal injection To enable sensorless motor control at zero or low speed,
High Frequency signal injection was introduced. The method involves superimposing a high
frequency voltage carrier to the fundamental frequency of the motor applied either atthe stationary
or syndironous frames and then observing the resulting motor current feedbacks. If the motoris
prominently salienti.e. Ld < Lq as is the case for an IPMSM or it becomes salient due to stator
iron saturation by injecting ithe direct axis of @ SPMSM, the feedback currents will convey
information on the position of the rotor.

Sinewave injection (rotating/pulsating)lhe sinusoidal rotating signal injection method involves
addinga carrier signal to the alpha and beta stationary frame. Disadvantages of the methodinvolve
lack of dynamic performance due to delays associated with LPF Digital Signal Processing needed
to demodulate the angle and torque ripple. Aiming to reduce the torque ripple of rotating
sinusoidal method, the pulsating sinewave injection in the d synchronous axis was proposed.

Square wave injection (rotating / pulsatingJhe inherent delay of sinusoidal injection involving

the needed low pasifters to the feedback currents, can result into low dynamic performance. To
mitigate this, square signal injection was introduced. This permits higher injection frequency and
more dynamic performance. Similarlycan be applied to the stationary frame and for improved
torque ripple in the direct axis synchronous frame in form of pulsating square wave injection.

Acoustic noise reduction in HF injectionin order to reduce the acoustic noise caused by HF
injection, one solution proposed was decreasing the amplitude of the injecte {i35gnBllowever

this also reduces the SNR and accuracy of the position. Another solution which is investigated in
this research is injecting pseudo random frequency signal.

Inductance variation methods (INFORM) This method takes advantage of the changing
magnetic conductivities in the d and q synchronous axis as the motor [B&itels involves
injecting a high frequency test voltage resulting into the transient inductance dominating over the
voltage drop from the stator resistance. A variant of the method is named Indirect Flux detection
by Online Reactance Measurements (INFORM).

Current slope measurement method (high speed senddrg current slope measurement method
involves utilsing the saliency of a PMSM and detecting the rotor position by measuring the slope
of the motor currents. To do so higbeed current sensors are needed and precise sampling of the
current waveform to be performed in synchronism with the PWM switching.

Current slopemeasurement method (Rogowski coil methodltilising a highspeed current

sensor and sampling to establish the current derivative (2.2.1) is a process where sampling needs
to be carefully timed. A better method is in fact to utilise specialized hardware that measures the
current derivative named Rogowski cdiB/] and thus decode the rotor angle.
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2.2.2.30pen Loop methods

The method is sometimes used for stgptsensorless conditions whenthe position of the rotor can

remain unknown until the motor starts spinning at which point a rimaked method can be used.

It involves applying a sinusoidal voltage and expect the motor to rotate at this frequency. The
method althougbtraightforwardo implementis very sensitive to load disturbance variations and
provides |ittle viesibility of the motords st a

2.2.2 A4Hybrid sensorless methods

Hybrid methods are based on the concept that more than one sensorless methods can be combined
to run simultaneously or enabled/disabled over specific points in time. For examypteoar of

hybrid methods have been introduced to supportfull speed range in sensorle§38hasimodel

based methods only function when the motor is spinning. Other hybrid sensorless methods were
introduced to join best characteristics of different algoritf38$. Hybrid sensorless methods are
considered a very attractive route one that is adopted and proposed in this research.

2.2.2.5Comparison of sensorless methods

There is a rich variety of modélased methods each with varying implementation complexity,
accuracyandvulnerablity to motor parameter variatiotModel based methods can only function
when the motor is spinning.

Saliency based methods can functiwth at standstilend while the motor is spinning. They
utilise thesaliency thaeitherexistsnaturally by design fosomemotors or induced by means of
stator iron saturation. There are different methana$flavours under this categamych as High
Frequencylnjection (square/sinusoidal, stationary/synchronous franag@s) current slope
measuremennethods High Frequency Injection can contributes to torque pulsation and acoustic
noise and requires additional power that is not used towards spinning of the motor.

Open loop methodend to be used in applicatiombere system characteristics such as the load
are predictable and also as a stgytmethod for a mael based algorithm.

Hybrid methodsntendto marry best characteristics of different algoritramsl support features
that would not be available only with one algorithm

The avantages and disadvantagé®ach sensorless method can be summarized in Table 2.1.
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S 2
o S
E’ o3| § 8 *c%
Sensorless PMSM method and perfomg = | 3|35 | & 5, oS | E
summary o1 & <18l '% €18
clec|lc|®| 3 o[£
S22 8|56 |8
n|lT|hla|l<{ba|=
Model based methods
Open loop back EMF estimator Oj1(0]1]1 1 1
Closed loop methods & observers
EKF 0|2 (2]1(1 1 2
EKF Variations (UKF, CKF, SFEKF) 0|2 (2]1(1 1 1
MRAS observer 0(2]1]0]1 1 2
SMO 0|2 (1]2]{0 1 2
Flux linkage Observer Of2]1]1]|0 0 1
Fuzzy Logic & Neural Networks 0|2 (1)1 ]1 1 1
Third harmonic Detection 0j]2(1]2 (1 1 1
Saliency based methods
High Frequency signal Injection (HFI)
Sinusoidal signal injection
Stationary Frame 211])11]1]0 1 1
Synchronous frame 2|11 )]1]1]2 1 2
Square signal injection
Stationary frame 211])11]1]0 2 1
Synchronous frame 2|11 ]1]1]2 2 2
Acoustic suppression (Reduced amplitu¢ 1 [0 |0 |1 |0 1 0
Acoustic suppression (Randomfreq) (2|1 |1 |1 |1 1 1
Inductance variation method (INFORM)( 2 [1 |1 |1 |1 1 1
Current slope measurement method
High speed current sensor method 211 )1 )11 1 1
Rogowski coll 211 (1)1 ]1 1 1
Open loop methods Of0jO0]J1 |0 0 2
Hybrid methods
EKF and SMO 0O|J1(2]2|1 1 1
HF signal injection and Kalman Fitering (2 |1 |2 |1 |1 1 1
HF signal injection and SMO 211(1)12]1 1 1
Rating convention
2 Excellent optimal performang
1 Good / Average performan
0 Poor/Inadequaferformance

Table 2.1. Sensorless motor control methods

Justification of the rating in Table 2.1:

Standstill/low speedModel based methods can only function when the mstgpinning as they
operate byrocessing phase curreaisd phaseoltages. They are therefora@ssigned to theaing
of O for standstill and low speedOn the contrary, saliendyased methods are optimized for

standstilthusthe optimal rating of 2. The reduced amplitude acoustic suppression method is rated

1 as the approactomes at

the price of reduced sensorless acc{8&tyOpen Loop method®d
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not estimate theotor position anarethereforeratedas 0. Finally, hybrid algorithmsare assigned
with ratingsof the methodshey incorporate

High speedModelbased methods are rated optimal as the physical values they niestsnate
such asBack EMF and phaseurrentshavehigh values at highspeed enabig high levels of
accuracy.TheOpen Loop Back EMF Method is considered of low performda8gthus the
assignment ofating 1. Saliency based methods function at high speed butswitielimitations
such asthe High Frequency carrier producing lesstor angle estimatiosampleswithin an
electrical periodat high speed and inaccuracyaafculations as thback EMFis not negligible

Signal Noise EKF and its hybrid variants are known to be effective on suppressing signal noise
[24] and are therefore rated with the optimal rating of 2.

Parameter variationThe Sliding Mode Observer (SMO) method is known to be highly effective
towards suppressing motor parameter variat{@d$ therefore the optimal rating assigned.

Accuracy/torque rippleThe EKF is rated optimal for torque ripple as signal ndess noimpact
extensivelythe estimated angl@4] thereforeresulinginto stableO and reduced torque ripple.

HFI in the synchronous frame (d axis) can reduce torque pulsations and therefore rated optimally
in Table 2.1

Dynamic performanceSquare wave HFI is rated optimalyth respect to dynamic performance
as it can reach higher frequencies than sinusoidal injection and theobtare more saliency
related rotor angle pointsithin an electrical perio@llowing for fast changes in speed.

Method maturity Model based sensorless methods that have been widely used inclufi21EKF
MRAS Observef28]andSMO [29] therefore the optimal rating of 2. Open Loop methods are
also used in applications whémeloading characteristics of a motor driaeepredictablewhile
synchronous HFl is a favorable saliency method aiming to minimize torque ripple.

2.2.3 Increasing system availability using ensorless methods

This chapteaimsto introduce the reliability problem associated with motor resolvers and how
sensorless methods can be used to address this limitdd@zzoleni et al. and Di Rito et 40],

[41] quantify the probability of resolverfailuresintherangeat top 1 perflighthour. They
conclude that a simplex resolver design is not reliable enough to meet the safety goals for flight
control applicationsPast researcld2] hasshown thattmodel basedensorlesmethodcan be

usedto monitor the resolver interface. Howey42] provides no failure detection and no increase

in availability if the failure takes place at low speed or at stand$tile researcpresented in this

thesis attempts to provide an increase in system availasiliyy speedsing a novel hybrid
sensorless method able to monitor and enable motorcontral oughout t h®e mot or
proposedhybrid modeftsaliency based methadethereforepresented in detaihichapter$ and

6 of this thesis.
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2.3Conclusions

This chapteprovideda background omnreliability considerations foPMSMs with respect to
resolver failures Aiming to enhance availability in the case of a resolver faiseasorless
methods wer@resented A survey of sensorlesdgorithmswas performed detailing advantages
and disadvantages of each methantd the concept of usingensorless contrdb increase
availability wasntroduced The detailed analytical and test results of the sensorless masieods
in this research arngresentedn chaptes 5 and 6 of this thesis
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Chap3Alirrcraft acoustics

3.1Introduction

Aircraft acoustics is a topic of active research and development gathering significant interest in
the past decades. Itimpacts a number of areas including the comfort of passengers, the noise
emitted to residences near an airport and for milisgplicationsthe safety of the personnel
onboard.

This chapteffirst presents and analgs acoustic noise that is typically generated from an aircraft
andthenintroduceswo proposedlgorithmsaiming to reduce acoustic noise

1 A variant of thePseudo Random High Frequency Injection (PRHFI) algorituppressing
the acoustic noise perception from High Frequency Injection (HFI)

1 Thenovelmethod dhctive Noise Cancellation (ANQ)y means of High Frequency Injection
(HFI).

While the details of proposed algorithms gmesentedn chapters/ and 8 of this thesighis
chapter serves to provide the background setting and motivatidghdatevelopment othese
methods

3.2The science of aoustics

Acousticsis one of the oldest bramsbf Physic443]. Itis naturally divided intéourareadisted
below[43]:

1 Themechanism of sourgkeneration.e.thephenomenomitiatedby the vibration of a object
within an elastic medium.

1 The propagation of tavibratory energy through an elastic mediunthe form of wavesThe
molecules of a mediucanbeperceivedn theconext of acousticas particles interconnected
by springs (bonds between moleculeBhe initially vibrating objecinitiatesvibration of the
moleculessurrounding it which in turntransfer thisvibration into other surrounding
moleculescausng a wave of varying pressuradompressiottravelling throughan elastic
medium until the energy is dissipate@ihe medium through which soupdopagatecan be
agas aliquid, orasolid object.

1 Thephysical receptionf this vibratory energyvariations of pressuréjom a receiveusing
anear oramicrophone device.

1 Thepsychological perception of noisdn other words whether a noiseuisuallyperceived
as pleasant or ndty areceiver

Eachof the aboveareas of acoustics is of interest in this research from how noise is generated
onboard an aircraft, how it propagates and interacts wathoussubsystems and how it is
perceived from the receiver.
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One keyaspecof acousticanalysisnvolvesthesound velocity throughnelastic mediuny3].
Travellingof sound rakson theelasticity d the medium i.e. the strength of the bond between
molecules that acts like a spring.he speeaf soundhas been investigated by a number of
scientists including Newton and Laplace. idtexpressed in théelow equatiorprovided by
Newton[43]:

o - Eq3.1
wherec is the speed of propagation of sousd, s t he medi umdés mhthas|l us e

mediun® density

Sound propagagfasterin liquids than in gases and faster in solids than in liquids islhesause
the increase in mediupiasticityis greatethan the increase medium densityvhen comparing
solids liquids and gases.

For liquids and gaseise speed of sound is also expressed by whatis kaswre Newton Laplace
equation:

&) Eq32
wherg isthe Laplace correctiohavingthe value of 1.4P is thepressureand” t he me di u mo s
density,

Environmental parameters such as temperature and hutfigittthe speed of sound (the former
havinga stronger effectthatthe latter) and tfegd indirectly into equation 3[43]. Temperature
Is inversely proportional thhemediumdensity, so increase in temperature resultshredecrease
of density and therefotiacrease of the spe¢di3]. Another formulaillustrating this relationship
is shownbelowin equation 3.343]:

VQa ¢ HVEG S VW "GN Q ©omAFHYP — Eq 33

where T is temperature in degrees Centig@udthe coefficiendf 331.2is the speed of sound at
0 degrees Centigradend pressure of 1 atmospherghe above coefficient is calculated
Equation 3.4 below

High levels of humidity result inteeduction of air density (water vapour is less dense than dry
air) which that in turnresulsinto higher speedof sound

An examplesound speedalculation based on formulaZXor dry air, pressure ol atmosphere
andat Q0 C results into[43]:

04 ¢ £H0E © HARED 0 @ coRaT QO Eq34
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Attemperature of @ C and pressure ofAtmospheref dry air, the formula results into the known
value of 343 m/sec.

Key points on acoustics theory onegeneratonclusionthat can be reachdtbm thetheoryon
acousticss that sound propagation gependent omrmultiple parametersncluding pressure,
temperaturehumidity andthe medium properties Specifically in the case ofiraraft acoustics
wheresoundis generated froomultiple noise sourcq44], [45], it propagagsto the environment
in a manner thadependonaltitude, air pressure, temperaturamidity, wind, interaction with
the airframeandpropagabn via the airframe.

Although there are multiple noise sources onboard an aif¢#gf{45], one keysourcehataffects
manyacousticcharacteristics is the propulsion methmd The following section lists available
propulsion methods with a view towards their impact on acoustics.

3.3Propulsion typeswith a view towards acoustics

The underlying concept behind any aircraft propulsion system involves propelling a stream of gas
towardsthe rear of the engind6] which due to théaw of conservation of momentuwill in tum
produce thrust and movemaeftthe aircrafon the opposite direction i.e. forwartlote thathe

same methodanalsobeapplied in reverse with thrust reversersabled talecelerate the aircraft

after it has landed

Each propulsion method has a differaobustic noise signature that will be analysed in turn later
on in this chapter. fle mainpropulsion typegan belisted below[46]:

Piston propeller engine

Turbojetengine

Turbofan Engine

Turboprop Engine

Turboshaft Engine

Ramjetand ScramjeEngine

Electric propulsionbatteries / fuel cells / electricity from a generatmmy hybrid engines

= =4 =4 =4 4 -8 =4

Piston propeller engine it is one of thdirst enginetypeswidely usedonboardanaircraft[46].
This issimilar to the combustion engine widely usednmotorvehicles convemgthechemical
energy of fuelviwombustion into kinetic energy pistonsand rotation othepropelleras shown
in Figure3.1.

Turbo jet engine this type of engineses the air inlet in thigont to maintairsufficientair flow

[46] (see Figure 3.2) It compresses thincomingair using a compressandfeeds it into the
combustion chamber where tteanperature of thgas mixturéncreases tabout 1000C. The

high temperaturpressure gas mixture is fed to a turbmaintainingotationof the compressor

and therexpelled via thenozzleat the baclprodudngthrust. This keyfunction oftheengine
suckingcompressingnd expelling gas justifieits nickname agani ab reat hi ng engin
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Turbo fan engine it is very similar to the turbo jet engine structureand function (see Figure
3.3)with the main difference that a fan is placed in the front to suck additionaihaimg to
increa® the efficiency{46]. Once again it is the fast flow dfigh temperature/pressuges
expelled from the nozzle that prodwsdhrust.

