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Abstract

The initial research problem is to investigate an altemeatiotor drive to the existing permanent
magnet synchronous and brushless DC-motor drives for puplapons. A review of different
motor types showed that a possible candidate for anothecdstyoermanent magnet motor may
be the single phase hybrid switched reluctance motor (HSBMB.to the simple construction of
the single phase HSRM, manufacturing may be simplified coaetptr a three phase permanent
magnet motor and consumption of copper may be lowered whapaed to both the induction

motor and some three phase permanent magnet motors.

The focus of this thesis is regarding the design and confral single phase hybrid switched
reluctance motor (HSRM) intended to drive e.g. a centrifygahp. A single phase hybrid
switched reluctance motor was designed with a novel statier ghaping method and a new ar-
rangement of permanent magnets for flux concentration wesepted. It was shown how stator
pole shaping can improve starting torque for a single phgbedswitched reluctance motor.
It was demonstrated that the configuration of permanent etagn different flux concentration
arrangements influences the shape and magnitude of thestoftis first prototype is used for
most of the experiments presented in the thesis. The moloewas an efficiency of close to

77% at an output power of 72 W, comparable to a BLDC or PMSM inralar power range.

An alternative speed control method suitable for contromaftor drives with a high periodic
torque ripple is used to control the HSRM. The torque of a siqgiase HSRM has a non-
linear dependency on both current and the angle, whereedctigue control is not possible for
the entire stroke. The torque produced has a periodic rippkd a period of four times the

rotational frequency, which is also giving a periodic ripjoph the speed. This speed ripple may



affect the input to a time invariant speed controller if itnist low pass filtered. If the speed
controller updates are also not synchronized with the sgpthe speed controller outputs may
change during a stroke. The changes of speed controlleubdtping a stroke, may give rise
to undesired low frequency oscillations in the speed cdletroutput. A time variant speed

controller is presented in the thesis that does not suften these issues.

Like the brushless DC-motor (BLDC) and the permanent magnetsgnous motor (PMSM),

the HSRM needs information about rotor position to be prgpashtrolled. For BLDC, PMSM,

induction motors, and the normal SRM position sensorleshoalst are relatively well estab-
lished and have been used for some time. For the single phétséed reluctance motor several
methods have been used, however for the single phase hylitzhed reluctance motor there
seems to be no known methods. The presented position sessonkethod is simple, robust
towards parameter changes and thus suitable for impleti@nia a mass produced low cost

drive.

A method to protect windings in a HSRM, flooded with boiling estis also presented but has

yet to be tested for its lifetime performance.



Dansk resumé

Emnet for afhandlingen er at undersgge en alternativ mdteksisterende permanent mag-
net synkron motorer og bgrstelgs DC-motorer som centrifugapemotor. En gennemgang af
forskellige motortyper viste, at en mulig kandidat til en laris permanent magnet motor kan
veere den enfasede hybrid reluktans motor (HSRM). P& grundnaéulde konstruktion af den

enfasede HSRM, kan fremstilling veere forenklet i forhold titrefaset permanent magnet mo-
tor og forbruget af kobber kan szenkes i forhold til bade indusmotorer og nogle trefasede

permanent magnet motorer.

Fokus i denne afhandlinger pa design og kontrol af enfasgoledhreluktans motorer (HSRM),
der har til formal at drive blandt andet en centrifugalpumiga enfaset hybrid reluktans motor
er designet med en speciel statorpolsudformning og entmdgeaf permanente magneter til
flux koncentration. Det blev vist hvordan statorpolformem korbedre startmomentet for en en-
faset hybrid reluktans motor. Det blev demonstreret, afigarationen af permanente magneter
i forskellige flux koncentration arrangementer pavirkemfen og starrelsen af drejningsmo-
mentet. Denne fgrste prototype motor bruges til de flesterabfyene praesenteres i specialet.
Motoren opnar en virkningsgrad pa teet ved 77% ved en udgdagspf 72 W, kan sammen-

lignes med en BLDC eller PMSM i et lignende effektomrade.

Alternative hastighedskontrolmetoder egnet til styrihghatordrev med stor periodisk variation
i drejningsmomentet blev udviklet og brugt til at styre HSRMet producerede motormoment
er periodisk, med en periode pa fire gange rotationsfrelargrs®m ogsa giver en periodisk vari-
ation i rotorhastigheden. Periodiske hastighedsvariatioindgangssignalet til en tidsinvariant

hastighedsregulator kan give anledning til ugnskeded&vénte svingninger i hastighedsregula-



torens output, hvis dette indgangssignal ikke lavpas fdgeTidsvariante hastighedsregulatorer

preesenteres, der ikke behgver en sadan lavpas filtrering.

Ligesom en bgrstelgs DC-motor (BLDC) og permanent magnet sgnkiotor (PMSM) er der
behov for HSRM oplysninger om rotorpositionen, hvis HSRM dkatrolleres korrekt. For
BLDC er PMSM, asynkronmotorer, og den normale SRM er positensorlgse metoder rel-
ativt veletablerede og har veeret brugt i nogen tid. For edfaseluktans motorer har flere
metoder allerede veeret brugt, men for den enfasede hybiigddars motor synes der ikke at
veere nogle kendte metoder. Den praesenterede positiondgesesoetode er enkel, robust over

for parameter aendringer og dermed egnet til implementebgiasse produceret motordrev.

En metode til at beskytte viklingerne i en HSRM oversvemmetl tkegende vand er ogsa

preesenteret, men mangler endnu at blive testet for levetid.
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Chapter 1

Introduction

The focus of this thesis is regarding the design and confral ©ingle phase hybrid switched
reluctance motor (HSRM) intended to drive a small centrifyganp. Approximately 75% of
electrical drives in U.S.A. are uni-directional drives Buas pump-, fan-, and compressor-type
drives [1]. For low power uni-directional drives, the twogse induction motor has long been the
preferred motor[2] along with the universal motor. To irase efficiency, three phase permanent
magnet motors may be used as replacement for the inductidor amopump applications|[3].
The initial research problem is to investigate an altemeatotor drive to the existing permanent
magnet synchronous and brushless DC-motor drives for pupicapons. A review of different
motor types showed that a possible candidate for anothecdsivoermanent magnet motor may
be the single phase hybrid switched reluctance motor (HSRBMg.to the simple construction of
the single phase HSRM, manufacturing may be simplified coatptr a three phase permanent
magnet motor and consumption of copper may be lowered whapared to both the induction
motor and some three phase permanent magnet motors. Thancbsbmplexity of the needed
electronic control is assumed to be of a similar to the codt@mplexity of a brushless DC-

motor drive.

To achieve lower cost, several aspects are consideredsithingis: reduction in sensor require-
ments by developing a position sensorless control, a loasraiternative to protect the windings

of the motor from water, a motor design that can use simples émi the windings and thus use
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less copper than an existing induction motor drive, a mogsigh that has full torque during

start up also when running position sensorless.

More information regarding the background and motivationthe project is presented in the
following sections. This is followed by a short introductito the hybrid switched reluctance

motor. The scope of the thesis is also defined and an outlitreedhesis finishes the chapter.
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1.1 Pump Motor Drives

A pump motor drive is in this thesis defined to consist of anefigs, a pump housing, and
an electrical motor with suitable drive electronics andtoan This thesis only focuses on the
electrical motor and its control. Varying the speed allowrssignificant energy savings [4], and
thus it is in the following assumed that electronic contsaliquired. The classical approach is to
control the torque of a motor is by controlling the curreirice the current directly is linked to
the torque production. A variable speed pump drive, witliive electronics, may be composed

of the components shown in Fig. 1.1.

L SFato.r : Pump
Motor aminations housing
(brown) y

Housing (yellow)

B

Stator
windings

Stainless
Steel can (cyan)

Figure 1.1: The pump is made of a pump housing, an impeller, a rotorjfigs a stator (with windings),
and control electronics (not shown). The areas marked with blue in tingopand motor are normally
flooded with water. The motor shown here is a squirrel cage inductionrmoto

In pump drives of this type, the airgap between the rotor dmadstator is flooded with wa-

ter. Since the airgap is flooded, brushless motors are peeffés brushed DC-motors in pump
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drives. The availability of compact and low-priced powemsmnductor devices and the drop
in the price for computational power made brushless driessiple in low cost applications[5].
However power electronics and micro controllers still atlithe cost of a complete drive and

needs to be included with the price of other components winecamplete price is determined.

1.2 Low cost motor drives

The main cost-influencing factors are[5]:

The number of motor strands and windings

How the type of windings and how the windings are manufaxtur

The amount and quality of the built-in permanent magnets

The number and size of semiconductors in the inverter bridg

The complexity of the control algorithm and the number anmktof sensors needed

But drive cost is also affected by other factors, such as ratemads cost, tooling cost, labour
cost, production volume, and the degree of in-house knom-fibe motor type is often dictated
by a motor designers previous exposure to, and understaodinlifferent motor types. So the
low cost motors considered for pump drives in this sectioaaainly brushless motors with no

more than three phases, suitable for variable speed control

The classical motor for low cost pump drives, with a floodedgaip, is the induction motor.
For fixed speed, fixed load applications it also does not nksxdrenic control if it is supplied

from an AC-supply. The single phase induction motor may bedgentrolled by a single triac,
where variable speed is achieved by simply shutting dowmctineent for the desired number of
periods of the fundamental frequency of the supply or by ratiiig the turn on angle. Since
the load in a pump drive is of a dissipative nature, the speduarally decreases if no power is

supplied to the motor. The single phase induction motor siéedhave distributed windings. It
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can only supply the second phase at one specific excitagguéncy, and has a rotor structure
that requires copper or aluminium bars adding cost and $ogseingle phase induction motor
have been proposed modified with permanent magnets on thrdeahcrease efficiency[6], but
the copper bars for the squirrel cage rotor are still presAdding permanent magnets to the

induction motor structure will not decrease the cost of thaor type.