Turbo propeller engine it is similar in architecture to a conventional turbo jetenfsee Figure
3.4)with the main difference thatis not thegasesexiting from the nozzle that produteust
[46]. Insteadhese high velocity gasemre used tootatethe propeller shaftiia a turbine A
gearbox imeededo convert the higlspeed low torque rotation of the turbiftgpically 10,000
to 25,000 rpmjo the optimalower speed high torque the propellefless ttan 2400 rpm) If
the propeller was to spin supersonic it would cause excessive amount oandiseould be
inefficient

Turbo shaft engine it is exceptionally similar in architecture and functiotheturbo propeller
enginewith the main difference that turbo propellers are designed to support the weight and load
of the propeller whereas the turboshaft engine drives a transmission shaft which is structurally
supported by the vehic[d6] (see Figure 3.5)Most helicopters are usiadurbo shaft engin®

create lift

Ramjets and scramjetsthisis a relatively new technology thatbegins to be applied by upcoming
aircrafts (NASA %43, Lockheed SR2). Ramjets and scramjetk not have a compressor to
accelerate the air before combustion, instead they use the fastflow of airwhen the plane is already
flying at high speedypically above Mach 1.(46] (see Figure 3.6). Fohnis reason aircrafts like

SR-72 usea conventional turbo jet engine to accelerate the aircraft andsthigch to aseparate
ramjet/scramjet engingith all theenginesshaingthe same nozzle for the propulsidgimilarly
whenthe aircraft decelerasthe turbo jet engine takes over from ttagnjet/scramjet engine.

Electric propulsion and hybrid engines in alignment with increased levels of electrificatmn

other transports, electric propulsion is gaining momentum either as form primary thrust generator
or in the form of hybrid electric propulsicaside aconventional engine. Electric motors are
therefore used to drive propellers uspayverfrom onboard batteries, fuel cells or generators.

Aircraft e ngine trends: Most commerciapassengeaircraftsnowadaysare usingturbo fan
enginedue to their efficiency and relatively low acoustic noiSbere is an upcoming treigoy
EmbraerBombardietand ATR) towards the increased use of turbo propeller enginesysahe

be more fuel efficient in short flights and lower spget]. One limitation of turbo props though

is the high levels of acoustic noisResearch and development is being performed attempting to
address thisicoustic issue of turbo propellerBiston propellerthat are also considered noisy
enginesan still be found typically in smalleecreationadndtraining planes such as Gess
However due to their relatively high number of moving parts, need for frequent service to remain
reliableandtheir relatively lower power density versus jet engines they are not widely used for
large commercial planes.
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Viston Eigine
inlct Air ~ vl £xhaust
Compressed Air
p Centrifugal
Propeifer Compressor

INTAKE COMPRESSION EXHAUST

Cold Section o Hot Section

Figure3.2 Turbo jet engindunkers Jumo 0Q4redit[49], [50]

sgh-pressure  High-presiire
Fan compresser turbine
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Figure3.4 Turbo propeller aircraft engineredit[53], [54]
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Compressorturbine
‘ Exhaust

Compressor

Figure3.5 Turbo shaft enginenboard a helicoptecredit[55], [56]

Ramjet

Scramjet

Inlet body Fuel Injection  Nozzle

Compression Combustion Exhaust Supersonic Combustion Supersonic
(M<1) chamber (M>1) SOmprasRsy) ol
Ramjet Scramjet

Figure3.6 SR-72 under developmerdombining turbojet, ram jeandscram jet credit[57], [58], [59]

Aiming to understand aircraft acoustics, the above section listed typical aircraft propulsion

methods.Thenextsectiondetailshowthevariouscomponentsf eachpropulsiontypecontribue
to the overall acoustic noise

3.4 Aircraft acoustic noisesources

The acoustic noiseriginatingfrom an aircraftan be divided into engine noise and airframe noise
[44], [45]. The engine noise cahenbe decomposefdirtherto noise fromthevarious internal

parts of the engineontributing to the overadicoustics All of the noise sourcabenpropagate
through the aiand via the airframe
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Aircraft Noise
Noise depending on propulsion type
Airframe Noise 3 Piston prt;peller engine Turbo :bt Engine Turbo ;:an Engine
Fuselage % Propeller Gompressor Fan
Landing Gear i Combustor Turbines Gompressor
Qats i Pistones Combustor Turbines
Haps i ‘ Gearbox ‘ ‘ APU ‘ ‘ Gombustor
V-Tail ‘ i Jet/Nozzle APU
H-Talil i Jet/Nozzle
wings || L N _—_—_—_ :
Turboprop) Turboshaft Hectric F;ropulsion Hybrid elet‘:tric engine
Propeller Propeller Hectric propulsion
Compressor Motor acoustics Engine
Turbines Gearbox APU
s ot
Gearbox APU
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Figure3.7 Acoustic noise sources

Figure 3.7 lists the various noise sources from an airdegfénding on the propulsion type used
followed by a very brief characterisation of each noise type. This characterisation is useful to
show applicability of the proposed acoustic improvement algorithms proposed in this thesis.

Compressor and turbine (turbo machinery) noisetwo key components of the turhet, turbe

fan, turbeprop and turbeshaft engine is the compressor and the turbine. These two components
are also known as turbo machinery and are composed of rotor and stator (vanes) elements where
the former rotate atlose proximity to the lattgd4]. The noise from these components is due to
blade wakes and vortices that are generated dilrergtation andheunbalanced pressure on the
blades This unbalanced pressuis in turn caused bgisturbance of air inflovandturbulence

[44], [45]. Thevorticesresult into vibrations that propagate via the air and the nearby engine
structure. The acoustic noise being generated has both tonal and broadbajdnd@iS¢ The

tonal noise is related to the rotational speed of the blades and broadband noise due to random
conditions such as the turbulence resulting to unsteady airflow.
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Combustion Noise this noise originags from the combustion of fueThe controlled explosion

of fuelinitiatessudden expansion of gas that creates air vibrations known as direct combustion
noise[44]. This expansionin turn creates sudden variations of gas flow thodlighparts of the
engine specificallghe turbine and nozzle known as indirect combustion {d#&e The noise

from combustion is broadband covering a wide range of frequencies. Thisis due to the relative
randomness for an externddserver of thls sudden air expansion

Landing Gear noise this isa significaninoisesourceat approach to landing and tagd for an
aircraft[60]. The noise from a landing gearfisst due to the motor enablirige gearand then
dueto vortex sheddingreated as the air flows to various components of the landing gear. The
Landing Gear noispropagating through the air fraraad airs mostlybroadbandlue to relative
randomness of the dilowing through various shaped components of the §&@ir

Jet Noise this is one of the most dominant acoustic noise soumncascrafts that do not have a
propeller{44] , [45]. The noiseat subsonic flight speead due to the turbulent mixing of high

speed gas from the jet engine and low speed ambiesreaiting fluctuations in air pressure and

noise perceived by nearby observers. At supersonic flight spkedk noise is also observed
where the higkspeed air gas exiting from nozzles introdsipewerfulvibrations. Turbulent

mixing jet noise observed in sub and supersonic flight spelebsdbandn nature due to the
randomness of thair disturbances. Shock noise at supersonicdspeentains both broadband

and tonal components, tonal elements taking place due to resonant frequency and an acoustic
feedback process taking place creating very loud high frequencs. nois

Noise from aerodynamic surfacesaerodynamic surfacéaileron, rudder, elevator, slats, flaps,
fuselage and wings) introduce acoustic noise as theeflias and the air travels around them.
Vibrations on these surfaces due to unsteady flow of air and air vortices initiate acoustic waves
that can be heard both by the passengers and residents near airports. The mechanisms that control
theirposition(motors or moving parts from hydraulics) can also introduce noise. The noise from

the unsteady airflow on the surfaces is broadband in nature considerirepthenT nature of
turbulence and vortices. The noise from motors controlling them have tonal elements.

Propeller noise this type of noise is of special interest as it covers a number of engine types
(piston propellers, turbprop, electric/hybrid propulsion). It has both tonal and broadband
elementg44], [45]. The tonahcoustic noise from a propeller is due to thickness noise, steady and
unsteadyoadingnoise. Thickness nois@armonic is due to the displacement of air molecules
from the volume of propeller blades as they rotate. This displacement vibrates the air molecules
and initiates the acoustic noise. Thickness noise is more evidentat high rotatiofdp.e&ther

than generalair displacement, the propeller blades are movingin an angle in the air creating thrust.
This angular movement creates a moving pressure field of air travelling towards the rear of the
aircraft. Steady loading harmonic noise isrmobservale at low to medium rotational speed

[61]. Unsteady harmonic loading noise is caused by unsteady air pressure fields that is caused by
turbulence, currents and winjdi4]. Broadband propeller noise is mostly caused by turbulence
[44]. Tonal propeller acoustic noise is more dominant than broadband propeller noise.
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Key points on aircraft acoustics and noise sourceacoustic noise from an aircraft does not have
one single source butis a combination of multiple sources. Boeseesre very dependent on

the propulsion type and this is the reason why the noise from a comngnto@fan jet engine is

so different from a recreational piston engine propeller airctadich of the aircraft reflects the
technological advancements at the time of their introduction, efficiency demands,
reliability/service needs, acoustionsiderations etc. Elacoustic noise generatledm an aircraft

is of both tonal and broadbarfdequency spectrum

Addressingacousticnoiseis a key problem imerospace The following sectiorof this chapter
introduces two proposed acoustic improvement algorithmagnely:

- a variant of thé’seudo Random High Frequency Injection (PRHFI) algorithm and
- Active Noise Cancellation (ANC) by means of High Frequency Injection (HFI).

The former algorithm attempts to advance the current state of the art in the area while the second
algorithmis a novel method conceivedamed andhvestigatedn this research effort.

The details of these algorithms along with simulation and test results are provided in chapters 7
and 8 of this thesisespectively

3.5Improving acoustics |, the proposedPRHFI variant

High Frequency Injection (HFI) is a sensorless methodutilddesthe saliency of a motor to
identify the rotor angle. The methad/olves superimposing a high frequency voltagenponent
to the fundamental f r equeThisyecbohcanhtfake placeilbleo r 60 s
stationary(Figure3.8) or synchronous framggigure3.9). The injection signals can also vary in
shape specifically sinusoidal and square.
Stationary frame sinusoidal injection formula:

(] W z { Qe Eq3.5

o &) z 0gio Eq3.6

Synchronous frame sinusoidal injection:

wQ W z | Q&O Eq3.7

Note: Refer to Appendix ©f this thesisfor the transform equations betwestationaryand
synchronous frames.
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Figure3.9 High Frequency Injection synchronous framed motor phase currents

Notethattwo Matlab modelswere writtento illustrate the stationary and synchronous frame HBbwn
in figures 3.8 and 39, please refer to AppendB.1.3 andB.1.4 of this thesido obtain the Matlab code
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Notel Looking at figure 3.8 it can be noticed that the injection amplitude in the stationary frame
results into constant injection amplitude to the three phases as the motor is spinning. This type of
injection also results into higher levels of torque pudsati

Note2 Looking at figure3.9 theHF curreninjection amplitude in the synchronous frame results

into varying injection amplitude to the three phases as the motor is spinningas the transfer function
from synchronous to stationary frame (Append)xs a function of the rotor angle. This type of
injection also results into lower levels of torque a characteristic mentioned in section 2.2.2.2.

Note3: Sightly differentvariants existinin literature of th#~1 formulain the synchronous frame
(Eq3.7). Forexampld62] refers to injection term of i "Q&Q [63] refersto injectiorofi Q&0
and[64]referstob & i & howeverthe fundamental underlying principt#dsin all three methods
with some minor differences ithe mathematical equationsf the demodulation steps

Torgue pulsation and acousticsBoth stationary and to a lesser extent synchronous frame HF
resultinto highfrequency currents and high frequency torque pulsations

Y ofc 2z 0F¢ z _ z0 0 0 z7Qz1Q Eq3.8

whereD is the number of pote_  is thepermanent magnet fluk , 0 is the d and q axis motor
inductance and, "Qis the d and q axis motor current.

Theseadditionaltorquepulsations in turn generate acoustic naiss is audible to the human ear
Research has shown that the human ear is more susceptible to pure tones of a specified audible
frequency rather than random noise of equivalent ampl[iéle An area of research in the past

years haghusbeen to vary the injection frequency in a pseudo random manner and therefore
injecting a spectrum of frequencifg2], [63] resulting into the torque pulsations and acoustc
noisespreading into a wider audio spectrum. A variant of the Pseudo Random High Frequency
Injection (PRHFI) algorithm is therefore presented in chaptdithis thesigo reduce perception

of HFI acoustic noise

3.6Improving acoustics Il, Active Noise Cancellationby means of HFI

Acoustic noise has been an area of interestin a wide range of induatie® Noise Cancellation

or Control (ANC) is a method of injectiregoustic noise that is in arghase relation and cancels
the primary acoustic noise residing in a syst€he method has been applied fréow-costNoise
Cancellation earphones to state of the ANC systems on board aircraftsActive Noise
Cancellatiortypically involvesinstallation of microphones to capture the nohsgresideswithin

a system andpeakers to generate noise thatis in antiphase relation. Amethebds proposed

in this thesis where thaecoustic noise from HFI is used to cancel existing noise within a system.
The proposed HFI ANC procesan addreskBothbroadbandnd tonahoise buit wastested in

this researchor tonalaudio signals only Tonal nois@asexplained irprevious sectiors dominant

in electric/hybrid propulsioso itconsidered an experiment of interest and broadband HFI ANC
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was included in the Future Work section of this thesitie HFI ANC algorithm along with test
results on the HEMAS platform apgesented in chapt@rof this thesis.

3.7Conclusions

This chapteprovided a background @ircraftacoustiswhich is one of th&eyareas investigated

in this research effortAn analysis of acraft acoustics in the form of decomposition to its sources
has been presented aiminganalyse typical acoustic noise that is generated from an aircraft.
Aiming to suppresacoustianoise two algorithms were introducethmelythePseudo Random
High Frequency Injection (PRHFBNd Active Noise Cancellation (ANCpy means oHigh

Frequency InjectionHFI). Each of these algorithms will be detailed and presented along with
experimentatesultsin chapters 7 and 8 of this thesis.
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Chapd4kExrper i menhad

4.1 Introduction

This chapteaimsto provide an insight to the platform used for hardware testing as well as the test
methodologythat was followed TheHEMAS systemand test rig ar¢hereforepresentedh the

first sections The softwaralesign environmerns then introduced with articularfocus on
features that werasedduringtesting. The test set up and methodolaggfinally presentedo

the readegiving an insightinto the teststeps during experimentation

4.2 The experimental system

4.2.1 Helicopter swash plate mechanism

The rotor of a helicopter arspecificallytherotationof the rotor blades used to establish the
necessyg lift forthehelicopterto fly In orderto control the directigaltitudeand speed dfying,
the angle of the rotor blades needs to be adjustable. The pilot is able to cadraltn ofthe
blades using a device knowsswashplate The swashplats situated below the rotor blades as
per Figure4.1 andcan change the angle of the blades individuailgollectivelyas they revolve.
This allows the helicopter to move in any direction around a-@&free circlemoveforward,

backward, left righbr change ofaltitude
jé}.— Blades

Figure4.1 Helicopter swash plat€reditspinningwing.com

The swashplate belongs to a group of devices known as primary controls asitis an essential system
used to control the flight of theelicopter. Primary control systesincludingthe swashplate ka

been in the past decades controlled using hydraulics. Aimiegltecethe weightimprove fuel
consumption and in alignment with a general trendofe Electric Aircraft (MEA) the HEMAS

actuator platform system was developed controlling the swashplate with the aid of electric motors.
The HEMAS system described in the following section is the hardware that waaseseest
platform to experiment with reliability and acoustic enhancemesthodsproposed in this
research Note that the HEMAS hardware platform was not developed under this research project
butthe DSP code was extendadl hardware experimentation on the platform took place aiming

to investigate and evaluate the methods proposed in this research.
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4.2.2 The HEMAS hardware system and test rig

TheHelicopter ElectreMechanical Actuation System (HEMAB)used to control the swash plate
of a helicoptef18], [19], [20]. The HEMASplatformwas not developed under this reseamoti
was not developed by the author of this thesis. It was desappadt ofthe European Clean Sky
JTI ResearchProgrammeand in collaborationbetweenEADS-IW, Eurocoptey Liebherr
Aerospaceand AgustaWestland66].

The complet¢HEMAS system is composed of three actuators platedimferentiallyoffset to

each otheby 12([67]. Each actuator is formed by two motors M1 and M2 (see Figdneand

eachmot ords shaft is connected t oytainepmmavemmentx a n d
[18].

Disconnect

/ Device

Ball screw

,/M 2 EU4

Power Converter —

'
l

'y 1

EU2 _ '
1

(]

I

EU1

Figure4.2 HEMAS actuator two motor system

TheHEMAS actuatomwasdesignedo accommodate demanding constraints including high power
density, high performance, fault tolerance aigh temperaturef operation The tasggts t e mo ¢
applicationis within the hottest region of the helicop(&gmpiendfrom-30°C to 110C) [68]. With

respect to the high power density constraint, the motor designed for the system is an,SPMSM
whose structureannaturallysupportsuch high levels of power dens[§7], [18]. With respect

to fault tolerance, the motor haslauble three phase winding arrangentertllow safeoperation

in case ofashort circuitto the windingg18]. With respectto high temperature, liquid cooling

was not used so as notto compromise reliakalitgdincrease massinsteadthemotor is using

natural air convention as the cooling metfsadtablematerialsand appropriatdesign techniques

aimingto accommodate the required temperature rgh8g

For test purposes of the motor and control, a test rig was developed that incorporates only one
motor rather than the full 3 actuator x 2 Motors. It is this rig that was used for the testing in this
research, see Figu#e3. Note that the HEMAS control electronics can be seen in Figdre
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The parameters of the HEMAS?MSMare described in Tab4el. The motor saturation saliency
characteristics used in Chaptew6reobtained by importing the motor desigrntire Motor-CAD
software

The spinning of the HEMAS motor is controlled by analog and digital hardware cards shown in
Figure4.4. ThePower Electronics card holds mostly analog and-pigtver electronics such as
the converterwith the IGBTs. The Control Circuitboard haldinlydigital/mixed signal domain
ICs such as ADCsanFPGA, and a DSP.

Note that the scaling for the ADCs and resolver demodulation designs above are:

- 22mV per least Significant Bit (LSB) for the 270V DC Link interface.

- 7.8mA per LS for the motor phase currents.

- 0.08789 degrees mechanieald0.43945 degrees electrigaé¢r LSB.

- 0.85degrees Centigrade per LSB.

The sampling noise levels of the digitization process were found to be in the regidnlafazt
Significant Bits for each interface.

4.2.3 Software environment and outlineof the controller

The software motor controller is based on the Infineon TriCore 1797 Digital Signal Processor
(DSP) and development board. The DSP controller is a centralized part in the system in a similar
way as is the brain for a human or animal. Following the praogss data originating from
external sensors, the digital controller enables the switching of IGBTs controlling motor phase
currents, torgue and rotation of the motor.

The main functional steps of the software controller ensuring stable control of the HEMAS
SPMSM are shown below and they align with conventional speed and current control loops of
PMSM control:

T capture the motords el ectrical anfgddleackf r om

1 receive peed demand from Consrinterface. Calculate speed error tyubtracing speed
demand speed feedbackKalculatelqg_demandy feeding the speed error té?hcontroller

1 capturehe motor phase currents from AD@s, Ib, Ic. Use Clarke and Park transforro,
convertthe motor phase currents tq_feedbackld_feedback

1 feed held/lqg currenterrorto a PI controller calculatingd/q_demand

1 applyinverse Clarke/Park transform to conv¥®idq_demanf/d_demando Va_demand
Vb_demangVc_demandised to drive the 3 phase stator motor supply lines using Space
Vector Modulation (SVM)

1 repeathesteps above.

Note Appendix C provides information and equations for Clarke/Park transforms and Appendix
D provides information for the Space Vector Modulation step
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Parameter Value
No. of pole pairs p 5
Maximum speed 5200 [rpm]
Rated Current 4.7 [A]
Peak Current 34 [A]
Peak Power 2.6 [kW]
Efficiency 98.8 [%]
Phase Resistancg R ndHO wmb
Phase Inductance L 1.193[mH]
+2f GF3S 02y { 0.092[Virads]
¢ 2NJj dzS Q2 y a { 0.142 [Nm/A]

Table4.1. HEMAS motor parameters

Motor  Gearbox g Fan and load control
S

X

Figure4.3 HEMAS test rig
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Figure4.4 HEMAS system diagram and circuits
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The software environment that was used to implement and debug the digitalid #sejeclipse
for TriCoresoftware toal The HEMAS controller design was developed in the C language with
small number of machinkevelinstructions to accommodate hardware constructs of the DSP.

Note that the design does not contain a position control loop outside the speed and current control
loop. The function of the system is to control the motor to the demanded speed.

The primary means of debugging the software design within the Eclipse platform, is watch
windows where C variables can be monitored and edited at run/time by the user. The variables
added in watch windows during this research can be generally groupéaartigpes, Read/Write

(RW) and Read Only (RO) variablas shown in Figure 4.6The former group intends to increase
controllability duringun-time, asitallows the userto enable/disable execution of statements using
these variables. The latter groaims to increase observability and allows the user to capture the
state of various internal variables.

4.3Data acquisition
4.3.1 Controller data acquisition

To analysethe controller functioality andevaluate the proposeeénsorlesand audio algorithms

it is of great significance to be able to monitoritmernal variables of the DSP controllerhel
codewasthereforeextendedvith an array of RO registereg N[ no_of sample s] that are

used to capturesamplesof internal variablesof interest such as phase currents, resolver
angle/speedsensorless observer angle/speed HFI signals

This sampling/capturing is performed at 10kHz and is initiated when the user updates
capture_data variablefromOto 1. The array of RO varialiegN[no_of sample s] that

stores the samples is then saved in a csv file that that is later processed in Excel and Matlab.
Variables of interest for sensorless and HFI data that were captured during experiments include:

1 Resolver speed
Sensorless observer speed
Resolver angle

Sensorless observer angle
HFI signals

= =4 4 A
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User able to observe, log or
modify internal parameters of
the controller design real time

using the Infineon debugger

HEMASMotor controller (Infineon DSP)

Comms
SYM
0 (no field 2 — vd w ol
. | I control
weakening) 1% Inv. Park | inverter [T HEMAS
ced Vg| transform | v MM
&, @ g —{ man ]|
lemand J 7
1d_feedback " la
b Motor phase
Park X Garke currents
Iq_feedback v
! transform transform | | lc ADGS
Speed feedback Resolver
d/dt ADC

Figure4.5 Block diagram of the HEMAS controller topology

Programming/
User E 1. debugging cable ,| Infineon
TC1797

Weatch window Code running on processor

RW vari abl es
RW Var 1

if RWvarl == x enable |Rgnation1

if RWVarN == x enable |punctionN

RW Var N

RO vari abl es
RO Var 1

<):| Internal state of variables and states

RO _Var N

<

Export of RO data
to*.csv, anaysisin
Excel and Matlab

Figure4.6 Usage of watch windows for controllability and testability
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Programming/
User E L debugging cable o Infineon
TC1797

l

A

Watch window Code running on processor
when the user extern int sanple_ind;
updates extern float regl[1000], reg2[1000], reg3[1000],
capture_data reg4[ 1000], reg5[1000], reg6[1000];
fromOto 1 RW vari abl e
1000 samplesare | capture_data i f(capture_data == 0)
captured - {
that can be saved sanple_ind = 0;
in*.csvand }
processed el se

{
if(sanple_ind < 1000)

RO vari abl es

regllsanple_ind] = las3;
regl[ 1000] <):| reg2[sanpl e_ind] = Ibs3;
.. reg3[sanple_ind] = lcs3;
reg6[ 1000] reg4[ sanpl e_i nd] = BEMF_speed;
reg5[ sanpl e_i nd] = BEM-_angl e;
] =

reg6[ sanpl e_i nd theta3_e_norm
sanple_ind = sanple_ind + 1;

< |
Export of RO data

to*.csv, anaysisin
Excel and Matlab

Figure4.7 Usage of watchvindows for sensorless observer testing

4.3.2 Acoustic audio capturing and acquisition

A key area investigateah this research is algorithms that can reduce the acoustic noitse or
perception witin a motor drive. To evaluate the effectiveness ofptfegposed algorithman
audio capturing and data acquisition methodasded

To minimize cables that can be susceptiblEM from gate driveswitchingandtaking also ito
accounthe advancement inonsumer electronicspdio is captured using a general purpose
microphonewithin a mobilephone. To evaluate the audio capturing method, Appeiidaf this
thesisprovides details on the hardware used for audio capturing and a set of tests illulstrating
the microphone respondsdadiogenerated in Matlab. Thecousticcapturingmethod involves
sampling audio a48kHz

After tesing, the digital audio is imported in Matab and processed.
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Infineon » HEMAS

User = QE TC1797 Test rig
&

NN Acoustic

noise from HFI

A

[ 4 Sampling of
O o

resulting noise
“t

4

Processing in
Matlab

Figure4.8 Audio data capturing, data acquisition and processing

4.4 Conclusions

The chapterfirst introducedthe HEMAS platformthat wasused for hardware testing this
research. lthenprovided a summary of its key hardware and softvedgeentsThe test set up

was then outlinedegardingdata acquisition from the controller and audio sampling using a
microphone The DSP data and audio acquisitiorethodalong with itsprocessing in Matlab are
important stepsowards evaluating the reliability and acoustic improvement methods proposed in
this research
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5.1Introduction

This chapter describes the first sensorkdgsrithmproposed in this thestswards enhancing
systemavailability. Theproposednethod is a model based observer and therefméunction

when the motor is spinning at medium to high speed. chiapter first provides a theoretical
background of the methadktailingt h e P MegW@&lsentircuit and relatedmathematical
formulas. It then continudsy identifying where ttls methodis situatedwithin the overall
proposed hybrigensorless observer. VHDL Modelsim simulation resofitthe algorithmare
thenpresentethrgetingthe HEMAS platform motor parameters. The implementation steps of the
observein C are subsequently describeklistrating how the algorithm was mapped on the
targeted DSP ptform. Hardware testing results thesensorlessiethodon the HEMASest rig

are finally presentedinalysedand compared with simulaticartefacts

5.2 Theoretical background on motional Back Electro Motive Force

The controller of a PMSM igdesigned to switch on/off the inverter switching devices
(IGBTs/Silicon Carbides) creating motor phase currents and synchronizing stator and rotor
magnetic fields producing torque as per equation:

Y of¢ z 0f¢ z _ 2’0 0 0 zQz1Q Eq5.1

whereD is the number of pose_ is thepermanent magnet fluk , 0 is the d and q axis motor
inductance and, "Qis the d and g axis motor current.

While the controller regulates the voltage ap
currents and torque, this supplied voltage is dissipated in three voltage[8}ops

T Voltage drop related to OhnRss | aw and due
T Voltage drop due to thelsgdladt or 6s i nductanc
1 A voltage drop known as Back Electro Motive Force (EMF) Voltage

The electrical circuit associated with tresriesof voltagedropsis alsoknownast he mot or 6s
equivalent circuitand can be expressed in either th@tionary or synchronous frame3he
equivalentircuitand associated mathematical formwas be expressauthe3-phase stationary

frame(a, b, ¢), in the2-phase stationarfglpha,beta)andin the synchronous fran{d, q axis)as

shown in Equations 3, 5.3, 54 respectively

) Q MM O
® Yz Q pz—"Q ©O Eq52
W Q Q O
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whereY , isthestator resistance, isthestatorinductancéQi s t he mot or 6Qis phase
the motordos Mhaseh8 moroed® phade @Gotcworovsesnbac
phase AOi s the motords b@Qr& EME mMoropbsskeadk EMF
W y 2 Q i Q 0O
o o 0?—10w o Eq5.3
whereY , isthestator resistance, isthestatorinductancéQi s t he mot or 6s curr e
stationaryframéQi s t he motor s curr eiOti si nt hteh emobteotrad ss tbe

in the alpha stationary fram® i s t he motords back EMF in the
W 2 N 0 m , 9 1 1 20 , Q T
&) Q m o0 T 7 z) T Q 7 z_ Eqs4

where'Y , is stator resistance, is the daxis inductancd) is the gaxis inductanceQ is the
mot or 60 s c uaxissgnchronouafram@ies dt he mot or-axssyodnonous Nt i n
frame,_ is thepermanent magnet flux andis the electrical frequency of the motor.

Depending orthemodelling needs and knovaystemparametersone of these equivalent circuits
Is oftenselected For exampleif the rotor angle is unknowthemotor phaseoltages and currents
are knowrando0 0 , the stationary framequivalent circuiprovides an equation where most
parameters are known value#/hend 0 orthe focus of the modelling process is on Torque,
the synchronous frame is chosen instead.

It is possible teswitch between the 2/3 phase stationary and synchronous fcamesting the
voltages and currents usirige Forwardinverse Clarkeand Park Transforms listed in the
Appendix C of this thesis.

SPMSM equivalent
circuit alpha beta
stationary frame

HEMASParameter Value
Phase Resistance F n®HO ¢
Phase InductancesL  1.193[mH]

Figure5.1 SPMSM equivalent circuit in alpha/beta stationary frame
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Note that the motor parameteasd saturationbased saliency tabbes will be detailed in sectich 4.2 were
identified by importing the motor design into Me®@ad Also0 =0 =0 .

The focus of this chapterte present a sensorless method #stimateshe rotor angle of a nen

salient SPMSMand is therefore focusing on the equivalent model of the motor in the stationary
frame as shown in Figure 5.The 2 phase (alpha, beta) frame is chosen versuspghas® as the
relation of alpha versus beta is used to calculate the Back EMF and rotor angle using an atan
function.

For a motor with current®, "Q, stator inductance , stator Resistanc¥, back EMF voltages

0|, Of supply voltagesy, w , the voltage drop distribution is shown in equato® The equation
shows mathematically that the summation of a
resistance and voltage drop due to stator inductance response results into the supply voltage at the
frame.

The amplitude of the BEMF voltage a PMSMO|HO{ is proportional tdts rotationalspeed and
a function of theotor angleas shown irequationbelow:

o - OE+
whereQ is the Back EMF constant,is the electrical frequency of the rotor anis the electrical

angle of the rotor.

The BEMF voltage is a sinusafgee Notelbelowyh ose ampl i tude i s pr
speed ané function ofthe rotor angle. Figur®.2 illustratesthis relation betweeh h e mot
speedangle and back EMF voltadger the HEMAS motor taking under consideration the motor
parameters shown in tabiel.

o O

Combining equation§.3 and>5.5 results into Edb.6.

v ., Q . Q . OB+

A matlabmodel was developedgith the HEMAS motor parametersto illustrate how the electrical
angle andnechanicaspeed relate to the back EMF voltage. The Matlab simulation is located in
the appendix section and the simulation result is shown in Fig@re
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Figure5.2 Back EMF voltage versus angle and speadhe HEMAS motor
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"'VAM / l"ﬂ""l% il m AT
ul I
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Figure5.3 Back EMF voltage versus angle and speed for the HEkWaSTr (zoomed in)

HEMAS prameter of interest used in simulation Value
No. of pole pairs p 5
Maximum speed 5200 [rpm]
+2f0GF3S O02yail y 0.092 [V/rads]

Table5.1. HEMAS motor parameters (short list)
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Note that a Matlab model*.m file was writtento illustrate the relationship between motor speed, rotor
angle and back EMF voltage for the HEMAS matdigures 5.2, 5.3. Hease refer to Appendix Bof
this thesido obtain the Matlab source code

Notel: while motors argheoreticallyexpectedo have sinusoidal back EMF voltage, in practice
they manifest back EMF harmonics that are superimposed to the fundamental sinusoidal BEMF
and often distort its shape as observed from the controller.

Note2 While the above equations and diagram assume a non salient motobwhete which

is the case of the targeted PMSM, the figures and formulas can be extended to show the relation
in voltage drop for a salient PMSM whese 0 .

Looking at equatiorb.5, the back EMF voltage is a function of the rotor angle. It is this
characteristic that the Back EMF observer uses and is able to establish and identify the rotor angle.

5.3The Back EMF observer algorithm

Looking at equatio®.6it is possible to note thamost of the parameters and systerperties
shownare known valugas shown irblue
w Q Q. OE4+

Y z

; o z o z ~ o 2
o g U 0 Q Ai70 Eq57

w o are known because these are calculated within the controller astpat of the current
control loop they are effectively the voltage demand in alpha and beta axis.

Y isaknown value as the motor stator resistancé&isygparametefor a motothatis used within
a drive In the case of the HEMA®otorthis is equal td . 2 3s pqr Tablé. 1.

‘OhQis a known quantitythey arecapturedusing Analog to Digital Converters (ADCSs)

0 isthe stator inductancand is a known value within a motor drivin the case of the HEMAS
motorthis is equal td.193mH as per Tabl&.1.

Q is amotor parameters and is a known value within a motor diimehe case of the HEMAS
motorthis is equal t@.092 V/radsas per Tablé.1.