The single phase induction motor drive has been used in timpplrives for a long time. The

main reasons for this are:

Low Cost: The single phase induction motor requires no or only littec®onics for low per-
formance operation. The single phase induction motor i®iggly considered robust and
thus reliable. The facilities that produces these macha@e now, in many case, been

fully amortized

Simple Control: The single phase induction motor requires little or no acalntr

The single phase induction motor does however have one taygoveak point: efficiency is
insufficient to current legal requirements, when operatediable speeds. Part of the problems
for the single phase induction motor has to do with the motmstruction used in making the
wet runner pumps. In wet runner pump motor drives, the wigslimave to be protected against
the water. To achieve this a steel can is inserted in the gibgaveen the rotor and the stator.
This does however increase the length of the air gap, whahiatreases the reluctance in the
flux path. This impacts the induction motor since the currerthe rotor is induced from the
stator side to the rotor. This means that if the airgap ireged@he magnetizing current also has
to increase to maintain the desired flux linkage. This wilegiarger losses on the stator side in
the induction motor. This increase in current on the statta also increases eddy current losses

in the stainless steel can.

Another simple motor type is the single phase synchronousmoo its close relative the single
phase brushless DC-motor. Both motor types has a simple oetistr as it is shown in Fig. 1.2,
however since the rotor is non-salient this may complicéfieient position sensorless control

at low speed. When no saliency is present, rotor detectiomalty relies mostly on the electro-
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motoric force of the rotor (back-EMF) for detection of rotorgle. This motor type is however
very insensitive to the length of the air gap, may use simpiks,cand obviously has little rotor

power losses.

T e _—‘(_f +
<< D
’\\ _f _

Figure 1.2: A single phase synchronous motor as it was presented ).[7,

During the 1970’s and early 1980’s the introduction of posemiconductors and microproces-
sors started a new era of research in new topologies[1]. Netemtypes were introduced, such
as the brushless DC-motor and others were re-introducedssuitie switched reluctance motor.
Since electronic control enables a much more flexible cowirer the phase currents, motors

that were not practical previously are now more interesting

Permanent magnet motor types are considered to achievagihesh efficiency in low power

drives, despite a relatively large air gap[9]. The high efficy for permanent magnet motors
may be achieved since large parts of the flux is supplied bpénemanent magnets. The discus-
sion that follows will therefore only focus on the permanerdgnet motors, since efficiency is a

key concern in the desired motor drive for this thesis.

1.2.1 Components of the electrical motor

The electrical motor is a combination of several components

Laminations: Except for coreless drives, most electrical motors usé steenations made of
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silicon doped iron. The inclusion of silicon is to reducenifosses due to eddy currents
and to reduce hysteresis losses by making the hysteregisrioce narrow. The increased
silicon content does however make the steel lamination&roottle. The price for steel

laminations is continously increasing [10].

Iron can be recycled virtually indefinitely with no degradatof properties and thus part
of the iron supply is existing iron based structures. Furtitee there are several coun-
tries worldwide that has significant iron reserves and thsuees healthy competition in
the foreseeable future. Threats however exists to cordimgeess to low cost iron: the
recent collapse of the established steel trade systenghdl]the current increase in steel

consumption[11].

Coils: Windings in electrical motors are typically wound in thetstaas either distributed or
short turn windings. Sinusoidally distributed winding®guce less harmonics and thus
reduces motor losses, but are also more complicated ang I3t Concentrated wind-
ings are typically found in cost sensitive commercial msiarthe forms of PMSM, BLDC

as well as SRM.

Two materials are used for machine windings: aluminium ampper. Aluminium is
sometimes used as a conductor due to lower cost as compaceger. However alu-
minium has a significantly poorer thermal conductivity tltapper and should therefore

be disregarded as a winding material for small low power mspi3].

The copper price has increased since the turn of the centuirlytbe economic crisis

appeared. The economic crisis forced a dip in the pricestheutopper price has since
rebounded and currently headed towards the pre crisis pgaé as it can be seen in
Fig. 1.3. This means that the long term outlook for copperastnprobably a continued
increase in prices given the continued growth in the emgrgiarkets. This means that

the motor design should seek to minimize the use of copper.

Magnets: Permanent magnets comes in many shapes, sizes, and rsafEnaimost used per-

manent magnet materials are neodymium-iron-boron (NdFe®®)nets and ferrite mag-
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Figure 1.3: The copper price for cash purchase of copper as seehoodon Metal Exchange from
16/01-1998 to 16/01-2011[14]. The dates on the graph have beerddditecrease readability.

nets of various types. The NdFeB magnets has the higheshesmh#ux and best resis-
tance against demagnetization. When a motor has permangnetsademagnetization
has to be avoided through design and by monitoring the cisrrenhe coils. Ferrite mag-
nets have the best resistance against corrosion (includatey) and tolerates higher tem-
peratures than NdFeB magnets, and quite importantly ittedsdower cost. But since the
flux density is so low, and to increase resistance againsageeatization more permanent
magnet material has to be used when the magnets are ferrjeetsanstead of NdFeB
magnets. This in turn also means that the machine increasese], potentially increasing
the consumption of other materials, like iron laminationd aopper for the windings. The
prices for NdFeB dropped since the turn of the millennium,drices for the raw materi-
als neodymium and dysprosium has more than doubled from @0P810[15]. The long
term outlook for prices for NdFeB is subject to the availipiat the dominant source of
the rare earth materials neodymium and dysprosium, namete€é mining companies.
The Ministry of Land and Resources of the Peoples Republic afi&has stated that the
prices of rare earths probably will continue to increase laasl urged other countries to
diversify their sources of rare earth metals to reduce tinddsuon Chinese resources[16].
The Chinese government decided to decrease export of neodymithe second half of

2010 by 72%[17] and to have an export sales tax of 25%][18]s frtove probably comes
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to protect the domestic Chinese market, since the Chineserdkeisiaxpected to equal its
supply by 2012 [19]. Since more than 97% of the rare earthd msgroduction is coming
from China, the prices are expected to continue to increaeiforeseeable future[20].
At the time of the writing, a sharp increase in magnets is $e&@n some magnet produc-
ers such as the announced price increase by Shin-Etsu of 4h$aced to two month
before, which was even preceded by similar price increases 2010[21]. This makes

ferrite magnets an interesting alternative to NdFeB.

1.2.2 Drive electronics

The key components in a line connected permanent magnet drdte are:

Line interference suppression filter: To reduce line interference to stay within EEC directive
2006/95/EC. Typically made of a choke-coil and capacitorsmoove high-frequency con-

tent from the line current.
Varistor: Varistor may be used to protect against surge voltagessimdtimandatory.
Rectifier: Since most permanent magnet motors actually need a DC-source
DC-link capacitor: Both as a filter and as an energy storage element

Integrated power module or discrete power components: To control the phase currents, and

thus control the motor.

Current measurements shunts: To measure phase currents accurately, proper currentsshunt

may be necessary to measure currents at a wide range of enmgst
Microcontroller:  To actively control the motor and is indeed required for aalde speed

pump drive, since speed is controlled based on knowleddeeafpeller characteristics.

The cost of the permanent magnet motor drive could possiblyeduced by optimizing ratio

between materials usage and/or drive electronics, buthierthesis these parameters are not
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considered with regards to optimization. It is importamaede though that a single phase or three
phase motors seems to be the best options for low cost diiixessingle phase motors may use
few power components, and three phase systems can userdtéméa phase integrated power
modules. Unlike the raw materials for the motor, the priaepiower electronics is expected to

decrease and the performance is expected to improve. Sy ibendesirable to "“move™ some

of the losses from the motor to the power electronics, if fbess

Polyphase machines are considered more complex, and theistiply more expensive, than
single-phase versions. On the other hand polyphase macimag offer better torque density,
better efficiency and possibly lower noise than some sinigéess@ motors. Motors using magnets
may be more expensive than switched reluctance motorgis]miay also be less sensitive to
a large airgap. The question then is: Does the simpler méudf#l the requirements for effi-
ciency, power density, dynamics, torque ripple and noi®e[Ehe aim of this thesis is to show
if these points are fulfilled when a single phase hybrid dvattreluctance motor is used in a

pump drive.

The presentation of the hybrid switched reluctance motdinénfollowing section also includes
a look at the single phase switched reluctance motor, sireeswitched reluctance motor forms

the basis for the motors considered in this thesis.
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1.3 Presentation of the hybrid switched reluctance motor

The single phase hybrid switched reluctance motor is deeeldbased on the single phase
switched reluctance motor. It is informative to see somérefgroblems facing a single phase
switched can be handled by adding permanent magnets mdienmaotor a hybrid switched

reluctance motor.

1.3.1 Single phase SRM

A simple machine can be made of two pieces of iron and a coiliashown in Fig. 1.4.

_I_

<
Li)g
AERE)
RERR

Figure 1.4: Principle of reluctance machine, with one phase winding andstator poles and two rotor
poles. First the machine is in an unaligned position, and later the machine igialigned position.