The valueghat areknownbut can be calculatelly the controller using equatidn6 are:
1 zOE+ Eq58
and
1 zAT1T O Eg5.9
To obtain the rotor angle-the controller keeps calculating the internal equivalent circuit of the
motor asshown inequatiorb.7 and uses the two calculated quantibed 5.9 feeding an atan

block therefore calculating the rotor angle. The block diagram of the observer can be seen in

Figure 5.4.
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Ih (sensor)
+
-1
+ Ih
Wh VURs|{ LPF (estimated)
stator speed
e _alpha it
—alp | stator POVE rotor_angle = |
a— rotor_angle
i (sensor) atan | @nde stator angle ¢ 90_deq _ang
+ m i rotor_angle =
-1 BEMFangle + 90 deg
stator speed
_ negative
+ ]
Y/ VURs|— LPF (estimated)
e _beta

Figure5.4 Back EMF observer block diagram

Functionality of the observer. The observeattemptdo emulatehe function of the motor based

on its equivalent circuias shown in Figur&.1. If a given voltage is appliedtoh e mot or 6s
terminalsits stator resistance and inductance weifiult into currents and voltages as per equation

5.6. One of the primary inputs to the observeris the controller calcwatete demands in alpha

and beta axie heo that will result into currents in the controlsrequivalentircuit calculation

model. The Low Pass Filtém the block diagram of Figurg.4 emulates the LPF thatis created

when placing a resistor in series with an inductor. pE¥ steprelates to a scaling between
supplied voltage an dlftlere wasemback BMiFe/oltage theDelstimated | a w
currents O RO would align with the currents from the sensors

O o . In practice though these values would differ when the motor is spinning due
to the back EMF. The observer therefore calculates this betwveen estimated and actual
currentsthatis proportionato the back EMF It is this error thats fed to the atan block that
calculates the rotor angle.

Notel: the observer 6sOBIthAhObe 1wOELHhedl ®iSohs t he
the speed increases, the back EMF increases and atan calculation becomes more accurate. Thisis
why there is typically a minimum speed threshold over which the calculation accuracy of the
observer is usable.

Note2: Also because the atan is fed with zOE-+-h zA T -© the atan results for positive
speedinte—M o OEAOMET—M T O— sotorevertto— — w 1 'Q"When speed
is negative—® 0 GEA OIET—R T G— sotorevertto— — wRQQ

Note3: The observer assumes constantor parametersin practice motor parametersgy vary
as temperaturer operating conditiomhanges.Thereis existing researc[69] into online motor
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parameter estimation aiming to calculdte motor resistanc¥ and inductancé . However,

one of the key strengths of the observer algorifmesented in this chapter that parameter
variationsor inaccuracieaffectequallyboth alpha and beta ex Additionally, as thestimated
back EMF voltage in alpha and befa@ed an atanalculation what isof interesis the ratioof the

two voltagesand notheirabsolute valug Motor parameter variations and inaccuracies have thus
minimal effectin the calculation accuracy

Note4: theelectricaltime constant T of the motor &0 /Y =5.18 ms

5.4The observer within the overall proposed hybrid method

Model based observers and the method described in this chapter function only when the motor is
spinning. The observer is therefore only used abodefnedspeed threshold as shown in Figure
5.5.

To enable sensorless controlwide speed range, a hybrid model/saliency based observer is
proposed.As model based methods only function when the motor is spinrtistardstill and

low speeda saliency based method is used to accelerate the amitlustratedin Figure 5.5.

This saliencypbased metholdased on High Frequency Injection (HE)detailed in chapté of

this thesis. When the motoas accelerated enough so thatback EMF voltage is of high enough
amplitude for the model based observer to be accuhatengle/speegstimation from th&EMF
observer is usetb control the motar

A hysteresis method is also proposed so as to prevent continuous transitions between model and
saliency based methods when approaching the transition speacdysteresis region was not

used, considering that some noise may exist in the estimated speed, the controller would switch

between the saliency and model based method for a number of times unnecessarily until the motor
speed picks upvell above the transition point.

One more issue to point otlat is visible in Figuré.5is thatif speed demand changes first from
0 to +max_speed and then-thax_speed then the sensorless control mode will transition as per
below

- saliency based method accelerating motor to transition speed
- model based method reaching from transition speed to +max_speed

- saliency based method while decelerating motor and then accelerating to negative speed
transition point

- model based method reaching from transition negative spe@dato speed
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Motor speed
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High Frequency [}
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g
1=
.......................................... - max_speed

A 4

Figure5.5 Back EMF observer block diagram

Thelocation of the BEMF observer within the motor controller is shown in Figwse

Comms

HEMASMotor controller (Infineon DSP)

0 (no field

SYM
vd AL I e : 1

weakening) *@—" A Qrl . Park |1 conral ||
vg| transform | v
T @ AaT @

Inverter T HEMAS
PM3VI

Figure5.6 Location ofBEMF observewithin theoverall controller
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5.5VHDL simulation of the BEMF observer

The Back EMF observer algorithm wsismulated in & HDL simulationenvironmentt low level

of implementation.The simulation included capturing data from ADC sensors at clock level, a
resolver model, processing data within the controller including speed and current control loops,
forward/inverse Clarke/Park transforms, Space Vector Modulation (SVM), PWM swit@ring,
inverter and motor model. Note that the motor model parameters align with the HEMAS
parameters. Simulation involved accelerating the mirtan standstill using High Frequency
Injection and then switching to model based observer.

DUT, Motor controller VHDL design

Inverter VHDL

DClink Gontrol Smulation Motor VHDL
Voltage ADC " Logic model simulation
model

SYM
0 (no field | vd Wh \GBT
i  — control
eed vg| transform | s ) PMSM
dsepmand Y L5~ Parl I—{g‘s - PQrl | _—

|

Id_feedback I la
b Motor phase
Park Qarke currents
Ig_f k
4 feedbad transform ' transform || Ic ADGs
Devel op ed Speed feedback it Resolver
algorithm of ADC
interest
BBEMF observer High Frequen
Ny Sensorless 1gh Frequency
(Model based Gontrol Logic Injection (Saliency
method) 9 based method)

4

Modelsim simulator compiling VHDL design, testbench files
and running simulation

Figure5.7 VHDL simulation structure
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* motor_speed_sensorless
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‘- Vd_inj_signal 15'd0

' motor_electrical_angle 12'd460

* elec_angle_int_hf 12'd0
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Figure5.8 VHDL simulationzoomed out view
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o’ elec_angle_int_hf 12'd0
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Figure5.9 VHDL simulationzoomed in Back EMF observer
The purpose of this simulation is to evaluate the performance of the algorithm at low level.

Figure 5.58 illustrates how the motor BEMF observer tracks the electrical angle after the motor
has been accelerated (note the High to Low transition okélageth _not model met  h). The

Motor speed command is indicated by sigapéed_smd_rpm . Note that while the motor is
stationary or the speed is not high enoughtierBEMF to function, a saliendyased method is

used that will be detailed in Chapter 6 of this thesis. The motoris commanded from positive to
negative speed illustrating how the BEMF observer and saliency based methods are interchanged
depending on thenotor speed.

Figure 5.59 is a zoomed in version of 5.58 illustratingtbr_electrical_angle , the BEMF
angle électrical_angle_sensorless_emf ), and the back EMF voltages @lpha , e_beta ).
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5.6Implementation of the algorithm on the HEMAS platform

The BEMF observealgorithm analysed and simulated in previous sections was implemented in
the C language targeting the Infineon DSP controller of the HEMAS platfatis used toontrol

the swash plate of a helicoptefhe BEMF observer algorithm wésund to be have a very
compact implementatioin C, and mapped onto the targeted DSP along with debugging registers.
The implementation C code of tlagorithm isprovided in Appendix B.2.1 of this thesis.

5.7Hardware testing on the HEMAS platform

The section below details hardware testing results of the BEMF model based observer on the
HEMAS platform.

Theobserverlgorithm was evaluated by logging internal stat®©&Pregisters

- motor phase curren{see Figh.10indicated in blug

- DSP calculatedesolver anglérom resolver feedback signals (see Fifj0 indicated in blug
- DSP calculated resolver speed from resolver feedback signals (sed @rgdicated in blug
- BEMF observer angle

- BEMF observespeed

to a *.csv file.

The logged csv files were then imported in Excel and displayed in the following sections.

Input filter Power Hectronics Arcuit

3 Phase icti'fai\f::ation %} @ @

Supply —

producing 5 - —————— Pua
voltege | Tocunk | Q} <3 3 i
: s BN :
> — 111 :

Voltage Temperatu Qurrents |:
Sensors re sensors Sensors |

b R R Lo Lo
3 GateDrive | | Volt. ADC | | Temp. ADC| | Qurr. ADC

DS L - FPGA

Figure5.10 HEMAS system diagram and interfaces of interest
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Motor $inning with no loadat 30Hz (188.5rad/setelectrical,360rpmmechanical

Note: Sampling ofvariablesvas performeét 100microsecondgeriod totalof 1000 sampleper
variable

8 (A), (rad)

—las3 —Ibs3 Ics3 BEMF_angle —resolver angle

Figure5.11 Motor pinningat30Hz electrica(no load) observer/resolver electrical anghase currents
192(rad/sec) -
( ) 2" (rad)

A 6

191

. ] Ll LB
-1 [ NUW e

187

186 1
0 (rad)

185
(san%S?eos)
resolver angle—— BEMF_angle— BEMF_speed resolver speed

Figure5.12 Motor spinningat 30Hz electrica(no load) observer/resolver speed (rad/sdectrica),
observer/resolver electrical an@leaxis range foanglesignalsis0 to 2')
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Analysis of test results30Hz electrical with no load:

1. It can be noticed that the BEMF observer i
at30Hz electricahs per Figure5.11- 5.12. Some harmonics are observed that are @adlin
points 2 and 3 below.

2. The observerds angle suffers from harmonic
numbered in Figures.11,5.12. This harmonicontent in the angle estimation of the observer is
due to the harmonidbhatalso exist inthe motor phase currerds the same frequency. As the
BEMF observer calculates the rotor angle by means of processing the motor phase cuerents, th
harmonics thatexistin theotor phaseurrenspropagate to the estimated angle and speeeseTh
harmonisaredue to a pheomenon known as Dead Time Distortion (DTOhe effect of DTD

into the currents can be fisbnfirmedvisually bymeans otomparinghe motor phase currents

in Figure 5.11with equivalenfigure 6a o{70] and Figure 11 of71] also suffering from DTD

This visualobservatiorcanalsobeconfirmed by performing an FFT to the motor phase currents

of the HEMAS driveas shown in Figure 5.13. The FFT showed in fact that there is a 5th and 7th
harmonic content thatsults into harmonic at six times theetrical frequency.This Bh/7t
harmonic conterdligns withthe DTD harmonic contentgresented ifi70] and[71]. Note that

the underlying cause of the n@musoidal shape of the currents that propagates to the observer
calculationis a delay introduced between switching of the upper and lower IGBTs in an inverter
leg aiming to prevent DC link shorts. This delay has a visible impact on the motor phase currents
when they transition through zero i.e. 6 times within an electrical geridis distortion makes

the currents of less sinusoidhlapes shownin Figurg.11points numbered 1 to 6. The distortion

in the motor phase currents due to DTD also resutltsincreased torque ripple and acoustic noise

as torque is a function of currents (see Equdiiah Asthesensorlessbserverisusingthe motor
phase currents to calculate the rotor angle, the estimated electrical angle also experiences this
harmonic at 6 times the electrical frequency.

3.Figure. 12 il lustrates the comparison between mo
versus the sensorless observer. T hsedinpaant moni c
2 above is amplified in the observer speed as the speed is the derivative of the angle and is therefore
sensitive to sudden changes and oscillations.
times within each electrical period. Siar results apply for remaining spinning frequencies.

4. There is a number of ways to mitigate the issue of DTD and specifically the harmonic effect to
the sensorless observer. The effect of DTD in the motor phase currents can be reduced by what is
known as Dead Time Compensation (DTC). DTC involves apglgdditional voltage per phase

to compensate for the effect of Dead Time. While DTC reduces the effects of DTD it does not
eliminate them completely. Toreduce the DTD further, a band stop filter can be introduced within
the BEMF observer aiming to suggss these harmonics. The bandstop filter would be centered at

6 timesthe electrical frequencyitwould therefore be dynamic as the motor spins. While these two
types of compensations are not the primary topic of this research will be included inutiee fut
work section of this thesis.
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Figure5.13 FFT analysis of motor phase curreatsd BEMF angle

Note that the tests following do not cover the fpleed range of the motor (5200 rpnThis is becausthe test rig is not designed to
support the full range. Insteate range covered by the tests reaches up to 2520 rpm. As the analysis of below test scenarios is similar
to the 30Hz scenario to prevent duplication, there is an overall anaiytbis endfollowing all the tests artefacts.
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Motor spinningunder loadat 30Hz (L88.5rad/setelectrical, 360rpm mechanical

Notel: Sampling of variables was performed at I0i@rosecondperiod, total of 1000 samples

per variable.

Note2: A magnetic particle brake from Placid Industries (model-BBB) was used tapplythe
load to the motor while spinning setting the voltage tor&éstulting to torque of 4 Nm.

AN\

8 (A), (rad)

[e]

i

N

o

'
N

-10

—l]las3 —1bs3

1000
(samples)

Ics3 BEMF_angle —resolver angle

Figure5.14 Motor spinning aBOHz electrical(lunder load)observer/resolver electrical angle, phase currents
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o LA
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185 (rad)

resolver angle—— BEMF_angle— BEMF_speed

v

1000
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Figure5.15 Motor spinning aBOHz electrica{under load)observer/resolver speed (rad/sec),
observer/resolver electrical an@leaxis range for angle signals is 0 t0) 2
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Motor spinningwith no loadat40Hz 251.3ad/seq electrical, 480rpm mechanical

Note: Sampling of variables was performed at b@i@rosecondperiod, total of 1000 samples per
variable.

8 (A), (rad)

i

—las3 —Ibs3 —Ics3 BEMF_angle —resolver angle

Figure5.16 Motor spinning a#l0Hz electrical(no load) observer/resolver electrical angle, phase currents
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resolver angle—— BEMF_angle— BEMF_speed resolver speed

Figure5.17 Motor spinning a4 0Hz electricalno load) observer/resolver speed (rad/senjielectrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningunder loadat40Hz 251.3ad/seqd electrical, 480rpm mechanical

Notel: Sampling of variables was performed at I0i@rosecondperiod, total of 1000 samples
per variable.

Note2: A magnetic particle brake from Placid Industries (model-BBB) was used to apply the
load to the motor while spinning setting the voltage to 1V resulting to torqaetdfim.
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Figure5.18 Motor spinning a#lOHz electricallunder load)observer/resolver electrical angle, phase currents
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Figure5.19 Motor spinning ad0Hz electricalunder load)observer/resolver speed (rad/sewelectrical
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Motor spinningwith no loadat 60Hz 37 7rad/seq electrical, 720rpm mechanical

Notel: Sampling of variables was performed at I0i@rosecondperiod, total of 1000 samples
per variable.

T

Figure5.20 Motor spinning ab0Hz electrical(no load) observer/resolver electrical angle, phase currents
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Figure5.21 Motor spinning aé0Hz electricalno load) observer/resolver speed (rad/senjielectrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningunder loadat 60Hz 37 7rad/seq electrical, 720rpm mechanical

Notel: Sampling of variables was performed at I0i@rosecondperiod, total of 1000 samples
per variable.

Note2: A magnetic particle brake from Placid Industries (model-BBB) was used to apply the
load to the motor while spinning setting the voltage to 1V resulting to torqéetdim.
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Figure5.22 Motor spinning ab0Hz electrical(under load)observer/resolver electrical angle, phase currents
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Figure5.23 Motor spinning a0Hz electricalunder load)observer/resolver speed (rad/saw)electrical
angle(y axis range for angle signals is 0 t0) 2

57



CHAPTERS MODEL BASED OBSERVER

Motor spinningwith no loadat 80Hz 602rad/seq electrical, 960rpm mechanical

Note: Sampling of variables was performed at ifidrosecondperiod, total of 1000 samples per
variable.
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Figure5.24 Motor spinning aBOHz electrical(no load) observer/resolver electrical angle, phase currents
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Figure5.25 Motor spinning aBOHz electricalno load) observer/resolver speed (rad/senjlelectrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningunder loadat 80Hz 602rad/seq electrical, 960rpm mechanical

Notel: Sampling of variables was performed at I0i@rosecondperiod, total of 1000 samples
per variable.

Note2: A magnetic particle brake from Placid Industries (model-BBB) was used to apply the
load to the motor while spinning setting the voltage to 1V resulting to torqéetdim.
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Figure5.26 Motor spinning aBOHz electricallunder load)observer/resolver electrical angle, phase currents
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Figure5.27 Motor spinning a80Hz electricajunder load)observer/resolver speed (rad/sawjelectrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningwith no loadat 100Hz (628 ad/seq electrical, 1200rpm mechanical

Note: Sampling of variables was performed at ifidrosecondperiod, total of 1000 samples per
variable.
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Figure5.28 Motor spinning atLOOHz electrical(no load), observer/resolver electrical angle, phase currents
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Figure5.29 Motor spinning a1 00Hz electricalno load), observer/resolver speed (rad/sec) and electrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningunder loadat 100Hz (628ad/seqd electrical, 1200rpm mechanical

Notel: Sampling of variables was performed at I0i@rosecondperiod, total of 1000 samples
per variable.