When the coil is energized, the rotor is attracted to the statee rotor starts to rotate until the
rotor is aligned with stator, and the rotor thus moves frorarnenaligned position to aligned
position. It is obvious that the motor in Fig. 1.4 cannot proel torque with same direction as
the rotation for all rotor angles. At some angles the torqag have an opposite direction of the

rotation and at some angles the torque production may be tdazero or zero.

The phase inductance varies based on the position of thg2BloAssuming a simplified model

of a single phase reluctance machine the torque productiote described as[22, 23]:
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— }iZE
2 de

whererT is the instantaneous torguds the instantaneous coil currehtjs the coil inductance,

T (1.2)

and 0 is the instantaneous rotor angle. Equation (1.1) and Fig.shhows several important

points:

The direction of the torque is only dependent on the changée inductance, but not
the direction of the current. This also means that it can pnbduce torque in the same

direction as the rotation in a particular range of rotor asgl|

Zero torque zones are unavoidable for a single phase nm&achin

The initial position is important to determine the directiof the initial rotation.

Torgue production is dependent on saliency on the rotortb@dtator. This means that

the torque production may be shaped by the designed salmnie rotor and the stator.

To ensure that the single phase switched reluctance mostatisng in the correct direction,
some kind of asymmetrical elements in either the rotor orstaéor has to be added to ensure
that the rotation goes in the desired direction only[5] oabdding a parking method. The parking

is typically achieved by mechanical means or by using peemamagnets.

1.3.2 Single phase HSRM

The HSRM considered in this project has permanent magnetsded in the stator, thus being

a hybrid between a pure switched reluctance motor (SRM) amaragnent magnet machine.

The main problem for all single or even two phase SRM is to stadting in the intended

direction of rotation[5]. Single phase SRM may use satunatioensure starting in the correct
direction as it was presented in [24]. This makes it posdiblsmake the minimum reluctance
position dependent on the current magnitude, but only wighgiven range of angles. But this

only partially ensures a solution since the motor still witly start in the desired direction if the
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rotor position is in this range of angles[5]. To avoid theaaluction of a second phase, as in the
motor presented in [25], but still maintain the simplicitiyaosingle phase motor it is possible to
use permanent magnets. The use of permanent magnets te ¢msuthe rotor is parked in a
predefined position when no current is in the coil has beed fseclockwork stepper motors as

in [26] as it can be seen in Fig. 1.5.

1+
[
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Figure 1.5: An early hybrid switched reluctance motor from a 1978 gerpstent[26], which is struc-
turally similar to a 1966 american patent of a single phase permanent aetagymchronous motor(see
[27]).

The motor shown in Fig. 1.5 [26] has two interesting featugepermanent magnet to ensure
parking when there is current in the coil and a kind of elaotignetic gearing by having more
teeth on the stator and rotor per flux source. The placemeheafoil however means that the
stator is not be made of one piece of iron and has to be assén8#eeral different single phase
SRM used this principle as presented in [28, 29, 30], but withbe electromagnetic gearing
used in the clockwork motor. These designs has two main @nadl firstly the permanent mag-
net torque has to be overcome by the torque produced wherihis energized and secondly
does the permanent magnets not contribute to the averagestbecause they are not in the main
flux path[5]. If the permanent magnets are put in the flux plaghaverage torque production is
indeed increased and the torque from the permanent magnetsso be controlled. This will
be described in detail in the motor modelling chapter 3. Suetotor is presented in [31] asitis

shown in Fig. 1.6.

In Torok’s design the flux from the coils has an opposite diogcof the flux from the permanent
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Figure 1.6: The principal drawing of the motor described in Téroks pifiem 1992[31].

magnets. The flux from the permanent magnets is directlyenttad by the current in the
coil, since the permanent magnets are in the main flux patheotoils. Notice that Torok

also uses the electromagnetic gearing seen in the clockmotkr. Torok’s is not the only

and first design to use permanent magnets in the main flux pib. first use of permanent
magnets in the main flux path is presented [32] for a flux switgimotor used as a generator,
and the flux switching motors form their own branch of singleage doubly salient motors.
The flux switching motors, does however require bidireclacurrent[33] and this increases
the number of required transistors in the converter for tiomcompared to the single phase
hybrid SRM. Similarly if the permanent magnet are placed @rttor in a SRM, such a motor
would also require bidirectional excitation as it is shown[34]. Yet another design which

uses permanent magnets in the flux path of the coils to imppeviormance is presented in
[35], but this design uses a segmented stator very similf8BZpbThe design presented in [35]
however only requires uni-directional current. A simplifieybrid SRM design is presented
in [5] to make the hybrid SRM more economical. The main featarthat the motor coils

are similar to the simple coils used in single phase univensdors used for low cost drives.

The permanent magnets in the design presented by Toérok sseimach are glued to the stator
back will thus be exposed to the full normal force from theorotOne method to protect the
permanent magnets against the normal force is to put theetggnstructural "“pockets™ in the

iron laminations. Permanent magnets may need to be staligtprotected against mechanical
forces in a permanent magnet motor design, since permarsgrets may be brittle and prone

to cracking. The designs presented by Torok and Wissmacé wiatestructurally protect the
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permanent magnets, most likely since "‘pocketing™ a singkgnets in the stator may reduce
the amount of permanent magnet flux crossing the airgapsdfpermanent magnet flux crosses
the airgap, the cogging torque would be reduced and the gve¢caque would also decrease.
Lu et. al introduced permanent magnet flux concentratiom¢cease the cogging torque[36],
however the design used a segmented stator and does ndustiycprotect the permanent
magnets against the forces acting on the stator. A segmetdaént may pose challenges in

motor assembly, and this may increase the cost.

So there is a need for a single phase hybrid switched relcetarotor design that pockets the

permanent magnets that lie in the main flux path and only use aegment for stator lamination.

To summarize the hybrid switched reluctance motor strengiid weaknesses:

Strengths
» A single phase hybrid switched reluctance motor is clainodake the cheapest of all

permanent magnet brushless machine types[5].

» Unlike the single phase switched reluctance machine tipesorque may be pro-

duced for all angles.

Weaknesses

» The single phase hybrid switched reluctance motor praslagrilsating torque. This

is however also a problem for the single phase brushless DiG6r[8a, 38].

* Needs to be in a predefined starting position, but this magniseired by permanent

magnets if the load torque is not too high.

» The single phase machine may be more noisy[5].
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1.4 Problem Formulation

The main idea in this thesis is to design a low power, low cgbtid switched reluctance motor

drive. The drive should be operated in a position sensoc@ssol mode, due to the cost issue.

1.4.1 Motivation

There is a trend towards energy efficiency in pump motor dripartly driven by increased le-
gal requirements towards minimum energy efficiency. Iniducinotors struggles to compete
with permanent magnet motors regarding efficiency, whemtheut power is low[39]. This has
moved the focus to two classical motor types: the brushlé€ssriator (BLDC) and the perma-
nent magnet synchronous motor (PMSM). An interesting mali@rnative is the single phase
hybrid switched reluctance motor(HSRM), since the HSRM afi@ivery simple construction

that may have lower manufacturing costs.

1.4.2 Objectives

So the main research question is:

Is the hybrid switched reluctance drive suitable as a low dost power, variable speed pump

drive?

Since this main research question is too large a scope fagieghesis, four key research topics

are selected for further investigation:

1. Can the existing hybrid switched reluctance motor designiogléied to reduce the cost?

2. Is it possible to design the motor so it may achieve a full le#ftitiency similar to a
PMSM or BLDC, and still reduce the amount of materials used@ Gédnchmark chosen

are motors presented in [40].
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3. Is it possible to remove the rotor position sensor, to furtieeluce cost?

4. The stainless steel can in the air gap is increasing cost autlicing efficiency, so is
it possible to remove the stainless steel can in the airgap stifl protect the windings

against boiling water?
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1.5 Thesis Outline

The investigations documented in this thesis is organia&al four main parts besides appen-

dices. A brief outline of the individual chapters is giveridve

« Part | - Preliminaries
1) Introduction

This chapter.

2) Pump drive systems
This chapter deals with the requirements for a low power, Volume, low cost pump
motor drive. The chapter introduces a brief review of a seypimp system, an overview

of relevant motor types and a review of prices of some key nadsan electrical motors.

« Part Il - Motor Design
3) HSRM model
The hybrid switched reluctance motor model is presentee &gplaining how permanent
magnets increase the torque density of this motor type, awdtire magnets helps shaping

the torque profile.

4) HSRM design

The first design introduces pole shaping on the stator toawgstarting torque. A new
flux concentrating arrangement of the permanent magnetsjrtbrease the flux density
in the airgap, is also presented. Different flux concemigairrangements are compared
and evaluated. The motor uses square bobbins for the cailbascoil insertion slots to

simplify the motor manufacture.

5) Pump motor implementation

The second motor design tries to reduce the number of pemhamagnets needed and
fit into a conventional pump housing. Still the motor maingathe coil insertion slots
introduced in the previous chapter. Here a lower cost atemis proposed to the stainless

steel can that is used in conventional wet-runner pump slrive
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« Part Il - Control

6) Control methods for HSRM
This chapter describes how the cascaded variable speedadmirol is implemented for
the HSRM. This chapter describes time variant speed contethods suitable for high

torque ripple drives.

7) Sensorless Control

The new position sensorless control method presenteddmchiaipter is insensitive to vari-
ations in DC-link voltage, phase resistance, temperatargtions in inductance, param-
eters of the inverter and current control method. The sé&somethod requires only
simple operations that can be implemented in low cost miordrollers. This chapter de-
scribes how the sensorless control is implemented basedaaEMF sensing, including
a method for the speed estimation and error recovery. Thaigaen includes a detailed
description of the implementation and the test resultsiferosition sensorless method in

open air and in a pump system.