Note2: A magnetic particle brake from Placid Industries (model-BBB) was used to apply the
load to the motor while spinning setting the voltage to 1V resulting to torqéaetdim.
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Figure5.30 Motor spinning atLOOHz electrical(no load), observer/resolver electrical angle, phase currents
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Figure5.31 Motor spinning a1 00Hz electricalno load), observer/resolver speed (rad/sec) and electrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningwith no loadat 120Hz (754ad/seq electrical, 1440rpm mechanical

Note: Sampling ofvariables was performed at 1®0crosecondgperiod, total of 1000 samples per
variable.
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Figure5.32 Motor spinning atl20Hz electrical(no load), observer/resolver electrical angle, phase currents
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Figure5.33 Motor spinning at2(Hz electricalno load), observer/resolver speed (rad/sec) and electrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningunder loadat 120Hz (754ad/seq electrical, 1440rpm mechanical

Notel: Sampling of variables was performed at I0i@rosecondperiod, total of 1000 samples
per variable.

Note2: A magnetic particle brake from Placid Industries (model-BBB) was used to apply the
load to the motor while spinning setting the voltage to 1V resulting to torguée fNm.
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Figure5.34 Motor spinning atl20Hz electrical(no load), observer/resolver electrical angle, phase currents
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Figure5.35 Motor spinning at2(Hz electricalno load), observer/resolver speed (rad/sec) and electrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningwith no loadat 140Hz (87%ad/seq electrical, 1680rpm mechanical

Note: Sampling of variables was performed at ifidrosecondperiod, total of 1000 samples per
variable.
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Figure5.36 Motor spinning atl40Hz electrical(no load),observer/resolver electrical angle, phase currents
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Figure5.37 Motor spinning at4tHz electricalno load), observer/resolver speed (rad/sec) and electrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningunder loadat 140Hz (87%9ad/seq electrical, 1680rpm mechanical

Notel: Sampling of variables was performed at I0i@rosecondperiod, total of 1000 samples
per variable.

Note2: A magnetic particle brake from Placid Industries (model-BBB) was used to apply the
load to the motor while spinning setting the voltage to 1V resulting to torqéaetdim.
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Figure5.38 Motor spinning atl40Hz electrical(no load), observer/resolver electrical angle, phase currents
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Figure5.39 Motor spinning at4MHz electricalno load)observer/resolver speed (rad/sec) and electrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningwith no loadat 160Hz (100%ad/seq electrical, 1920rpm mechanical

Note: Sampling of variables was performed at ifidrosecondperiod, total of 1000 samples per
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Figure5.40 Motor spinning atL60Hz electrical(no load), observer/resolver electrical angle, phase currents
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Figure5.41 Motor spinning al 6(Hz electricalno load), observer/resolver speeald/sec) and electrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningunder loadat 160Hz (100%ad/seq electrical, 1920rpm mechanical

Notel: Sampling of variables was performed at I0i@rosecondperiod, total of 1000 samples
per variable.

Note2: A magnetic particle brake from Placid Industries (model-BBB) was used to apply the
load to the motor while spinning setting the voltage to 1V resulting to torqéaetdim.
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Figure5.42 Motor spinning atL60Hz electrical(load), observer/resolver electrical angle, phase currents

r\r/
—

tud o qu o

1011(rad/sec)

(rag))

1010 A
1009

]
1008 % /A

1007 =l vt
1006

e
5
—
=
i
)
 —

1005 :

1004
0 (rad)
1 1000
(samples)
----- resolver angle—— BEMF_angle— BEMF_speed resolver speed

1003

Figure5.43 Motor spinning atLl60Hz electrical(load), observer/resolver speed (rad/sec) and electrical
angle(y axis range for angle signals is 0 t0)2

67



CHAPTERS MODEL BASED OBSERVER

Motor spinningwith no loadat 180Hz (1130ad/seq electrical, 2160rpm mechanical

Note: Sampling of variables was performed at ifidrosecondperiod, total of 1000 samples per
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Iy Am@m ) Wf

. Y ma /

S~

gl (i | (il 5%
R

Figure5.44 Motor spinning atLt80Hz electrical(no load), observer/resolver electrical angle, phase currents
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Figure5.45 Motor spinning at8Hz electricalno load), observer/resolver speed (rad/sec) and electrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningunder loadat 180Hz (1130ad/seq electrical, 2160rpm mechanical

Notel: Sampling of variables was performed at I0i@rosecondperiod, total of 1000 samples
per variable.

Note2: A magnetic particle brake from Placid Industries (model-BBB) was used to apply the
load to the motor while spinning setting the voltage to 1V resulting to torqéaetdim.
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Figure5.46 Motor spinning atLt80Hz electrical(load),observer/resolver electrical angle, phase currents
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Figure5.47 Motor spinning a1 8Hz electricalno load), observer/resolver speed (rad/sec) and electrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningwith no loadat 200Hz (1256ad/seq electrical, 2400rpm mechanical
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Figure5.48 Motor spinning aR00Hz electrical(no load), observer/resolver electrical angle, phase currents
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Figure5.49 Motor spinning a20Hz electricalno load), observer/resolver speed (rad/sec) and electrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningunder loadat 200Hz (1256ad/seq electrical, 2400rpm mechanical

Notel: Sampling of variables was performed at I0i@rosecondperiod, total of 1000 samples
per variable.

Note2: A magnetic particle brake from Placid Industries (model-BBB) was used to apply the
load to the motor while spinning setting the voltage to 1V resulting to torqéaetdim.
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Figure5.50 Motor spinning aR00Hz electrical(load), observer/resolver electrical angle, phase currents
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Figure5.51 Motor spinning aR00Hz electrical(load), observer/resolver speed (rad/sec) and electrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningwith no loadat 210Hz (L319rad/seq electrical, 2520rpm mechanical

Note: Sampling ofvariables was performed at 1®0crosecondgperiod, total of 1000 samples per
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Figure5.52 Motor spinning at 210Hz electrical (no load), observer/resolver electrical angle, phase currents
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Figure5.53 Motor spinning at200Helectrical (no load), observer/resolver speed (rad/sec) and electrical
angle(y axis range for angle signals is 0 t0) 2
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Motor spinningunder loadat 210Hz (L319rad/seq electrical, 2520rpm mechanical

Notel: Sampling of variables was performed at I0i@rosecondperiod, total of 1000 samples
per variable.

Note2: A magnetic particle brake from Placid Industries (model-BBB) was used to apply the
load to the motor while spinning setting the voltage to 1V resulting to torqéaetdim.

« R m—

ARy HL”HV/ ,

o
p——
R ——
R —
—
_| —T—

[y

2 (samples)

< A

—las3 —Ibs3 —Ics3 BEMF_angle —resolver angle

Figure5.54 Motor spinning at 210Hz electrical (load), observer/resolver electrical angle, phase currents
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Figure5.55 Motor spinning at 200Hz electrical (load), observer/resolver speed (rad/sec) and electrical
angle(y axis range for angle signals is 0 t0) 2
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Analysis of test results30Hz to 210Hz electrical and accuracy metrics

1. Noticing test results throughout the speed range f836rpm to 2520 rpm, the back EMF
observerwas abletotrackth,eo t or 6s el ectri cal an digwesssllr-d me c h
5.55. Some harmonics are observed that are aadlyn points 2 and 3 below.

2. The observerds angle suffers from hassr moni c
due to the penomenon described abows Dead Time Distortion (DTD).

3. There is a number of ways to mitigate #iéects ofDTD and specifically thé&t/7th harmonic
contaminatiorto the sensorless observefirstly usingDead Time Compensation (DT@hd
secondly by introducing band stop filtereducing thest/7th harmonics of DTD As these two
types of compensations are not the primary topic of this resédrcbhe included in the future
work section of this thesis.

Bel ow data illustrate accuracy metrics with r
no load at under load. Initial analysis shows angle accuracy of &ddatto 6.1%. At first
inspection it might appear as low accuracy, however observing Figure 5.12 shows thatthe majority

of this erroris due to the DTBY7thharmonic which can be addressed and is added to future work

of this thesis. Similarly the speed error ranges frodd% to 0.97% and once again looking at

Figure 5.12 the majority ahis noise is due to the DTB"7t harmonic.

Motor spinning without load at 30Haectrical (3® rpm)

Sensorless performance value evaluate %
angle error (degrees electrical) 17.573 4.881
speed error (rpm) 3.302 0.918
peak motor phase currents (A) 5.511 N/A

Motor spinning under load at 30Hgectrical(360rpm)

Sensorless performance value evaluate %
angle error (degrees electrical) 16.831 4.675
speed error (rpm) 3.519 0.974
peak motor phase currents (A) 7.681 N/A

Motor spinning without load at 40Hzlectrical(480rpm)

Sensorless performance valuevaluated %
angle error (degrees electrical) 13.999 3.888
speed error (rpm) 3.208 0.665
peak motor phase currents (A) 5.925 N/A
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Motor spinning under load at 40Hectrical(480rpm)

Sensorless performance value evaluate

%

angle erro(degrees electrical) 17.046 4.735
speed error (rpm) 2.845 0.591
peak motor phase currents (A) 8.422 N/A
Motor spinning without load at 60Hzlectrical(720rpm)
Sensorless performance value evaluate %
angle error (degrees electrical) 12.986 3.607
speed error (rpm) 2.836 0.392
peak motor phase currents (A) 6.174 N/A
Motor spinning under load at 60Hectrical(720rpm)
Sensorless performance value evaluate %
angle error (degrees electrical) 20.574 5.715
speed error (rpm) 2.872 0.398
peak motor phase currents (A) 9.634 N/A
Motor spinning without load at 80Haectrical(960rpm)
Sensorless performance value evaluate %
angle error (degrees electrical) 13.535 3.759
speed error (rpm) 2.511 0.261
peak motor phaseurrents (A) 6.346 N/A
Motor spinning under load at 80Hectrical(960rpm)
Sensorless performance value evaluate %
angle error (degrees electrical) 22.155 6.154
speed error (rpm) 2.610 0.271
peak motor phase currents (A) 9.756 N/A
Motor spinning without load at 100Hzlectrical(1200 rpm)
Sensorless performance value evaluate %
angle error (degrees electrical) 9.302 2.584
speed error (rpm) 1.734 0.144
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| peak motor phase currents (A) | 6.263 | N/A
Motor spinning under load at 100H#ectrical(1200 rpm)
Sensorless performance value evaluate %
angle error (degrees electrical) 17.481 4.855
speed error (rpm) 1.304 0.108
peak motor phase currents (A) 9.578 N/A
Motor spinning without load at 120HAectrical(1440 rpm)
Sensorless performance value evaluate %
angle error (degrees electrical) 9.486 2.635
speed error (rpm) 1.419 0.098
peak motor phase currents (A) 6.645 N/A
Motor spinning under load at 120H#ectrical(1440 rpm)
Sensorless performance valuevaluated %
angle error (degrees electrical) 16.474 4.576
speed error (rpm) 1.466 0.101
peak motor phase currents (A) 9.726 N/A
Motor spinning without load at 140HdAectrical(1680 rpm)
Sensorless performance value evaluate %
angle erro(degrees electrical) 9.098 2.527
speed error (rpm) 1.441 0.085
peak motor phase currents (A) 6.957 N/A
Motor spinning under load at 140H#ectrical(1680 rpm)
Sensorless performance value evaluate %
angle error (degrees electrical) 14.787 4.107
speed error (rpm) 1.260 0.075
peak motor phase currents (A) 9.664 N/A
Motor spinning without load at 160HAectrical(1920 rpm)
Sensorless performance value evaluate %
angle error (degrees electrical) 8.063 2.239
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speed error (rpm) 1.126 0.058
peak motor phase currents (A) 7.090 N/A
Motor spinning under load at 160Hzectrical(1920 rpm)
Sensorless performance value evaluate %
angle error (degrees electrical) 12.375 3.437
speed error (rpm) 1.356 0.070
peak motor phaseurrents (A) 8.821 N/A
Motor spinning without load at 180HAectrical(2160 rpm)
Sensorless performance value evaluate %
angle error (degrees electrical) 7.825 2.173
speed error (rpm) 1.298 0.060
peak motor phase currents (A) 7.199 N/A
Motor spinning under load at 180H#ectrical(2160 rpm)
Sensorless performance value evaluate %
angle error (degrees electrical) 12.620 3.505
speed error (rpm) 1.184 0.054
peak motor phase currents (A) 9.188 N/A
Motor spinning without load €&00Hzelectrical(2400 rpm)
Sensorless performance value evaluate %
angle error (degrees electrical) 7.769 2.158
speed error (rpm) 0.974 0.040
peak motor phase currents (A) 7.503 N/A
Motor spinning under load at 200H#ectrical(2400 rpm)
Sensorless performance value evaluate %
angle error (degrees electrical) 13.886 3.857
speed error (rpm) 1.107 0.046
peak motor phase currents (A) 9.781 N/A
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Motor spinning without load at 210H#ectrical (2520 rpm)

Sensorlesperformance value evaluated %
angle error (degrees electrical) 7.704 2.140
speed error (rpm) 1.222 0.048
peak motor phase currents (A) 7.558 N/A

Motor spinning under load at 210Hzectrical (2520 rpm)

Sensorless performance value evaluate %
angle error (degrees electrical) 14.070 3.908
speed error (rpm) 1.145 0.045
peak motor phase currents (A) 10.202 N/A

The sensorless angular and speed error data presented above in table format, are illustrated
graphically in Figures 5.56 and 5.hélow.

Angle error (degrees elec)
25
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No load Under load Motor speed (rpm)

Figure5.56 Observer angle error summary380-2520rpm speed rangeithout and under load
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Speed error (rpm)
4

3.5
3
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Figure5.57 Observer speed error summarn3&0-2520rpm speed rangsithout and under load

Theangle and speed accuracy tables figdres above illustrat

1.the angle error of the observertends to be worse under loads desto the controller driving
harderusing higher curreriévelsand torquecausing more sudden changes in the matale
and theobserver takg time to track theesudden changes therefore inciegsheerror in the
estimated angle.

2.The speed error improsgas the speed increases. Thisasause both the motor as well as the
observeinternal blockdehave as Low Pass Filter&s the speed increases, the higher harmonics
due to DTD are attenuated by #ed PFs. This is more clear in Figure 5.58 that compares the
5t/7th harmonic levels at the motor phase currents and estimatedaa gt different rotational
speed$30Hz and 210Hz electrical)t can be seen thtite levels obth/7" harmonics in the motor

phase currenti the estimated angle and as a resultin the estimated speed are higher at 30Hz than
at 210Hz electrical speed@his harmonic level reduction, means that both the motor and the design
components (Low Pass Filters) within the observer create an attenuation of these harmonics.

3.Atfirstsight angle error of 22 degrees may seem exceptionally high. However looking at Figures
5.11 to 554 thedominantpart of this error is an oscillation around the target angl&"éf®
harmonic due to DTD and a Band Pass Filter suppressing this could improsaliktantially
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Figure5.58 FFT analysis of motor phase current, and BEMF angle 30Hz to 210Hz electrical speed
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Dynamic testing during motor acceleration

Note: Sampling of variables was performed at 1ms period, total of 1000 samples per variable.
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Figure5.59 Motor accelerating, observer/resolver electrical speed (rad/sec)
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BEMF_angle resolver angle BEMF_speed resolver speed

Figure5.60 Motor accelerating, observer/resolver electrical speed (rad/sec) and angle zoomed in
Analysis of test results while motor is accelerating:

1. The observer is able to track the motoroés
5th/7th harmonic content that can be eliminated as described above.

2. To enable the tracking of the motor values during acceleration the sampling period was lowered
10 times versus above tests from h@i@rosecondso 1ms, so as to capture a larger time window.
This reduction in sampling has an impact on plotting detail, however the main observations from
previous tests are still apparent.

3. Note that in figure B0the unitin y axis is rad/sec and intended for the speed, the units for the
angle are not displayed in this graph but rar
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5.80verall analysis of simulation and test results

Matlab simulatiorpresentedh sections.2 (Figures 5.2/5.3) enabledigh levelunderstanding of

the backEMF voltagecharacteristics for the HEMAS motofransitioning to more detailedbck
accurate VHDL simulation in sectidn5, lowered the algorithm to implementation level HDL and
evaluated various consideration incorporating motor and inverter models along with PWM
switching. The onfidence obtained by means of simulatiwas vital towards the implementation

in C for the HEMAS platform. The observer was tested from medium to maximum speed
supported by the test ramd at various load conditions. During hardware testing iifioduced
abt7hharmani ¢ t o the observerds angl e a ntlerefergp e e d .
was notidentified during simulation. Howey#reseharmoniscan be removed either by DTC

or with the introduction of a dynamic bandstop filter within the observéie dbserver worked

well on hardwardgracking the motor position and speed throughout the speed range and during
acceleration.