« Part IV - Conclusion and Future Work

8) Conclusion
This chapter is a summary of the conclusions drawn in theipuswchapters. Contribu-

tions believed to be novel are highlighted.

9) Future work

Some suggestions for further research are proposed here.






Chapter 2

Pump drive systems

This chapter describes a few aspects of the centrifugal mysgem used in central heating.

2.1 The pump system

A simplified heating system can be made of a pump, a boiler aniadiator, fittings, and the
pipes that closes the loop[4]. The primary task of the puntp isompensate for the pressure
loss in the radiator, fittings and the pipes to ensure a defimer of liquid. The liquid is used
to circulate the thermal energy from the heater to the raditdirough the pipes. A signifi-
cant performance factor for a controlled pump is its annnargy consumption[4]. A pump
is equipped with a controller, may achieve a significant céida in losses compared to a fixed
speed pump[4]. The energy savings of a speed controlled poandy comes from its ability to

reduce speed at reduced flow[41].

The following tries to establish the relationship betwedss pressure compensation needed, the
mechanical input power needed to drive the impeller, andr¢taionship between head and

flow. It is only intended to clarify the main aspects regagdancentrifugal pump.

Circulation pumps for aquatic facilities are almost exalabi centrifugal pumps, where the

water in the impeller is subjected to kinetic energy, of whgome is converted into a static

23
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Blade§

Impeller

Volute —

Figure 2.1: Schematic drawing of a centrifugal pump. Based on a draimif{2]

pressure[43]. The function of a centrifugal pumps is as Brap its design. Itis filled with liquid
and the impeller is rotated. Rotation gives energy to thadigausing it to exit the impellers
vanes at a greater velocity than the entry velocity. Thisvaud flow reduces the pressure at the
impeller eye, allowing more liquid to enter. Rotation of thepeller forces water from its entry
point, at the impeller eye, through the impellers vanes atwlthe volute. The liquid that exits
the impeller is collected in the casing (volute) where itkggy is converted to pressure before

it leaves the pumps outlet [43].

In the following two assumptions are made[42]:

1. The liquid is incompressible

2. The flow through the pump is without losses.

Furthermore it is assumed that the liquid is homogenous.

The needed input power to move a liquid at a given flowrate aedsure-differential is given
by[43]:

P=0Q-Ap 2.1)
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WhereP is the power input on the shaft on the motor to the impe{leis the flowrate in m/s,

andAp is the pressure-differential iPa.

The power delivered by the motor and pump is given by:

P = Tmotor* Wmotor (2.2)
And finally the relationship between the pump hégdhe flowrateQ and the input powelP:
P=p-g-Q-H (2.3)
Whereg is the gravitational constant, apds the density of water.

A centrifugal pump will always develop the same head in metgardless of a liquids specific
gravity.
The head related to the speed of the impeller:

V2

H— impeller 24
g (2.4)

Where the speed of the impell@,peiier is given by:
Vimpeller=0-w=D-1T- @ (2.5)

whereO is the circumference of the impeller abdis the diameter of the impeller. So the head

IS given by:
(D-m (ﬂ'notor)z
H= 2.
X (2.6)
Inserting equation (2.6) into equation (2.3):
D-m- 2
P=p-g-Q- ( Cmotor) = Tmotor* Wmotor (2.7)

2-9

Bernoullis theorem states that during steady flow the endrggyapoint in a conduit is the sum
of the velocity energy, pressure energy, and the potemt&igy due to elevation. It also says the

the sum will remain constant if there are no losses[42, 44].
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p-V2
£E= - + p + p-g-h =constant (2.8)
——
S~ pressureenergy potentialenergy

velocityenergy

wheree is the local energy density of the liquig,is the local pressurey is the gravitational

acceleration, ant is the local height.

Given Bernoullis theorem, Fig. 2.2 shows how energy is temstl from the motor to liquid by
increasing the kinetic energy in the flow. The volute thengfarms the increased speed to an

increased pressure.

EA @&@ &

Velocity

s

Suction Eye Blades Volute Discharge

Figure 2.2: The light blue area is velocity energy and the dark blue areagssore energy. The total
energy of the system is represented by the upper edge of the light elaie Adapted from drawing on
[44]

Liquid flow in pipes can take two forms: laminar flow and tusmi flow. Wether the flow in a
uniform tube is laminar or turbulent can be determined frts/Rieynolds numbeRg[45]:

p-V-Dpipe _ V-Dpipe ~ 4-Q

Re=
n v 1T- Dpipe- V

(2.9)

Wherev = ﬁ is the average speed of the liquigl,is the dynamic viscousity of the liquid,
3b) T

Dpipe is the inner diameter of the pipe, and= 1, /p is the kinematic viscousity.

If Re< 2000 the flow is steady, i.e. laminar.Re> 2500 then the flow is turbulent, i.e. vortexes

are formed[45].



2.1. THE PUMP SYSTEM 27

The task of the pump is to compensate for the pressure lasghe pipes, caused by laminar

and/or turbulent pressure losses.

The laminar loss in pipes (excluding bends and narrowedspipayiven by[45]:

128-v-p-L 32-n-L
APiosslam = T[—Df = Dzrll (2.10)

The turbulent loss is given by[45]:

/\~p-L.V2

— 2.11

Aplossturb =

The friction coefficient ) depends on the roughness of the pipe and the Reynolds number

amongst other parameters. Typical range would.Bé&:& A < 0.04[45].

Finally pressure losses over individual components, likelteater and the radiator, can be cal-

culated by:
1
Apcomp:ZEP'V2 (2.12)

Where the resistance numbén depends on the specific component.
Rewriting equation (2.1):

P-n _ Tmotor* Wmotor-
Q Q

= APpump (2.13)

So in the simplified case the following is valid for a closedtsyn with a centrifugal pump:

Appump = APcomp+ APiossturb + APiosslam
Tmotor* Wmotor- 1]

Q

This equation is only valid if the liquid is homogenous, itds not valid if cavitation occurs in

=A Pcom p‘l‘ A plossturb +A plosslam (2- 14)

the pump. Cavitation occurs when vapour bubbles are formadagion of a liquid where the

pressure of the liquid drops below its vapor pressure point.

For systems where friction loss predominates, reducingpspeed moves the intersection point

on the system curve along a line of constant efficiency (sge Ei3)[46]. However for small
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Efficiency lines
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Head

Operating points
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Figure 2.3: Example of the effect of pump speed change in a system wyithiction loss[46]

pumps, the losses internally in the pump can not be neglectdcefficiency becomes a more

complex issue that is beyond the scope of this thesis.

The impeller efficiency is dependent on flow, and decreasilow. In [47] a peak efficiency of
60% is reported for an optimized impeller at the nominal flowabimg to10 % at approximately

10% of nominal flow.

The interdependency of flow and head means that by adjustengpeed it is possible to track
the system curve shown in Fig. 2.3. This means that a vargg@ed drive is needed to control

the pump efficiently at reduced output.

2.2 Summary

A pump system, considered in this thesis, is a wet-runndriéeyal pump connected with boiler,
and some load in the shape of pipes and radiators. Someoreddtetween different parameters

relevant for such a system was introduced.
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Chapter 3

HSRM model

A variable speed pump drive would typically be controlledéynicrocontroller, since energy
efficient pump control would require knowledge of the bebaviof the impeller and the pump
housing, as described in the previous chapter. The focuki®thesis is however not on the
dynamic behaviour of the pump and impeller, but on the hykwdched reluctance motor drive.
The purpose for the model presented here is thus primarépadle simulations of the dynamic
behaviour of a hybrid switched reluctance motor (HSRM), bottihe motor but also for the fan

load®. This dynamic simulation can then be used to evaluate thieaonethods, including the

position sensorless control method. This chapter startebgribing the HSRM and finishes by

describing the dynamic model of the HSRM.

3.1 The hybrid switched reluctance motor

The hybrid switched reluctance motor (HSRM) differs from tiermal switched reluctance
motor, mainly because the permanent magnets introduce agtiadias field in the motor. The
HSRM model presented here describes how the permanent reagoetase the torque density

of the motor due to the bias field from the permanent magnets.

1The pump is assumed to be a quadratic load as the fan.

31
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Reluctance pole  PM-pole Magnets Rotor tooth slot
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(a) The hybrid switched reluctance motor (b) The torque envelope from [36] which

proposed in [36]. Notice that the stator shows the torque with full phase cur-
is made of four segments. rent(total torque) and no phase current
(cogging torque).

Figure 3.1: Drawing and torque profile from HSRM proposed in [36]

A HSRM was previously designed at Aalborg University and enésd in [36], as it is shown in
Fig. 3.1. The motor presented in [36] is similar with the HSR&bigned and analysed in this
thesis as it is shown in Fig. 3.2. More details of the HSRM showkig. 3.2 will presented later
in the following sections and also in the next chapter. THeremce frame for the coordinate

system used for rotor angles are the shown in Fig. 3.2.

The HSRM has six poles on the stator side, two permanent magiet (PM-poles) and four
reluctance poles. The rotor has four poles with a saturabiersy. This ensures that the rotor
Is parked by the permanent magnets at a known rotor angle tieea is no phase current.
The parking position may easily be identified from the motimrgjue profile, by identifying
the angles with near zero cogging torque at near flat slopesgiging torque. When the two
series connected coils are energized, a flux is generateotpases the flux from the permanent
magnets and attracts the rotor poles to the reluctance.pMesn defluxing the coil, the process
repeats as the permanent magnet poles attract the rotdne Iregion where there is negative
combined torque the current should be kept zero, and thé\@osbgging torque serves as the

motoring torque that pulls the rotor to its original positio

One sequence of operation, also known as a stroke, conte@esmain steps:



3.1. THE HYBRID SWITCHED RELUCTANCE MOTOR 33
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magnets

©
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®

Figure 3.2: HSRM used as basis for the dynamic model, here with rotorrshban angle of O degrees.
Circles enclosing either dots or crosses indicate the direction the coil ntrfiéhe two coils are connected
in series. Due to the saliency in the rotor the normal parking position of ttar ie normally at 1-5 de-
grees. Manufacturing sets a lower limit on how thin the cut outs in the laminatimm&e. This limitation
means that the saliency is not thin enough to generate a flat top torquethvaenil is energized. Thick
black arrows indicate magnetization direction of the permanent magnets.

1. The machine is initially parked at a rotor angle slightfiset from the O degrees shown
in Fig. 3.2, ideally at the zero cogging torque position. Tiiset is due to designed

asymmetry in the rotor poles and the bias permanent magtet fie

2. The stator coils are energized and due to the reluctarteesbe the four stator “reluc-
tance” poles and the rotor in the position described abdweeydtor rotates to minimize
the reluctance. When the reluctance is at a minimum, the ®taid to be aligned with
stator poles. That would mean a rotor angle close to 45 degveleere the combined

torque is close to zero.

3. When the rotor is aligned with stator reluctance pole,eniris removed from the coils
through a defluxing period. The permanent magnets will thdhtpe rotor to the first

position, and the process is repeated. The process of fingva is also called defluxing.
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3.2 Model of Hybrid Switched Reluctance Motor

An electrical motor is a device that converts electricakgnéo mechanical energy as it is shown
in Fig. 3.3, wherd\,, is electrical energy from the suppW¢ap represents energy in the DC-link
capacitorW\, are energy lost due to coil winding resistanc@fe represents iron lossesjy is
stored in the magnetic flux\Wog is the energy associated with cogging torqu ¢ is for the
frictional energy lossed); is energy stored in the rotational mass, 8glrepresents the energy

supplied to the load.

Electrical Magnetic Mechanical
WCM Wiron Wﬁ’iC
w /4
em, T
Wel Wm
Wcap W‘I’ Wcog WJ

Figure 3.3: In an electrical motor energy is converted from electricalrgpéo mechanical energy or
if the motor is used as a generator the mechanical energy is convertdectoi@al energy. Dissipative
elements are on the top, whereas energy-storage elements are belewexsfor an explanation of the
symbols.

The dynamic model should be able to predict the transiera\betir of the non-linear HSRM. It
is particularly interesting to calculate the current wawvefs, rotor speed, and rotor angles, since
these parameters can be directly measured in a real systeenDCT-link and the inverter are
ignored in the model presented here, so the model only descthe HSRM and a simplified

model of the load.

This model is based on calculating the continuous statelseoéhergy storage elements in the

model: the magnetic flux, the cogging torque and the momeitesfia. Cogging torque and
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torque generated by magnetic flux from a coil are not easygarate in magnetically saturated
systems|[48, 49, 50], and therefore they are not separatlkd model presented here. To simplify
the calculations the cogging torgue is not considered tijras an energy storage element in the
electromagnetical system, but is moved to the mechaniteslystem. The torque production is
then considered as a non-linear function of rotor angle drab@ current. The magnetic flux
from the coils and the permanent magnets are added togedimgr the superposition principle,
though it is not strictly correct due to saturation effedtbe following sections briefly describe
how key parameters are calculated: flux linkage, phasemterque, speed and angle. Based
on these calculations the selected state variables (fluadi®, phase current, moment of inertia

and speed) are used to model the HSRM.

3.2.1 Fluxlinkage calculations

The general flux linkage equation is given in (3.1):

Y
U=R-14+—
+ T &

\I/:/(u—R-i)dt+\Ifo (3.1)

whereu is the phase voltage applied to the phd®is, the phase resistandges the phase current,

W is the phase flux linkage, andp is the initial flux linkage in the phase. Y is caused

by the permanent magnets and is and® dependent. The field generated by the armature
current is opposing the magnetic field from the permanentetaglrhe armature flux and the
permanent magnet flux are conducted by different statorspahel therefore it may assumed
that the permanent magnet field is somewhat independeng@frthature current. Substituting
the initial flux linkage @) with the angle dependent flux linkag@Hw(6)), but ignoring the
dependence on the phase current. Thus (3.1) can reform@ats.2).

\P:/(U—R-i)dt+\lfPM(6) (3.2)

Due to saturation effects, the above superposition is matrate for all current levels and rotor

angles.
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Figure 3.4: The permanent magnet flux look up table as a function of theangle, for the first prototype
motor presented in the next chapter.

3.2.2 Phase current calculation

For a HSRM, at a fixed rotor position, the amount of flux generatea certain current is fixed.
Therefore is the phase current uniquely identified by thelfihlkage (V) and the rotor angled)).
The phase current is found using a lookup table with flux lge&and rotor angle as parameters.
The lookup table is found using a finite element model of th&MISThe use of the lookup table

can be expressed as a functifhras it is done in (3.3) wherg (W, 0) can be seen in Fig. 3.5.

i = f,(P,0) (3.3)

3.2.3 Energy conversion and torque production in HSRM

The energy transferred to the magnetic systég) €an be described as[51]:
We = Way pply— Wy = / (u-i—R-i2)dt= /id\IJ(Q,i) (3.4)

WhereWs,ppiyis the energy from the supply akd,, is the copper loss.
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Figure 3.5: A plot of the look up table used for finding the current as a functfahe coil flux linkage and
angle. The current level is marked on the contours. The data are frerfirg prototype motor presented
in the next chapter.

The field energyWsieiq (W, 8)) is given by[51]:

Wiield (¥, 6) = Wa(6, i) —Wem(6) — Weog(8) —Won(8,d0/dt,i, di/dt)
:/id‘l’(@,i)—Wem(G)—Wcog(B)—V\/.ron(e,de/dt,i,di/dt) (3.5)

Wenm is the energy delivered to the mechanical subsystem of thehima from the magnetic

subsystem.

Weog is the energy stored in the magnets. If the load of the magrtanged, ie. by varying the
air-gap, the stored energy of the magnet would change, vginves rise to cogging torque
(permanent magnet reluctance torque). The stored enetyg imagnet also depends on
temperature, but in this dynamic model the temperature ésifim the operating tempera-
ture. This limitation is not critical because of the largaeiconstant in the thermal system
of the motor.[51]

Won represent the iron-losses (eddy current losses, hystdossies, and excess losses), which

are dependent on phase current, change in phase currenttdgh@angle, and the change
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in rotor angle. These parameters are linked to the flux lene¢lee HSRM and the changes
in the flux levels in the HSRM. The losses may the be approxidiayee.g. the Steinmetz
equation based on results from calculated flux densitiesiiious sections of the HSRM
based on finite element models. The iron loss model would haneed impact on the

dynamic behaviour of the HSRM model, since other losses amardmt (copper losses

and Coulumb losses in the bearings), so it is omitted fromHISRM model.

At this stage the iron losses are ignored:

Wiea(W,0) = [ 1(6,X)X ~Wr(6) —Vog(0) @)
The co-energy is defined as [52][51][22]:
Weo =1 W(6.1) ~Wreg = [ (0, ))dx (3.7)
wherey is a substitute integration variable.
The mechanical equation is given by:

danm
Tem— Tioad — Tfriction = J - at (3.8)

The electromagnetic torque calculation for a hybrid swattheluctance motor is given based on
Fig. 3.6.

The field energy for a specific current levgh4y), with a fixed rotor anglé is given by[5]:
Wrield = imax‘ \Ij(ea imax) —Weo (3-9)
whereW, is the co-energy.

The co-energy is calculated slightly different from a norswitched reluctance motor, since the
integral has to consider the bias introduced by the permanagnets. To give a valid integral

the flux linkage curve in Fig. 3.6 from point A to point B andatke flux linkage curve from D
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Figure 3.6: Energy conversion work cycle for a single phase HSRM ingdesgtroke is derived based on
difference in co-energy in aligned and unaligned position.

to C has to be shifted into the firs quadrant. The bias is gigebhas= WV (8,,i = 0) and thus

the co-energy can be calculated as the integral given i19)3.1

Weol0) = [ ((0,1) + hies(0)) X (3.10)

When current builds up the winding, the field enerdtiq ) is found for a constant current

imax at the unaligned rotor anglé):

VVfield,u = imax' \I/(Gu, imax) - /0 max(\y(GUaX) +\I"bias(9))dX (3-11)

The current is kept constant as the rotor rotates to theedigotor positon,) and the energy

injected into the magnetic fielt\,) is given by[5]:

We = imax: W (6a,imax) — imax: ¥ (6, imax) (3.12)

Finally the field energy is put into the DC-link capacitor, wihle winding is de-fluxed. The
field energy thus stored in the DC-link is given by:

Wrielda = imax W (Ba, imax) — /0 (W (62, X) + Whias(6))dx (3.13)

If the losses are ignored then the energy converted from tgmnetic field energy to mechanical

work must be given be the energy removed from the magnetd: fidle energy that is removed
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from the magnetic field is obtained by adding the energy teg the field (equations (3.11)
and (3.12), subtracting the energy put back into the DC-¢igkétion (3.13)):

Wem = Wfield7u + Wi —Wfield,a = Wco(ea) —Wco(eu) (3-14)

In other words the area\(eanscp) gives the energy transferred to the mechanical subsystem

during one stroke.