In terms of simulation/testing results comparis@hile simulation was absolutely vital and
essential towards preparifgy theimplementationthe DTD phenomenon did create differences
betweensimulation and testingghich were understood and analysed in sechan

5.9Conclusions

The chapter intended to evaluate a model based observer in terms of simulation and hardware
testing on the HEMAS platform. The observer is proposedto be used towards increasing system
availability in case of a resolver failurdhe chapter first introduced the theoretical background

of the observer including the PMSM6s equivale
VHDL Modelsim simulation results werthen presented targeting the HEMAS motor. The
implementation steps of the observer werentilastrated, followed by hardware testing results

onthe HEMAS test rigoveringdifferent speed anidad conditions Experimental testing showed

that the sensorless observer can track the rotor velocity andaregi@ wide speed range
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Chapé6al i Banscéye t h o d

6.1The concept of saliency

Permanent Magnet Synchronous Motors (PMSMs) can be classifeetivo typessalientand
non-salient8]. This classification relates to tmetord sagnetic field that is in turn dependent on
the location of the permanent magnathin the rotor IPMSMs ardhereforeconsidered salient

by design(geometric saliencyyith projecting poles and 0 where0 , 0 is the motor
inductance as observed in the directand quadrature synchronouSatie other hanBPMSMs

tend to be mostly non salient whereis almost equal to . AlthoughSPMSMsare nonrsalient

by desigrthey can exhibit mild saliency whesufficientcurrentis placedn the d axis causing
stator iron saturatiofv 2], [73]. Itis this saliency by design in IPMSM§ 4], [75] and by stator

iron saturation in SPMSME72], [73] that is used to establish saliency based sensorless methods
investigated in this chapter

The HEMAS motor is a Surfaddounted Permanent Magnet Synchronous Motor (SPMSM) and
thereforeas0 'Q 0 r(see table 6.13tator iron saturation needs to inéroduced to establish
saliency This chapter providethe theory,simulation and test resulf®r a saliencybased
sensorless methaapplied to the HEMASystem

6.2 The concept ofsaliency

HFI methodsare based on the concepttifab ‘Q 0 fthe controllecanassume aestimated
rotor anglé andtheninject aHF voltage componentin the stationary or synchronous fsaihe
there is an error in the estimated anghas erroris observablen the HF feedbackcurrents

Specifically &0 Q 0 nif theinjectedvoltage is placednthed axisthatgenerallyhaslower

inductancadt produce HF currens of higher amplitude relative tthe g axis adhering tothe

equationbelowd er i ved by :Faradayodos | aw

w 00— Eq6.1

Another way to visuade the basic principle of salienagysensorlessmethods ishown inFigure
6.1 andanalysed below Considerthab 0 and the motor controller assumesestimated
rotor anglg . If a High Frequency voltags placed to the estimated d axis of the mgtiois
voltagewill be naturalljdecomposeéto theactuald and gaxisof the motoras a function othe
angleerros! (0 ® zATudandw o zORJI7, wherd is the rotor electrical angle,
[ is the estimated angle by the sensorless methodsandi 71 is the angular errgr
Irrespective ofthe angle errorf and the subsequediq axisvoltage sharingas 0 0 the
resultantectorialsummation of thel and q currentwill alwaysadd to the sameectoras each
axis responds equally to a given voltggee Figure 6.1.a)An external observehatwould

thereforeplacea HF voltage tdheestimated d axis wouldlwaysobservehe resultant currein
its estimated d axis current (Figure 6.1a). Howeverif O 0 and a HF voltage iappliedto
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the estimated d axis withn anglar error 37 , the voltage deposited on thaxis with lower
inductance W create higher amplitude HF curreniBhis imbalanced/qcurrentresponsdo the
HF voltage causs the vectorial additionof the d/q axis currentsto be misaligned versube
estimated d axiésee Figure 6.1.b)The external observer woutldereforenoticethatalthoughthe

HF voltages depositedn the estimated d axidF current is seen dmoththeestimated andqg
axisas a function of thangle erro(Figure 6.1b).

actual HH voltage
gaxds  peta inj
_ jected to
estlmqted \\ estimated d axis@
g axis
\ \ Resultant current estimated
N\ N \ vector appears on!y d axis
\ on estimated d axis
\ i actual B
\ \ d daxis =~
\ \ N _ - -
AN/ - \ -
lq =0 \ q -7 g
\ \ a\g\ee“o‘ lad
alpha
6.1l.a Ld=Lq
actual I
: HA voltage
gaxis  peta o -
. injected to N\
estimated \ estimated d axis @
q axis \ Resultant current stimated
\ \ vector appearson € dl ae
\ \ both estimatedd ™ axis
\ \ and g axis irorg 2Ctual
N d axﬁ -~
-
alpha

6.1b Ldi Lg

Figure6.1 HFI and effect of saliency in feedback currents
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Note 1:signals in this thesis containing the hat accéfthr examplé hohh h are values

estimated by the controller, i.e. the estimated rotor angle and corresponding voltages/currents to
the estimated synchronous frame.

Note 2: the HFI injection frequency is chosento be higher than the mechanical time constants of
the motor drive typically >= 1kHz so as to minimize the effect on observed torqueaipgpaso
avoid interaction with the current control loop

Note3: HFI can be applied in the form of sinusoidal or square wave and to either the stationary or
synchronous frame.

For sinusoidal High Frequency Injection applied to the stationary frame also known as rotating
injection equations 6.2 and 6.3 apply:

&) ) z OET o EQ6.2

o &) z AT0O Eq6.3
Sinusoidalinjection to the synchronous franaso known as pulsating injectionvolves
superimposing a HF sinusadidthe d axisvoltage demand Different flavours of this injection
typeexistin publications where eithdr QE0, [ "MNEO or w§ i 0 isinjected to the d axis.
However hese variations areffectivelyequivalent with respect to their function i.e. injecting a
sinusoidl voltageto thed axis, and observing the high frequency feedback current components

and primarily differ in the mathematical details of their equivalent formulBise injection
convention that is to be used in this research is Q&0 as perequation 6.4:

wQ () z { Q&0 Eq6.4

6.3Theory of HFI and the proposeddemodulation method

While thepulsatingnjection signal waveforrmvestigated in this chapterasinusoid ofconstant
frequencychapter 7 presengsmethod where the injection frequerasyd wavefornshapevary
for acoustic improvemergurposes

A starting point towardanderstandinghe effect of HFI isevisitingthe equivalent mathematical
model of a PMSM in the synchronous frafga]:

® YQ —w 1w

& Yo —w 1 4 Eq6.5
where

W 070 uw Eq6.6

w 0Q Eq6.7
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» ® are stator voltages in the synchronous frames the stator resistanc® andQare stator
currents in d and q axis is the rotor electrical angular speéd,is the d axis inductance, is
the g axis inductance, ang is the rotor flux

If the motor is spinning at low frequency the back EMF voltageisproportional to the motor
speed can be neglectednd the motor canbe approximatetdy a simplified R,L circuit

Equation 65 thereforebecome:
@ YQ —uw
J Eq68
@ YQ —uw

Furthermore when HFI method is appliedhe voltage drop due to theo t dandutance tends
to dominate over the voltage dropdu¢th e miedistamcé e circuit canthusbe simplified
furtherand euation 68 becomes

Eq69
) q
®

W

Consideringequationss.6, 6.7,and that—w = 0equation 8 becomes

W 0 i Q
S 5 2T 0 Eq6.10
Assunethatthe estimated rotor angle by the controller contains an®rratheresy | 7 is
the angular errgt is the rotor electrical anglg,is the estimated angle by the sensorless method,
10 0 O Tgandad 0 0 7¥¢. Substitutingw i Q¢o0 w T
andsolving for , results into equatiof.11:
10 30zAT 6 X
PR z
807 OF &af Al100 Eq6.11
Focusing on the estimated q axis currenbf equation 611 results intoequation 612:

2302 0EqJ¥ zAT100 Eq6.12

Brief analysis ofthe feedbackcurrent equation 6.12

1 equation 6.12s in conceptual alignment with the visual description of the saliency nethod
shown inFigure 6.1.If saliency exists within anotori.e.30 1 andaHF voltageis applied
to theestimated axis the HF current thas observedn the estimated q axis is a function
of the angular errosy .
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1 The HF carrieron is proportionalto thealiencyof the motori.e. thehigherthez0 the higher
the amplitude ofthe HF feedback and therefore the more accurate the tracking algorithm may
be. SPSMs with low levels of saliency are therefore a bit hardapfy saliency methods
1 The HF carrier on is proportional to the amplitude of the voltage cardger . In other
words, foragivemo t osaliénsy thehigher theHF voltage the highethe amplitude othe
HF feedbaclcarrierseen in and therefore the more accurate the tracking algorithm may be.
A compromisebasedanalysis igshereforeneeded on selectitige amplitudeof the HFvoltage
that provides the right balance between trackingaccuracy and power invested on tracking. This
analysigs a bit more complex when ¢hnjectecturrent also provides thmeotorsaliencyas is
the case for SPMSMandwill be explainedin section 6.40f this thesis.

{ The HF feedback currentis a function 6fE4sf and noOE& . This will be revisited
bel ow under Ainitial rotor position estimat.:.

If it was somehowpossible tacalculatethe value oBf by solving equation @2, thiscould feed
to a rotor angletrackingalgorithm To achieve thisamethod known as direct demodulatien
used thatnvolves multiplying with AT 10 0 as shown in equation B3:

zAT100 ——23020Eqsf 2z p AT @ o Eq6.13

By passingthe equationi®through a Low Pass FiltetheA T ¢ 0 can be eliminated resulting
into:

000zA11006  —Dt>r a3z E]s Eq6.14

zou 4
O3

Note thattheise of d PFintroduces some latency in the calculation of the estimated angle, placing
the Cut Off Frequency (COF) very low, would filter the HF voltage well but would introduce a
latency in the calculation.

As the elements of equatiorl@.in bold are constantsr of knownvaluefor a specifionotorand
HFI algorithm, arotor angle trackecanusethe angleerrorR, wherer:

R D00zAT100 Q@ ¢ 0 §inl FOOEJs] Eq6.15

where Q@ ¢ 0 §iO1 ¢ a+—28L1 9% 3
: . g otos 30¢
Feedingr of equation 6.% to a trackemwould achieve

T If 39 &8 | the erromr would be zero
1 If 3 begins becoming positive i.e.slightly greater thah thenrwould be positive
1 If 3y begins becoming negative ije.slightly less than thenr would be negativand
therefore the tracker cazontinuouslyt r ack t he rotorés electrica

Initial rotor position estimation algorithms: Onekey point to note is that as per equatiol6.
and 6.5 the saliency algorithntalculates an error that is proportional@Edsf and not
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OEd& . This meansthatthe errorwill appear 0 bothwhen? aswellaswheh | p Y

In orderto identify which of the two assumptions is trueritial position algorithmshave been
proposedn a number opublications [74] proposes two-step initial rotor position estimation
wherea voltage pulsés applied tothe estimated axis foreach of the two angle assumptions
sequentially If the assumption is corredt will introduce stator iron saturation, redu@e and
increase the amplitude of the feedback cumperde If the angle assumption is incorrectii.e.

T p W rthe stator iron will not saturate and there will be no decreaseobserved by stator
The algorithm proposed {74] thereforeidentifiesthecorrect angle assumption based on which
voltagepulseintroduced the higher amplitude feedback curparise An even better proposal
than the one ifi74] and covering both stationary and spinning madaletailed in section 61 of
this thesiproposing a novel saliency method

Note thatsaturatiorrotor polaritydetection isonly needed to be performed once &rain then

onwardgshe angleis tracked by the demodulation algorithmAnother way of achieving initial

position calculationin cases where up to one electrical rotation is acceptahlhisvedoy a
methodknown as initialalignment[76]. Under this methodthe voltage applied to the stator

windings is such thait creates a magnetic field wigholesat fixed electrical angle therefore

initiating the rotor to rotate and aligrsilN/S poles with theequivalentS/Npoles f t he st at ¢
magnetic field

Proposed émodulation stepson the HEMAS platform: below is the sequence of steps
implementing the saliency method for the HEMAS platform:

1 Injecta high frequency carrier is to the estimated d aifis ® z | QE&O.
1 Theestimated axis feedback current is passed through a High Pass FilidiPF) aiming
to remove the fundamental frequency component and only preserve the effect of the HFI
f The high frequency component ofis multiplied withA 170 6.
A LPF is applied to remove the | @© 0 component
1 The calculation fromthe laststep is used as an error to track the rotor angle using a PI tracking
loop as shown in Figure 6.2

]

Saliency angle
coS(9 ct) error used for
R tracking
l
q
ey HPE = LPF = PI tracker

Figure6.2 Block diagram of saliency tracking
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6.4 Stator iron saturation for the HEMAS platform
6.4.1 The mechanism ofiron saturation

As per equation 6.14 mo salendy & a key characteristic farsuccessfully application of
saliency methodsWhat has not been explaingsbughis what is the mechanism that introduces
saliencyfor an SPMSM Establishing Igh levels offlux density B i.e.creatinga very strong
magnetic field is a desirable featdoe a magnetic circuiasthiscan produce higlevels oftorque
within a motor as per equatidnl. While theoretically it would bielealif the statod son flux
density Bincreasedndefinitely, in practicats valuecannotncreasever2 Teslg9]. Attempting

to do so increases what is knowntlasirond s m a iglocéabhcerd irtroduces gpghenomenon
known as iron saturationDue to thiseffect,the flux density is naturally limited below this
thresholdas shown irFigure 63. Motor desigisthereforetend torestrict thevalue offlux density
between 1.&nd1.8 Teslg9].

Most SPMSM designsin order to obtain maximum power density are atborderline saturation point
as shown irpoint A of Figure 64 where thelux densityhas itsmaximum linear poinand0

0 [77]. Howeverif HFI is applied to the d axjshe d axis flux densitgan be pushet the non

linear regioni.e. above point Aof figure 6.4 In the saturatedregiohte f | ux | i nkage
increase in a nonlinear manner resulting into the decredse[@¥]. Itis thismethodknown as

saliency bymeans ofstator iron saturation that implemented for the HEMAS platform and
presented in this chapter

Effective
Reluctance

0 1 2
Flux Density (Tesla)

Figure 63 statoriron saturation

AY
Ay
A
Ay |
Ir _
. -— . -+ .
ol Ir—Ii, ir+1, I

Figure 64 typical d axis flux linkage characteristic curve for SPMSM
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6.4.2 HEMAS saturation point selection

One key step towards establishing saliency to the HEMAS motor is identifyimgdtogcurrent
that needs to be placed tred axis to introduce stator iron saturation. In order to identify this
pointthe HEMAS saliency table (Table 6.1) was usdsb depictedgraphicallyin Figure 65.
Note thatthis saliency table was obtained by importing the motor design in MOAD.
Analyzing Table 6.1 and FigureSone possible d axis current poisb.21LA providingmaximum

saliency of— p8t Yy.oFor "Q currents greater thah.21A the saliencyn factdecreases so

investing more power would not produce any useful rewards in terms of salidiineymotor
parameters presented in Table 4.1 are also listed in Table 6.1 below.

Parameter Value
No. of pole pairs p 5
Phase ResistancesR ndHO wmB
Phase Inductance L 1.193 [mH]
+2f G138 PO2yail 0.092 [V/rads]
¢C2NJjdzS G2yail 0.142 [Nm/A]

Table6.1. HEMAS motor parametesshennotin saturation

d axis current, positive| d axis inductance Ld (mH) q axis inductance Lq (mH)| Lg/Ld
10.26 1.055 1.133 1.074

7.76 1.064 1.145 1.076

5.21 1.069 1.158 1.083

2.61 1.136 1.185 1.043

0 1.193 1.194 1.001

Table6.2 HEMAS motorsaliency table

Silc;c/afdcy HEMAS Saliency Lg/Ld

1.08 O

Figure6.5 HEMAS motorsaliency graph

90



CHAPTERG6 SALIENCY BASED METHOD

Note that skin effecand Eddy currents aneot expectedo have an effect on thietroduced
saliency asthe resulting effectwillimpactboth d and g axis and will not affectthe induced saliency
due to saturatiofi78].