The instantaneous torque is then given by[5]:

. OWeo
- 06

(3.15)

i=const

The permanent magnets are placed in the fluxpath to make Higjoed flux linkage negative
when there is no phase current. This increases the outmuteqroduction area, but the perma-
nent magnets may also make the aligned flux linkage negatathere is no phase current.
This can be seen in Fig. 3.6, as the point "¢ lowers into theflo quadrant if the aligned flux

linkage is negative.

The energy calculation in (3.14) and the torque equatio3ib), while they are important to
illustrate the importance of magnetic bias, are howevepraxdtical for this dynamic simulation
model. Instead the instantaneous torque is extracted feh &S a look-up table based on phase
current and angle. This means instantaneous torque isssqut@s a functiony, as it is done in
(3.16)

Tm(0,0) = :(6,1) (3.16)

3.2.4 Combined model fora HSRM

Combining (3.2), (3.3), and (3.16) with a general mechanicatlel the simulation equations
can be stated as (3.17).
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Figure 3.7: A plot of the look up table used for finding the torque as a functidineophase current and
rotor angle. The data are from the first prototype motor presented in tkiechapter.

(@ | [ Jv—Ri)dt+Ym(0)
P fi(W,0) 317
w - f<rm(9,i)38~w7r|) (3.17)
| 6 I J (w)dt

whereVW is the phase flux linkagey is applied phase voltag® is the phase resistanceis
phase currentVpm is the angle §) dependent phase flux linkage from the permanent magnets,
f; is the a lookup function that links the coil flux afdwith i, T7(6,i) describes the generated
motor torque B is the Coulomb frictionw is the mechanical speed, is the load torque, and

J is the moment of inertia. Leakage inductance, power coexeignamics and static friction

is not considered in (3.17), but is included in Simulink miopgieesented in appendix C. For
the simulations the pump loads are approximated with a simpproximation of a fan load

asT = Byyic - 01)2[53].
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3.3 Converter for a single phase HSRM

The motor design and the control design may depend on theedenv For example sets con-
verter the limits on how fast the current may be controllethisTsection describes briefly the
converter used to control the HSRM, since it did affect thegieshoices in the controller and

the motor design.

Several converters for a single phase switched reluctamtermoan be found in [54, 55, 56, 57,
58]. The standard asymmetrical halfbridge appears to bsitigge most used compromise for
the single phase SRM. That the asymmetrical halfbridge iseddused for commercial single
phase SRM can be seen in Fairchilds integrated powermodwadaum-cleaners. It integrates
high- and low-voltage ICs, IGBTS, fast recovery diodes, andesrnistor. The chip provides
optocoupler-less, single-supply IGBT gate driving capgbds well as under-voltage lock-out

and short-circuit protection[59].

For this project another inverter is developed, where thiemkasign criteria is performance and

not cost. The schematic for the converter is shown in Fig. 3.8

DC input (0-350V)

+15V

VTETH15

FCH35

a\Un High side output

IR2181

IM@400V |

Low side output

B
PTETHT5

b i« FCH35
AA —

W
100n 47

High side control signal Low side ‘control signal
47k

0047
IS0 ’

Figure 3.8: The key components for inverter used in this project. The mweent protection, optical
connection etc. are not shown on this schematic

The inverter uses two Fairchild MOSFET (FCH35N60) for 600\van on-state resistance of
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less thanl00mQ. Their low on state gate charge and low equivalent draimegcapacitance
allows for high frequency switching (in this project the iggd switching frequency i50kHz).
Both factors means that the losses in the converter are srttadle if IGBTs were applied as is
the case for the integrated powermodule for SRM, in partiatia50 kHz switching frequency.
The reason for the relatively high switching frequency iglaied in the motor control part. The
switching frequency also requires sufficiently fast diotiesnsure low recovery losses. For this
purpose 15ETHO6 diodes are used, since they have a revemeng speed of approximately
15ns. The inverter is connected with a TMS320F2812 DSP runningh@MHz through an
optical fibre link, which ensures electrical isolation beeém inverter and DSP. For a commercial
low cost system isolation has to be removed and high perfecenaomponents exchanged with
low cost compromises. If the isolation between DSP and tavés removed, the consumer has
to be sufficiently isolated from all electrical componentsthe product. The inverter allows
for a motor design with a low inductance, since the current beshaped very quickly by the

inverter.

A low cost version could be developed that would be in a sinpitece range as two commercially

available pump motor drives if the required control aldaris are sufficiently simple.

3.4 Summary

This chapter presented the dynamical model of the singlegmgbrid switched reluctance motor
(HSRM) as it was used in this project. The model is verified @ ¢hapters regarding control,
since a HSRM can not run without control. Finally the asymmatihalf bridge inverter used in
the project was presented, that enables use of a switclaggéncy o650 kHz without excessive

losses.






Chapter 4

HSRM Design

This chapter describes a few key points regarding the desfigime first motor type regarding
efficiency and starting torque. In total was two prototypesigned and manufactured for this
project. The analysis of the hybrid switched reluctanceamwaill be laid on the first prototype.
The first motor should ensure sufficient starting torque dmisl is achieved by asymmetrical
shaping some of the stator poles. As it was described in te@qus chapter, the permanent
magnets are also important to achieve a good torque dewsitiid motor. This is explored for
different configurations of proposed magnetic flux conadian topologies. Flux concentration
is used since ferrite magnets have good corrosion resesthntalso have low flux density when
compared to high energy density permanent magnets suchtasesi Neodymium-Iron-Boron

(NdFeB) magnets.

The chapters starts by an overview of the specificationdfsmbotor design, followed by an ini-
tial estimate of the size of the motor. The proposed motorthediesign procedure is presented
in general terms. The next sections in the chapter descpbkesshaping, flux concentration
design, and design validation using measurement resulthiffirst prototype . A summary

ends the chapter with some comments and conclusions forshenotor design.

45
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4.1 Magnetic topology design flow

Motor design can be done in many different ways. The tasknddmentally to design a motor
that fits the required specifications. If the motor design @assical well understood motor
type, like the induction motor, typically a simplified desigrocedures are available. One such
simplified design procedure is to adjust a few key parameteaidknown motor type and find an
optimum for such a motor design. Such an approach used if6f[61],[62], [63], [64], and
[65]. Such an approach requires that the key parametersar&wown and well documented
or the design is relatively simple. Similarly if the magwetidpology is simple or well known,
properties of the magnetic topology can be evaluated byritbésg the magnetic structure in
the form of a network of lumped parameter magnetic companeso known as a magnetic
reluctance network. When the magnetic structures do notéavedefined structure it becomes
cumbersome to use magnetic reluctance networks for amythih preliminary analysis. Here
the task is to make some structural changes to the magnetitotyy and therefore the key
parameters are not well known. This requires an approatlalioas free definition of magnetic

topologies to be used in this thesis.

The applied design methodology is directly using finite edatrsimulation software in the itera-
tive design process. The finite element software used irptbhigct was David Meekers "Finite
Element Method Magnetics™ (FEMM)[66]. Unfortunately FEMdbes not have facilities for
solid geometry modelling. Solid modelling systems usesksylio representations of "abstract
solids™ to model physical solids[67]. Specifically, FEMMmilation models are defined as a
collections of curves, lines, nodes, and surfaces, whichmoacorrespond to well-defined solid
objects. Since well defined solids are not guaranteed, saghtam may need human assistance
to supply missing information and resolve inconsisterj6iéls and therefore cannot support re-
liable and automatic generation of magnetic structuregy(ratic topologies). Solid modelling
tries to ensure that the integrity in the symbolic represton of an abstract solid is maintained
even if a series of 2D-transformations are performed onlis&act solid. A solid modelling tool
was written for this project as a series of Matlab commanaistrolling a Delphi program for the

actual solid modelling. FEMM supports scripting in the foofscripts based on Lua scripting
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a7

language. A Matlab script using the solid modelling comnsands then used to generate a Lua

script that could be executed in FEMM. The magnetic topoldgsign flow is illustrated in Fig.

4.1.
Pre- Post-
Matlab processing proces
script Lua
script
Geometry|
Matlab Lua » FEMM Results
script

Solid
modelling
commands Post-
processing

Figure 4.1: The design procedure is an iterative process where a gepmevaluated and based on the
results the geometry is modified. Using solid modelling, complex geometryecdefined in a Matlab
script. The Matlab script uses a set of commands to generate a Lig-strich in turn generates a FEM
file with the machine geometry. Based on the parameters of the postginge series of finite element
simulations are performed and the results are gathered in a single file.ifigle sesult file may be further
processed to generate the lookup tables needed for a dynamic simulation.

To quickly evaluate the torque production from a design gufficient to evaluate the torque
for different rotor angles with no current in the winding®gdging torque) and the torque for
different rotor angles with maximum current in the windir{gembined torque). Plotting these
torque magnitudes on the same graph forms the limits of trgu&envelope. The machine
can only generate torque within this torque envelope, ahotlaér current levels between zero
current and maximum current will generate a torque withosthlimits. The cogging torque for

a four pole rotor over one period of 96f mechanical rotation is zero as defined in (4.1)

(elon
/OO (Teogging 6)) 46 = 0 4.1)

The same applies for the combined torque and thus if theiyp®sibgging torque or combined

torque is increased, the consequence is an increasedveega#k torque. The increased peak
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torque also means that the change of torque production yensgle becomes steeper for the
combined torque close to an angle of zero degrees. This haspaact for the control, and this

will be discussed in chapter 6.

The permanent magnet coercivitild) describes which load that the permanent magnets can
sustain before they are permanently demagnetized. To aemthgnetization, the state of the
PMs needs to be evaluated. To do so two scripts are writteighwlspectively extracts the

information from the FEM simulations, and checks for den@igation in points in the PMs.

4.2 Specifications for first prototype

The goal is to design a prototype single phase hybrid switcakictance motor with following

specifications:

* The output power iZ0W at 3000 RPM to 4000 RPM, matching a small centrifugal pump.
A main objective is to have a motor that under ideal condgioan compete regarding
efficiency with three phase permanent magnet synchronousrsn(PMSM) and three
phase brushless DC-motors (BLDC) under equally ideal comditicince this is linked
with the control design, the efficiency test are describethe next chapter regarding

control.

The motor should have starting torque of approximatelystame as the average torque
T=0.223Nm.

The motor should aim at getting a square shape, so simplamomay be used .

Use flux concentration but avoid the segmented stator predén [36].

Unlike [5] and [68] only one type rotor lamination shouldied to simplify construction.

Square bobbins are to be used for this design, unlike [536B, This will also fit EU-
WEEE recommendations of simplifying reuse[69], which magdme mandatory for all

drives.
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4.3 Design of first prototype

These specification acts as guidelines for iterative mogsigsh phase, and [36] is used as a
starting point for this design. The first step is an initiakgs of motor size, followed by iterative
design of the magnetic topology evaluated in finite elementukations. See Appendix A for

flux plots of the motor at parked and aligned position at bathdurrent and no current.

4.3.1 Initial motor sizing

For an arbitrary motor with permanent magnets the ratio eftdrque ¢) to the volume for
the permanent magnefg{agney multiplied with fourth root of the rotor diameteD&o/t‘:)r) has
approximately a fixed ratio as it was found in [70], with thew@sption that the magnets are
of a similar type. The output power has to be approximal@yv at 3000 RPM. This gives an
output torque of approximately.22 Nm. As an initial guess of the size it is convenient to use an
existing motor design as initial guess. For this design ahldass DC-motor with ferrite magnets
has an output torque 00.16 Nm at 3000 RPM, with a rotor diametebDfor) of 46 mm and

a permanent magnet volume bf.4 um? presented in [70]. The outer size limit is guessed to
be 100 mm, and the rotor diameter is thus limited to less tlainamd here this guess is set at
50mm. If two magnets with a size of 30 mm x 10 mm x 30 mm are used toé&t tolume is

close t020 um?.

T

Kmotor - —1/4 - 30306 (42)
Vmagnet' Drotor

For this motor with C5 magnets, a magnet volume of approxilp#e€ um?3, and a 5 cm diam-

eter rotor the torque is approximately given in (4.3)

Kmotor Vmagnet Drlo/t‘(l)r =T7=0.28Nm (4.3)

This means that the output power at 3B®M for an initial design is approximately- w =

88W.
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The output torque may also be estimated based on (4.4)[6&]tfwtally enclosed DC-motor.

Drzotor ’ Istack —T (4_4)
Vit

wherelgack IS stack length andfr is a coefficient found based on output power and cooling.
For this motoNVr ~ 0.33mm?/Nm based on the dimensions for the brushless DC-motor. The
output torque is then given in (4.5)

~ 0.05?-0.03

This guess implies an output powerdf W at 3000 RPM.

So the initial guess for the sizes for the motor is:

Drotor =50mm
lstack =30 mm

Dstator =0.1 mm

whereDgator iS the outside length of the stator.

4.3.2 Proposed hybrid switched reluctance motor

The machine has six poles on the stator side, two permanegnahpoles (PM-poles) and four
reluctance poles. The rotor has four poles with a saturablensy. This ensures that the rotor
is parked by the permanent magnets at a known rotor angle tieea is no phase current.
Refer to Fig. 4.2 for details on parking. When the two seriemeoted coils are energized, a
flux is generated that opposes the flux from the permanent eia@md thus attracts the rotor
poles to the reluctance poles. When the colil is defluxed angrthase current becomes zero, the
process repeats as the permanent magnet poles attractdheTioe motor has a square frame
that allows square bobbins to be inserted before the roioserted, simplifying assembly. To
ensure that the machine only operates in the desired dire¢he rotor has to be parked within

certain angles.
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Figure 4.2: Proposed motor, here with rotor shown at an angle of OelegyrCircles enclosing either dots
or crosses indicate the direction the coil current. Thick black arrows etgienagnetization direction of
the permanent magnets.




52 CHAPTER 4. HSRM DESIGN

Pole arcs

The single phase HSRM motor is actually a two phase motor wiplseudo phase with the
magnetic flux supplied by the permanent magnets. The rowrstator pole arcs can thus to
some extend be found as for the switched reluctance motaur ¢fothe stator poles are not
directly linked with the permanent magnets. These foustpbles and the rotor poles can
initially be designed as for a normal SRM, with the arc angkeseen in Fig. 4.3. The sizing of

the permanent magnet poles is described in [36].

Figure 4.3: The reluctance stator pole arcs and the rotor pole arcs of tBRM.

The minimum stator arcnfin(Ss)) can be found based on the number of rotor poRs=(4)

and the number of stator poled & 8). It should be mentioned that two of the stator poles are
"missing”, since these permanent magnet stator poles woaldlpr the simple coil insertion.
The minimum stator arc is found in (4.6) as given in [63].

2-360

min(Bs) = PP

= 225° (4.6)
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The maximum stator pole arc is given by the rotor pole 8ff: (

360 360
maxBs) = B Br < ey =45 (4.7)

Due to the saturated piece of iron over the slot, the rotdrakgn the unsaturated part of the rotor
with the stator. The arc of the unsaturated part of the rg@gy) Ghould then be approximately
equal to the stator pole arB4). The arc length of the saturated part of the rofgg)(is then
given by [71]:

360
Bs~ Bru < B Bru—Brs (4.8)
r
An initial guess for the lenght of the stator arc could then be
Bs — ma)(BS) —Zi_ mln(BS) ~ 340 (49)

AssumingBs ~ By in (4.8) gives an upper boundary fBfs:

max(fs) < o0 2o = 22 (4.10)

r

AssumingBs ~ By in (4.8) gives an lower boundary fs:

360

=11° 411
e (411)

min(Brs) > Bs—

An initial guess for the length of the saturated pole arc ddén be:

. max Brs) + min(Brs) N
<= . ~ 16° (4.12)

For single phase reluctance machines, saturating parte abtor poles may have extended the
range of angles where the motor can generate positive tfoihud.ike the design presented in
[36] this motor cannot use a stepped airgap for the rotomdess presented in e.g. [30]. The
rotor has to be cast with concrete and a stepped airgap is suitable structure for concrete
casting. The first prototype uses holes to achieve satuarafiparts of the rotor poles, since a
stepped airgap rotor is not possible due to the increasecblyc losses a stepped airgap rotor
would cause. The iron above the slot as seen in Fig. 4.4, dhmubhs small as possible, since
a thin piece of iron more easily saturates. But manufactuimgs the minimum thickness to

0.6 mm and the slot width to.B mm as seen in Fig. 4.4.
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Rotor arc

Figure 4.4: The pole slot width and the thickness of iron over the pole stdtey features that determine
the degree of saturation on the rotor tip.
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4.3.3 Improved starting using stator poleshaping

In a pump drive, the rotor may be parked in the same positioa fong time. Particles may get
stuck in the airgap between rotor and stator. If the padiake sufficiently stuck, starting torque
may need to be higher than usual[72]. It is assumed that thavierage torque((.223Nm) is
sufficient as starting torque, since a similar BLDC for a aéngal pump at 50 W at 4000 RPM
has no starting issues. This means that cogging torque mssteethat the rotor is parked in a

position where the combined torque is high enough. Anothlated design requirement is that

at no point shall both the combined torque and the coggirgube zero at the same angle.

Elongation
of pole

Figure 4.5: Two of the four reluctance poles are elongated, so the staies @we no longer axially
symmetric

The saliency in the rotor poles makes the rotor park at areawfgl-5 degrees depending on the

static friction.

To have enough starting torque is an important issue in teegdef a single-phase machine
[73], [74]. The normal way used to increase the startinguerss to optimize the rotor pole-

arc [74]. By changing the rotor pole-arc, the starting torgquie be changed, but at the same
time, the average reluctance torque generated, and thengaiggque available in HSR, is also
affected. Therefore to optimize the starting torque basethe rotor pole design will require

extra considerations on other torque production issuegshwhill make the design process more
complicated. An easy way to control independently the isigutiorque is to extend the stator

reluctance pole-arc, as illustrated in Fig. 4.5 for one @f $kator reluctance poles. Pole-arc
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extension may only need to be done for two of the stator rehee poles that are opposite to
each other to balance the radial force. The shape of ther giatmmanent magnet poles and
the rotor poles is not changed. Therefore, extension ofghetance pole-arc has little effect
on the cogging torque. For this HSR machine, the stator tahee pole-arc is increased by 3
degrees (9% increase). This increase affects slightlywbmge output torque<(1% change in

the average output torque), and has almost no influence arotjggng torque. But the starting
torque at the unaligned position is increased from less@taNm to Q25 Nm for this machine,

which is more than 150% increase, as demonstrated in Fig. 4.8

When the stator coil is energized at a rotor angle of zero @sgfenaligned position), more
magnetic flux will flow through the rotor as it can be seen in. Ag. However when the rotor
is aligned with the main reluctance poles, the situatiorsdu® change significantly, as it can
also be seen in Fig. 4.6. Since the main flux sources for thgiegdorque are the permanent
magnets and the flux from the permanent magnet mainly flows fn@ permanent magnet stator

poles, the cogging torque is only slightly affected.