One key point to note analyzitige above table and figuigthat SPSMs and the HEMAS motor
exhibit relatively low levels of saliency. An example saliency ratio for an IPMSM is 4% Yer
DT pdogever sus B EMAS$.oThisis of interest because based on equation 6.15

the signal used to track the electrical angle for a given HFl method is proportional to the formula
. Substitutingg0 andt0 witht he equi valent values of the

of [79], this tracking signal is calculated to be 2.6 times greater fd7®jeversus the HEMAS

motor. Added to this,the maximum HEMAS inductance ratio 70 p8&t Q) & the saliency
observed atO angularerrsrwh en all of the total HFI current
d axis. As the angular error increases, less current is placed on the d axis resulting into the
reduction of saliency and therefae additionatiecrease in the amplitude of the saliency tracking
signal. Thissaliencyreduction due to angular error as will be demonstrated in the simulation and
test sectioaresults into a further reduction of the tracking signal amplitude by a factds &ir3.

the HEMAS motor. So eventually the tracking saliency signal for the HEMAS motor is 2.6*3.5 =
9.1 times smaller than the IPMSM §f9]. The above factors make saliency algorithms for
SPMSMs harder to implement relative to IPMSMs. Despite this application specific difficulty,
the superior power density of SPMSMadtheadvantages listed i@hapter loften make them

the best possible choice in aerospésse Tables 1.1 and 1.8)us this investigation of saliency
algorithms on the HEMAS motor.

6.5 Simulation/Testplan for the HEMAS saliency method

Aiming to demonstratéhe proposed saliency method for the HEMA®tor, a sequence of
simulation and test steps gyeoposedn thebelow plan Matlabmodellingis intendedo bethe
first stage ofsimulation The Matlab environmenis expected t@erve as an excellent tool to
quickly analyse the anticipateccurrentfeedback signals fromFI as well aghe demodulation
algorithmbased on theoretical formulaghissimulation is proposed to take place at high level of
abstractiorwithout attempting to simulate implementation considerations sudatasampling
PWM switching, and motor mode|

VHDL modellingis proposedas the second stage of simulation includmglementation level
considerations such data capturinfrom resolver/motor phase currekDCs, PWM switching,
the motor and controllermodes. Following simulatiors, implementation and testing on the
Infineon DSP HEMAS platform is to take plade.order to comparsimulation and hardware test
resultsthe same systefunctionis plannedo beperformedn each simulation and experimental
stepas per belovtwo scenarios
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Simulation/Test scenario 1: this scenario aim® prove thekey angletracking equation 6.15
The scenariinvolvesthe motorspinningat low speed anapulsatingHFI to beappliedbased on

a constangstimated angfe. This scenario is repeattat 6 test cases each havefjxed ,casel
1=0,case2= "~ [ 3 ]=2als®,B=Cas edsbs'e/536] =6 a ES&nariols to be
appliedin all simulation and test stepsd will illustrate how the saliency angle error varies as a
function of 3y .

Simulation/Test cenario 2: this scenario intends to harvest the yields from scenafibé.angle
tracking erroanalysed intheformer scenarids usedhereto track the rotor angle of a spinning
motor. This scenario is proposedto be applied inthe VHDL simulation and hardware testing steps
as the Matlab model t®o abstract and does not contain detailed motor and controller models

The following sections of this chapter, illustrate results at decreasing level of abstraction, starting
from high level Matlab modelling, to low level VHDL simulation and final hardware testing on
the HEMAS platform.

6.6 Matlab simulation
6.6.1 Matlab Scenario 1

Two Matlabmodekweredevelopediming to simulate thealiencytrackingmethodof scenario
1. Thefirst modelmakes thedealisticassumption thahe selected HEMASelectedsaliency

(0 P8t @ wid( pP vmH) of section 6.4s constantrrespective of the estimated angle

In practicehowevemwher deviates from , lesscurrent will be depositetht h e maaxie r 6 s
whichin turn will reducethe stator ironsaturatioranddecreas¢hemo t csaliénsy. A second
model was thus developedth the more realisticconditionthatthe saliency of the motor is a
functionof 'Q as persaliency inTable 6.1.

The Matlab source code for both the constant\arging saliencycan be found in Appendix
sectiond.1.5 and B.1.6 of this thesisThe results of the twdlatlab simulationsare displayed
one below the other for ease of comparison.
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Matlab saliencysimulation” = O rad

rad, A/7 (rescaled to fit) Ld=1.069, Lg=1.158 irrespective of Id
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Figure6.6 Matlab simulation of the saliency algorithm when rotor angle = 0 rad

Analysis ofthe Matlab simulation:

1 The blue line of figures 6.1.aand 66.2.aillustratethe rotor electrical and thereforeshows
thatthe motor is spinning. The dotted orange limglreabovementionediguresillustrate

thatthe estimated angle is constantith7 =0.
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1 The red line in figures 6.1.a.and 66.2.ais the saliency angle errasdepicted inequation
6.15. This angle errois indeeda sinusoidal function of37 . Within one electrical periqd
there are two sinusoidal iterations of this angle error

1 The saliency error in Figuré.6.2.a is about 3.5 times smaller in amplitude than in Figure
6.6.1.a. So the more representative simulation wi@eadfects saliency shows that there is a
rather large reduction ithe angletrackingaccuracy This is because whexp 1T and
saliency is maximum the saliency error is 0. 3Asand saliency angle error increase the
saliency decreases, so when the erroris at its relative highest point, the saliency is at its lowest.

1 Figures 66.1.b and 6.2.b illustrate the estimated g axis current

 Figures 66.1.c and 6.2.c illustrate the calculation of zA 170 6. The application of a
LPF to this calculation results into the saliency angle error depictiguires 66.1.a and
6.6.2.a.

f what is of particular interest is that the more representative simulationlofi) being a
function of "Q (seeFigure 6.7 bottom partshowing a zoomed in version of Figure 6.6),1.b
there is a harmonic component in theelative tothe simplified simulationvhered H) are
considered constantThis is because a8 increases so does the saliency creating this
additional harmonic in the estimated currents.

T /"».\ Vs T /N s I /\_\ I I I3 \_\ T e ~ T ~ ) T .
k- \ \ \ T SN T - Assumption Ld,
N \\ \ \ QUL \,‘.‘l \ . \ \ \ \ \ A Lg cgnstant
i X/ X X J X/ X VA 7 irrespective of I1d
b ~ 7 > Y T - r bl - ) rresp

— Injection Voltage — Estimated feedback q current axis

C A A A Al ‘.1.\ Al n Al A Al A 7 I
I f A\ \ —~ ;‘; ?L N A\ _;.}.. .;; Vo I / ‘?L I y ~‘} .;; "L'/_ Ld, Lq
[/ \ V' Vas | \/~"  function of Id

— Injection Voltage — Estimated feedback q current axis

Figure6.7 Matlab simulation of the saliency algorithm when rotor angle =0 rad

Also note that as shown ingpendix section B.1.6, tHdatlab model simulatingarying saliency
uses the existingaliencypointsfrom Table 6.1and estimates h e mimductanégsr any
value of Q between these poinising linearinterpolationas per pseudoodesnapshot below

LdX)=Ld(x  -1)+ (Ld(x+1) - Ld(x - 1) * (Id(x) - ld(x - 1)/(ld(x+1) - ld(x -1));
La() =Lax  -1)+(Lo(x+1) - Lo(x - 1) * (Id(x) - ld(x -1)/(Id(x+1) - ldix -1));

Below are Matlab simulations for the additional cases®f /=2, /=31=4 " {=35," | 3.
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Matlab saliency simulatiori = ZX¥ rad

rad, A/7 (rescaled to fit) Ld=1.069, Lg=1.158 irrespective of Id
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* cos(w,t)
Figure6.8 Matlab simulatiorof thesaliency algorithm when rotor angle' #Forad
Analysis of Matlab simulation:

1 Simulation results and related analysisideaticalto that wher =0, with the main difference
beingthat theHFI and demodulation is based on assumgtion“ o rad. The sinusoidal
angle tracking errain figure 68.1.a/68.2.ais therefore Owhen |  “Joand whep
T“.
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Matlab saliency simulatiori = Z¥ rad

rad, A/7 (rescaled to fit) Ld=1.069, Lg=1.158 irrespective of Id
AN
2k
-
2
4
oy | | | | | ] | ]
Az 0 ! S Fbtorsangle ! x Tracking erfor Estimated angle Co-ordinates” Fig.96.9.1.a msec
0
-2
Az\o ! = ? —Estimated fe?edback currént T E Fig,ge,g_l,b msec
0
2 | | | |
0 1 2 3 4 5 6 7 8 10

9
—_— cos(w.t) Fig. 6.9.1.c sec

rad, AI7 Motor&s Ld, Lqisafunction of Id based on the HEMAS saliency table
6
sl
P
= O -
) |-
al
6 = | | | | | | | |
2 8 .9 10
. — Rotor angle Traoklng error % Estlmaxed angle co- ordlnates Fig.6.9.2a sec
0} “ “ “ “
s ) 10
P -— Estlmated feedback current Fig. 6.9.2.b sec
9 10
— 6 + cos(w,t) Fig.6.9.2c €

Figure6.9 Matlab simulation of the saliency algorithm when rotor angte £ Yo rad
Analysis of Matlab simulation:

1 Simulation results and related analysis are identical to thativ@rwith the main difference
being that the HFI and demodulation is based on assumptiorg” fo rad. The sinusoidal
angle tracking error in figure 8.1.a/69.2.a is therefore 0 whgn 7  ¢“ 7o and when
[

96



CHAPTERG6 SALIENCY BASED METHOD

Matlab saliency simulatiori = Z¥ rad

rad, A/7 (rescaled to fit) Ld=1.069, Lg=1.158 irrespective of Id
6 —]
4- v
Py
0
2
4l
6 { 1 1 I . L | | J
A 0 ! T - Rotor Blz;\nqle‘ TTrackinq err?)r ¥ Estir%ated angle o‘?o-ordinates T Fig. 69.10.1.a 'S

A — ‘Estimated feedback current ! Fig. 69.10.1.b sec
T T T

’ 0 1 2 3 4 5 6 7 8 9 10
Fig. 6.10.1.c Sec

e [y * cos(wt)

red, Af7 Motorés Ld, Lqgisafunction of 1d based on the HEMAS saliency table
6
sl
2
oL - . -
2+
4l
-6 = | | | | 1 | | |
A , ! = Rotor ang?e Tracklng error g Estlmated angle co- ordlnates Fig. 6 10.2.a 10
T
-1
Ao . o Estlmated feedback current Fig. 6 10.2.b 1soec
.9 [~ T T T =
0 1 2 3 4 5 6 10

—_ g cos(w.t) Fig. 6.10.2.c sec

Figure6.10 Matlab simulation of the saliency algorithm when rotor angiez< ¥o rad
Analysis of Matlab simulation:

1 Simulation results and related analysis are identical to thativ@with the main difference
being that the HFI and demodulation is based on assunjption* o rad. The sinusoidal
angle tracking error in figure $0.1.a/610.2.a is therefore Owhén 7  ¢* Yo and when

(I A
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Matlab saliency simulatiori = Z¥ rad

rad, A/7 (rescaled to fit) Ld=1.069, Lg=1.158 irrespective of 1d
= e
L /
2l
(]
2
4l
6 = | | | | 1 | | |
0 1 2 3 4 i 5 .6 7 . 8 .9 10
A2 = Rotor angle Tracking error 8 Estimated angle co-ordinates Fig. 6.11.1.a
0
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Az'J ! 2 3 -_— TEstimated fegdback curreat ! 8 Fig. 69.11.1.b %
0
) 1 | |
0 1 2 3 4 5 6 7 8 o9 10
— fa + cos(w,t) Flg 6.11.1.c sec
rad, AI7 Motorés Ld, Lgisafunction of 1d based on the HEMAS saliency table
6
4k
2l
0
2+
4
6 = | | | | | | | |
A 1” ! —2 Rotor ande TAackmg errorg Esnmafed angle co- ordmates 8 Fig. %6.11.2.a
0 “ “ “ “ #
-1
Sl ! -— Estlmated feedback current 6 Fig. 6.11.2b
0.5
0.5

s Flg. 6.11.2.c €

a* cos(w.t)

Figure6.11 Matlab simulation of the saliency algorithm when rotor anglee Torad
Analysis of Matlab simulation:

1 Simulation results and related analysis are identical to thativ@rwith the main difference
being that the HFI and demodulation is based on assumptiort* 7o rad. The sinusoidal
angle tracking errorin figure 81.1.a/6112.a istherefore Owhén 7 1“0 andwhen

[
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Matlab saliency simulatiori = Z¥ rad

rad, A/7 (rescaled to fit) Ld=1.069, Lg=1.158 irrespective of Id
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4 B\
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-6 = | | | | | | | J
A’ ' - Rotor gnqle‘ 4Tra.ckinq errgr 8 Estin?ated angle og-ordinates ° Fig. 691? la 1&3{:
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A, — Estimated feeldbaok current Fig.6.12.1.b
0
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— 5+ cos(wet) Fig. 6.12.1.c sec
rad, Al7 Motorés Ld, Lgisafunction of Id based on the HEMAS saliency table
6 e
s
2
o == -
2
4
-B = | | | | | | | J
= Rotor anglae Tracklng error ¢ Estlmated angle co- ordlnates Fig. % 12.2.a
o Estlmated feedback current 6 Fig. g 12.2.b

Fig.6.12.2.c €

[ * cos(w.t)
Figure6.12 Matlab simulation of the saliency algorithm when rotor angle= Torad
Analysis of Matlab simulation:

1 Simulation results and related analysis are identical to thativ@rwith the main difference
being that the HFl and demodulation is based on assumptiorv” o rad. The sinusoidal
angle tracking error in figure $2.1.a/6122.a is therefore Owhén 7  v“ Yo and when

[ R
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6.7 VHDL simulation

The HFI demodulation algorithm was simulated in a VHDL simulation environment at low level
of implementation. The purpose of this simulatioss stated in section 6.5 is ®valuate the
algorithm at low level of implementation takg into account hardware considerationhe
simulation inclueéscapturing data from ADC sensorstesolver model, processing data within

the controller including speed and current control loops, forward/inverse Clarke/Park transforms,
Space Vector Modulation (SVM), PWM switching, an inverter and motor modlielof these

RTL functional blocks along with the HFI sensorless block as shown in Figure 6.13 are active
during this simulation Note thathe motor model parameters align with the HEMAS parameters.
As persimulationplan, two simulation scenarios are presented one that illustrates the saliency
angle error (scenario 1) and one whitveHFI sensorless demodulation method is used to track
the rotor angle while spinning (scenario 2h scenariol, both simulation results of considering

0 ) constanbr a function ofQ are presentedimilarly to Matlab

DUT, Motor controller VHDL design

Inverter VHDL
DClink | Control simulation Motor VHDL
Voltage ADC "|  Logic M model simulation
model

0 (no field vd |V e—
i - - control
weakening) " Inv. Park m o rverer [T s
eed " vq| transform | v PMSM
dzpmand T 50+ Parl '—-—@ - Parl I —"\vi\/ W

Id_feedback Ih la
b Motor phase
Park Qarke currents

Ig_fi k

afeedbad transform | " | transform LS ADCS
Speed feedback

e eedabact ddt I%:Iaaléer
Developed
. algorithm of
BEMF observer High Frequency ?nterest
Sensorless L2 :
(Model based Control Logic Injection (Saliency %
method) 9 based method)

3

Modelsim simulator compiling VHDL design, testbench files
and running simulation

Figure6.13 VHDL simulation structure
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6.7.1 VHDL Scenariol

VHDL saliency simulatioi = rad

Ld=1.069, Lg=1.158 irrespective of Id

+-52A1

1.069mH

i, 158mH

1.193mH
1.069mH

1.194mH

Lo

Figure6.14 VHDL simulationof thesaliency algorithm wheh= 0rad and the motor is spinning
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VHDL saliency simulatiod = ZX¥ rad

Ld=1.069, Lg=1.158 irrespective of Id

( Motor_signals )

Motorés Ld, Lgisafunction of Id based on the HEMAS saliency table

( Motor_signals )

1.193mH
1.069mH

1.194mH

Figure6.15 VHDL simulation of the saliency algorithm when “¥orad and the motor is spinning
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VHDL saliency simulatiod = Z¥ rad

Ld=1.069, Lg=1.158 irrespective of Id

& Motor_signals
“~ electrical_angle

1.193mH
1.069mH

1.194mH

Figure6.16 VHDL simulation of the saliency algorithm when ¢“ 7orad and the motor is spinning

103



CHAPTERG6 SALIENCY BASED METHOD

VHDL saliency simulatiod = Z¥ rad

Ld=1.069, Lg=1.158 irrespective of Id

Figure6.17 VHDL simulation of the saliency algorithm wheén ¢" 7orad and the motor is spinning
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VHDL saliency simulatiod = Z¥ rad

Ld=1.069, Lg=1.158 irrespective of Id
Mohor_svgnals ( Motor_signals )

*~ electrical_angle
' 1d +-52A]

+/-52A]

1.069mH

1.158mH

Figure6.18 VHDL simulation of the saliency algorithm when 1“7orad and the motor is spinning
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VHDL saliency simulatiod = Z¥ rad

Ld=1.069, Lg=1.158 irrespective of I1d
- Motor_signals ( Motor_signals )
‘- electrical_angle
‘' 1d +-5.2A]
+-52A1

%

zoe9mey ——— -+

==
5 & &

L B R R R R N S S S

& controller tracking|| ( controller tracking )

I

|

[ / ,
+’ angle_error //\/ ,;’/ /\/ //\/ ..,J,‘f
| / f/‘ /

| / /

[

I -

Motorés Ld, Lqgisafunction of 1d based on the HEMAS saliency table

Figure6.19 VHDL simulation of the saliency algorithm when v“ 7orad and the motor is spinning
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Analysis of VHDL simulation for = mtrad:

T The angle tracking error signal Aangl e _erro
when Lg/Ld varies as a function & asshown in figure 6.14 @ttomversus 6.14op. The
angle tracking error signal as expected is 0 whenj mmandwhen | “.

T Aangle_erroro has a transient when injectio
time to stabilize.

T Aangle_erroro in both i de®ltop/bottamgis moredpiky,e al i s
noisy and of less of sinusoidal shape versus equivalent Matlab simulations (Figure 6.6). This
is becauséw level implementation such @&VMandADC guantizatiorhave an impact on
the overall accuracy. Note that the sinusoid that is multiplied to the feedback current
includes a configurable offset to accommodate for propagation delay of the HF voltage
reaching the motor and received back as HFI current by the controller. Matlab simulation
does not model this propagation delay so there is not a need to have thisaffpensation.

Overall the VHDL simulation results align with Matlab simulations in terms of tracking error
signal but VHDL simulations suffer with implementation level side effects such as propagation
delay of signals to the motor and back to the controller via ADCB/HPPF propagation delay,

and quantization effects.

The analysis forthe subsequent VHDL simulation results shownin Figure$ 6L ¥for estimated
anglea=aforad,A=¢Aaforad,A=onfo rad,A=4n %o rad,A=uATo rad,is identical to the above
with themaindifference that the comments relate to¢isématedangle of interest. Faxample
regarding Figure 6.15 whehe= Ao rad:

1 The angle tracking error signal as expected is 0 when Aforadand wheri T
“ Afo “ rad. Similarly to Matlab simulation, thé a n g | e in the represantative
simulation of Figure 6.15 bottons of lower amplitude than idealistic constant saliency
simulation ad.g/Ld varies as a function dhe current deposited to the d aXis

T "nangle_erroro has a transient when injectio
time to stabilize.

T Aangle_erroro in both i deZtop/sttomkis moom dpiky, e al i s
noisy and of less of sinusoidal shape versus equivalent Matlab simulations (FBjure 6.

6.7.2 VHDL Scenario2

Scenario 1 of VHDL simulations aimed to validate the angle tracking error signal. Having
identified the shape and characteristics of this signal it is now possible to use this to track the rotor
angle using a PI controller. Thisis done in scenario\2HDL simulations shown below. The
motor is therefore spinning and the saliency angle error is used to track the angle. One thing to
note is that in VHDL simulation it is this saliency angle that is also used to drive the motor and
not the resolver.
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‘Ld
4 Lq
. Id

4

Iq

2~ Vd inj_signal

£’ angle_error

S o VYV VYUYV YV VTV VY Y VYV

VROV YTV Y YV VY YV

1w B AN AR

B N N S AP o PN AP PV AV SRS EDRP SN NP P

ll—q

‘1q
“» electrical_angle

e-- sensorless_elec_angle

e Vd_inj_signal

e R e S

e angle_error

Figure6.21 Previous figureoomed inllustratingd ,0 variation asOchanges due to antrerror
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Analysis of VHDL simulation scenario 2:

1 0,0 followthe realistic assumption that they are a functioi®as per table 6.1 and using
Linear interpolation as shown in Appendix B.3.1 of this thesis for any pointin between the

samples points of the table. Il n other wor d:
actual angle, all the HFI currentigposited to the actual d axis of the motor, resulting into
optimal saliency points as per Tableb6. 2. A

versus the actual anglie saliency isower thanits optimal point identified in Table 6.2.

1 Theangle tracking Pl controlleris continuously trackingthe rotor angle. When the angle error
increasest hi s results into some of the injected
resulting into reduction of saliency (changelof 0 ) as shown in Figuse6.20and 6.21

6.8 Implementation of the algorithm on the HEMAS platform

The saliency method has been simulated in previous sections at different levels of abstraction
Having obtained confidence from these simulations the saliency observevasideplemented

in C for the target Infineon DSP. Tkaliencymethod involves two ke§ functions, one to inject

the HFI voltageto the estimated d axfgamedPRHFI_gen anda second to demodulate the HF
feedback currentéhamedPRHFI_demod_ang)e The C source code for the saliency based
method can be found in section B.2.2 of this thesis.

HEMIASMotor controller (Infineon DSP)

Comms
SYM
0 (no field vd Vh 1GBT
. . - control
weakening) .* - Inv. Park ¥ <y\ 1™ Inverter r N HEMAS
vq| transform | s \/ 1 PMSM
d?rr?:gd @ Prar -6 [ lhan | D N
Id_feedback I la
b Motor phase
Park Jarke currents
Iq_feedback 1 [ E—
A oedec transform | : transform_ Ic ADGs
Speed feedback Resolver
L d/dt D
Sdliency based method in C
PRHA_gen (int low_freq, int
PRHA_demod_angle _gen ( —req

high_freq, float an?plitude_d)

Cfunction able to generate|
sinusoidal or square
waveform of constant or
pseudo random frequency

Cfunction processing HH
feedback currents and
tracking the rotor angle

Figure6.22 High Frequency Injection Block diagram
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Not el: t hePREFl fgan(mcldwi fea intfigh_ freq, float amplitudedod) al | ows t h
user to modify the frequency and thigapgsinusoidal or squajef the injected voltageWhile

thefunction containghis flexibility for testspresenteth the following chaptes in this chaptet

is usedo inject sinusoidal voltage of constant frequeaagspecificallyat1kHz by setting the

lower and upper frequency thresholds at the saatee as shown ifigure 6.3.

Note2: at first sight of Figure 82 the readewould observehat the HF injection is applied to the
alpha/beta axis while it should have been applied to the d axis. This wastri®nallyas in
this test the resolver is still used to drive the motor based on resolvet aanglethe HFI has its
ownindependent estimated angjle A straightforwardvay to maintain two independeshb mains

I andl where the formeis used for driving the motor artie latterfor the saliency observar
to translate the estimated d axis injection to the stationaryagxétown below in blue

Valpha3_ref = Vd3_ref dt*cosTheta3 - Vqg3_ref_dt * sinTheta3 +
PRHFI_injection_d * cosThetasens3 ;

Vbeta3_ref = Vd3_ref_dt * sinTheta3 + Vq3_ref_dt * cosTheta3 +
PRHFI_injection_d * sinThetasens3

whereTheta3=7 i.e.theresolver rotor angle anthetasens3] isthesaliency estimated rotor
angle.

6.9 Hardware testing
6.9.1 TestScenario 1

Similarly to the simulation, hardware testirgcenariolinvolves fixingthe estimated angléo:

casef =0,case2= "~/ 3j=2als:B=Ccasedbse/lS53=6at8B86while the
is spinning. Theaboveestimated anglest pointsare repeated fawo motor speedsl5Hz (80
rpm)and20Hz 240rpm) where the controller isising the resolveanterfaceto spin the motor

TheHFI is set to 1kHz and of sinusoidal shafée maximum injected current at the d axis is set

to 5.2A to establish maximum saliency.

Data capturingf the internal DSP registelisted belowis performed for analyssf test results

1 Resolver anglg this is named in thelEMAS C code asTheta3
f  Motor phase current©fOfO. 3
 Thesaliencyangle error calculateih the Infineon DSP based ofd 0 'OzA 100 .

1 High Frequency injection demodulai signal
The above data was captured using the *.csv export fagfliiye Infineon DSP softwamsaving
1000 samples of each registerasgampling rate of 10kHz i.e. once every 1080 The PWM

switching frequencgndtheprocessinfgontrol loopsalso function alOkHz(once every 10Qis)
so the sinusoidal HR$ composedf 10 sample points
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The *.csv data was not processed in Exasin previous chapteutimporteddirectly to Matlab
in orderto facilitatethe more advanceprocessing and displayapabilitesof the tool. This was
useful for exampldlustratinghowthe HFvoltageis deposited tthe actuall/q axis as the motor
spins. ThemotorcurrentsQ andQ are calculatedvithin theMatlab processing scripising the
capturedmotor phase currenf§OHORO), the resolver angle and theClarkePark transform
equationgletailedin Appendix Cof this thesis The matlab scrigtused to process ti2SPdata
can be found inhe Appendixsection B.1.7 of this thesis.

Note that gure 6.2 depicts the settings that the user can modify while the DSP code is running
to modify the HFI injection frequency, shgpemplitude as well as thphase offsebf the
demodulatiorsinusoid that isised to multiply to calculate the angular error.

Marmg Walue

regd @0 - Speed demand (Hz)
o3 _e_si_i 126,362 - Speed feedback (rod/sec)
pehfi_high_freq_cfg 1000 - High frequency of HFI set to 1kMHz
pridi_low_freng_cfg 1000 - Low frequency of HFI set to 1kHz
capture_data i - Setting to 1 saves debug dota to Fxl1000 registers

L riggl 0 DOOOOF DO

#11 rag2 00001 F70

#L rags e DO0G2F10

#11 raga (= DO0OIEED 7x1000 debug dota

#11 ragh D004 ESD

s L ragh 0= D000EDFD

#11 rag? (= 00006090

Figure6.23 Infineon hardware test parameter-aptand results data

Hardware testingscenariol” = rad and motor spinning atl5Hz

rad, Units as per Eq6.15
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Figure6.24 Hardware testing, saliency error when ttrad and the motor is spinnirag 15Hz
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Hardware testing scenariol = ZX¥ rad and motor spinning at 15Hz

r%d_, Units as perIEQG.lS

e — -_L-_ B N
4 ) —
o fofPrt T B piA “MW“‘:\_ L oA A - N
ol ) ad 3 . o -. - uﬂ\!\' W \ i
2 . A A v " vy e 1 g AV Vi '”_
-4 o ' —
sk | | | | | | | | | -
0 0.01 0.02 0.03 0.04 0.05 0.06 0.08 0.09 01
Amps —_— rotor angle * Tracking error & Estlmated angleoo ordlnates Sec
st M ' i ﬂf i
H‘H'M"/W [ A ‘ \ 'U"" IIH| | \'l' , "‘{‘H |l
ol ||I||||||||‘|| M.f. (*(VWN\MI\',' U\ .j JI'J"‘”HI;‘".' |||| 'ﬂ‘ (||I|f||h/f ﬂ..fff\;\ummﬁ/kf U ””“V”““'\l“ |\| |||||“|'|‘\'I‘JI'I‘ \ \( W‘f"’"“"w\f\ﬂp"“nul‘u'|| "Jll‘l‘ ‘i”lﬁ
0 001 002 003 D.Ud 005 D.:Z)G D.UF DDE DDB 01
Lmps —Id Sec
i \ Il I“I i il \/ |
Dqu/'vaf"fﬂ/ul'l'”"”l'ﬂ M“"" ”/I‘JI'/ N‘fNVWwVF\N‘NfI/‘ /|.H|'HH‘|J'I'||"“|" f,f'.ul‘ N ﬁ//'f ‘f'\l’\f\f"ﬂ"\f\r“fff/ f',}hlf‘ "'/'I\"{.|'||”,|rl‘,\'l‘/'["/‘ff fN’"«’\"\
B | | | | | | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 01
—|q Sec

Figure6.25 Hardware testing, saliency error wifen “ forad and the motor is spinning at 15Hz

Note that Figures 6 £and 6. 5illustrate how the algorithm tracks thetor angle at two different captured
windows The test conditions are the same in both windoiee twdllustrationsaim to provide avider
sample window towards evaluating the algorithm

Hardware testing scenariol = ZX rad and motor spinning at 15Hz

rad, Units as per Eq6.15
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Figure6.26 Hardware testing, saliency error whien ¢“ ¥orad and the motor is spinning at 15Hz
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Hardware testing scenariol =

Z7 rad and motor spinning at 15Hz

rad Unltsas per Eq6.15
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Figure6.27 Hardware testing, saliency error when ¢* Yorad and the motor is spinning at 15Hz

Hardware testing scenariol =

Z¥ rad and motor spinning at 15Hz

rad, Units as per Eg6.15
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Figure6.28 Hardware testing, saliency error wien t“ ¥orad and the motor is spinning at 15Hz
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Hardware testing scenariol = ZX rad and motor spinning at 15Hz

rad, Units as per Eq6.15
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Figure6.29 Hardware testing, saliency error wien v“ ¥orad and the motor is spinning at 15Hz

Hardware testing scenariol = rad and motor spinning at 20Hz

rad, Units as per Eq6.15
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Figure6.30 Hardware testing, saliency error wien ttrad and the motor is spinning 20Hz
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Hardware testing scenariol = ZX¥ rad and motor spinning at 20Hz

rad, Units as per Eq6.15
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Figure6.31 Hardware testing, saliency error when

Hardware testing scenariol =

Z7¥ rad and motor spinning at 20Hz

“Jorad and the motor is spinning 20Hz

rad, Units as per Eq6.15
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Figure6.32 Hardware testing, saliency error when ¢“ ¥orad and the motor is spinning 20Hz
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Hardware testing scenariol = ZX rad and motor spinning aR0Hz

rad, Units as per Eq6.15
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Figure6.33 Hardware testing, saliency error wien ¢" ¥orad and the motor is spinning 20Hz

Hardware testing scenariol = ZX rad and motor spinning at 20Hz

rad, Units as per Eq6.15
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Figure6.34 Hardware testing, saliency error wien t“ ¥orad and the motor is spinning20Hz
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Hardware testing scenariol =

Z7 rad and motor spinning at 20Hz

rad, Units as per Eq6.15
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Figure6.35 Hardware testing, saliency error whien v“ ¥orad and the motor is spinning 20Hz

Analysis of test resultsfor scenariol

T

A sinusoidallike saliency erroris observed having the value of O athen 11, positive when

3] is turning positive and negative whem is turning negative (i.e. following a sinusoidal

like waveform.

Whensf  mall of the HFI voltage is deposited on the d axis as observed in the d axis current
Q. Whensy Tt portion of this HFI voltage and specifically the resulting current can be
seen on the q axis.

The angle error signal still contains some HFI components. This is because applying a
stronger LPF would introduce greater delay that would compromise the response to fast
angular changes.

The shape of the saliency error signal is not dxaatusoidal. Simulink simulatiornFig. 6.6.
bottom(whered , 0 change as function of currentin d axis) and VHDL simulatibigy
6.14have alsoshown similar distortionsAnalysng the simulationgt can beseenthat ashe
actualangularerror increases, the current deposited to the d axis and thé osaliénsy
decreaseausing thesensorless trackingyrorsignal to follow a norsinusoidal relatiomue

to equation 6.15 In other wordsif saliency was constanthe tracking error would be
sinusoidal,howeveras thesaliency decreasetfje amplitude of thdracking erro also
decrease Also, considering thevery low levels of saliency, the ADC quantizatiand
sampling noisalsohave an effecin these calculations

The saliency error in hardware testing of scenariol was less sinusoidal thansifhilDétion

that was in turn less sinusoidal than the Matlab modelling. The closer the algorithm is brought
to the hardware in terms of simulation and testing (abstract to implementation level), the
stronger the effect of system considerations such aslsamoise to the low saliency error.
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6.9.2 TestScenario 2

In thistesting, themotor is spinning using the resolver and the saliency HFI method is attempting
to track the rotor angleThe test results below amitially for motor speed o15Hz (180 rpm)

Note that the test conditions for Figures 6.36/6.37 are identical and simply illustrate the tracking
over two captured windowsAt 20Hz It was found that thengle tracker is slow resulting to less
voltage being placed tihed axisthatin turnredued thesaliency andhetracker becoming out

of syncand unstableThe PI gains were therefore increaasdghown in Table 6 8ndtheresults
trackingat20Hz arepresented.

Hardware testingscenario2tracking motor angle spinning at 3Hz

rad, Units as per Eg6.15
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Figure6.36 Hardware testing, tracking motor angle when spinning at 1bbiz2
rad, Units as per Eq6.15
Amps = rotor angle ‘ Siliency angle Saliency angle error Ssec
Amps = |d sec
= |q Sec

Figure6.37 Hardware testing, tracking motor angle when spinning at 15622
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