Unaligned rotor position Aligned rotor position
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Figure 4.6: The figure shows a finite element simulation of the motor, anghéige current is set at the
maximum current4{A).
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The pole extension increases the combined torque at O defgoee less than 0.1Nm to 0.25Nm.
In total this improves the starting torque in the region fréhd to 3.5 degrees. The pole elonga-

tion has little impact on cogging torque and output power ag be observed from Fig. 4.7.

Figure 4.7: The torque production from the cogging (phase current=0#)the combined torque (phase

Without poleshaping: Mean torque=0.449 Nm

With poleshaping: Mean torque=0.448 Nm

Power at 3000 RPM=141.1 W
Power at 3000 RPM=140.7 W

1.5 L A A e B B e e o L A e s
l .
—_ 0.5 |
Z | A=A e =A
[} 0 Ly " R g
> . ,
| 2 O - S N S EE
S ’ ’
(@]
[
-0.5 |
_1 —
Cogging torque w. elongation
- Combined torque w. elongatio|
« Cogging torque w.o. elongation
15 —— Combined torque w.o elongatipn | | N N Ll L L
~ 80 -60 -40 -20 0 20 40 60 80
Angle []

current=4A), with and without the pole elongation. The dashed area i&slio detail in Fig. 4.8
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Without poleshaping: Mean torque=0.449 Nm Power at 3000 RPM=141.1 W
With poleshaping: Mean torque=0.448 Nm Power at 3000 RPM=140.7 W
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Figure 4.8: Zoom of Fig. 4.7 in the region near the parking region of 1 todreles. The starting torque
is improved in the region from -0.5 to 3.5 degrees. The cogging torque withefangation is identical to
the cogging torque without pole elongation, and the two curves thus overlap
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4.3.4 Output torque improvement using flux concentration with ferrite

magnets

A way to evaluate and compare different designs is to compatpgut average torque for different
configurations of permanent magnet flux concentration siras. In the previous chapter it was
stated that the permanent magnet bias flux directly inceetigetorque production. The task
in this section is to use flux concentration of the permaneagmat flux to improve the output

torque.

Simulation has shown that the peak magnetic flux density enaiihgap under the permanent
magnet pole was approximatelys T in the design presented in [36]. Increasing the flux density
may also saturate parts of the motor and since the flux fromadghénteracts with the flux from
the permanent magnets, the saturation knee-point is dis@mted by the flux concentration
arrangement. This influence can be seen in the aligned arignec flux linkage graphs, also

presented in this section.

The specifications required a square stator frame, andukssadimit on the possible permanent
magnet dimensions. A stator designed with four permanegtita in a configuration similar to
[36] is discussed later in this chapter.Another possibifitto use six permanent magnets, three

per flux concentration.
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Flux concentration with six magnets

Three different permanent magnet arrangements (A,B, anch@jrsin Fig. 4.9, are presented

here that concentrates the flux in the air gap under the pemtamagnet pole (PM-pole).

| — y ! ()

i} i i\
g TN h , \\ / / g N \ A

Design A Design B Design C

Figure 4.9: Three flux concentrating arrangements of permanentetagvaluated. The magnetization
direction is like in the previous designs. Pole elongation is also kept for aigdes

The minimum and maximum flux linkages and torque profiles &sigh A, B, and C are shown
in Fig. 4.10, Fig. 4.11, and Fig. 4.12 respectively. The agertorque is calculated by averaging
the maximum of either cogging torque or combined torque wtaargle. Based on the average
torque, the theoretical maximum output power is calculdgdnultiplying the average torque
by the rated speed, which here is 3000 RPM. The current is a&sbtorbe fixed at 4 A for the

combined torque.

Design A, with FEA simulation results shown on Fig. 4.10, loager output power than the two

other designs. The lower output torque is partly becausgniésstarts to saturate at low current
levels. The finite element analysis showed that a highergpbagent was needed to produce
positive output torque, but the analysis also showed treatrthgnets would be damaged by the

higher currents. This design (A) uses more PM material tlessgeth B and design C.
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Design A
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(a) flux linkage for unaligned and aligned rotor position. The full line indicates
flux linkage when the rotor is aligned with coil reluctance pdes, and the dotted
line indicate flux linkage when the rotor is unaligned with the coil reluctance

poles.
Design A
Mean torque=0.339 Nm Power at 3000 RPM=107 W
1.‘: T T T T T T T T
1
_. 05
<
) Or
=]
g
e
-0.5
-1
_l 1 1 1 1 1 1

L L L L L
90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90
Angle []

(b) The torque production from the cogging (phase current=0A dotted line) and
the combined torque (phase current=4A, full line), for desig A

Figure 4.10: Flux linkage and torque profile for the design A from FEA
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Design B is an improvement of design A, but design B is not ablproduce positive torque

for an entire stroke and still saturates at lower currenglevhan design C. Design B has a
bigger offset between negative and positive flux linkage tesign C, but also has a lower knee
point. This explains why design B, despite the bigger offeag no better torque production
than design C, since saturation lowers the area covered irrtegy production cycle. The

mechanical structure of the flux concentration in design &dge problematic, since a thin piece
of iron between the magnets has to withstand the normal fance permanent magnet pole.
However a thicker piece of iron between the permanent magnmetid increase leakage of

permanent magnet flux in the flux concentration.
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Design B
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Current [A]
(a) flux linkage for unaligned and aligned rotor position. The full line indicates
flux linkage when the rotor is aligned with coil reluctance pdes, and the dotted
line indicate flux linkage when the rotor is unaligned with the coil reluctance

poles.
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(b) The torque production from the cogging (phase current=0A dotted line) and
the combined torque (phase current=4A, full line), for desig B

Figure 4.11: Flux linkage and torque profile for design B from FEA
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An improvement to design B, would be to reduce the amount o&tnegtorque, increase the
saturation knee point, and improve the structural strengthreduce the negative torque and
increase the saturation knee point it is actually betteraseeHower flux density in the air gap.
The lower flux density in the air gap means that key parts ofthtor are not saturated as easily
as before as it is seen in Fig. 4.12. The lower flux density d&strease the cogging torque
and thus decreases the negative torque production. Thisosders the positive cogging torque,
but the torque profile shows that design C can theoreticatigyce positive torque for an entire
stroke. The structural strength is improved in this desigoesthe thin pieces of iron supporting
the PM-pole are shorter and thicker. Design C is implememtdte first prototype as it will

described in the next section.

The peak flux density for design C in the airgap is approxitgade8 T and influences the mag-

nitude of the rotor position dependent flux linkage as disedsn the next section.
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Design C

Fluxlinkage [WD]

0% 0.5 1 1.5 2 2.5 3 35 4

Current [A]
(a) flux linkage for unaligned and aligned rotor position. The full line indicates
flux linkage when the rotor is aligned with coil reluctance pdes, and the dotted
line indicate flux linkage when the rotor is unaligned with the coil reluctance

poles.
Design C
Mean torque=0.448 Nm Power at 3000 RPM=141 W
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(b) The torque production from the cogging (phase current=0A dotted line) and
the combined torque (phase current=4A, full line), for desig C

Figure 4.12: Flux linkage and torque profile for design C from FEA
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Flux concentration with four magnets

The permanent magnet flux is beneficially used in the HSRM taongthe machine perfor-

mance. Therefore it is important to improve the magnetidfgdnerated by the magnets. In
[36], v-shape flux concentration structure was used. Inrdadeeduce the leakage flux at the top
ends of the magnets, it was needed to remove the iron corealbase the magnets as the design
presented in [36]. However, this will result in a weak mecgbalstator structure, compared to a

solid stator construction.

Torque density fora HSRM may be increased if the flux linkagedseased when the rotor poles
are unaligned with the four reluctance poles, without iasneg the flux linkage at the aligned
position. To visualize the effectiveness of tireshape flux concentration in design C, a v-shape

flux concentration design, similar to [36], was carried asaen in Fig. 4.13. .

© ®

© ®

Figure 4.13: A v-shaped flux concentration arrangement for a HSRM

The PM flux linkage vs. rotor position profiles obtained frofaNF for the v-shape flux concen-

tration design, and for thig-shape design, are shown in Fig. 4.14.

It may be observed from Fig. 4.14 that at around,48e PM flux linkage values generated
by the v-shape flux concentration structure and by the ?esfiap concentration structure, are
very close to each other. At this position, the rotor poleswarder the stator reluctance poles.

The large air gap under the stator permanent magnet polendtesi the reluctance and these
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Figure 4.14: Comparison of the PM flux linkage vs. rotor position profilestfe v-shape flux concentra-
tion design vs. ther-shape flux concentration design

two different flux concentration structures generate atrtttes same amount of flux linking the
winding. But at the position where two of the rotor poles argredd with the stator permanent
magnet poles (at?), the r-shape flux concentration design produces much higher fhkniy
the winding than that generated by the v-shape flux cond@nrdesign. The peak-to-peak value
of the PM flux linkage generated by the ?-shape flux conceotrdesign is 16 % higher than
that generated by the v-shape design. fitghape flux concentration design is more effective in

generation of useful flux components, for improving the éogdorque and the motor efficiency.
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4.4 Implementation of first prototype

Design C with pole elongation is implemented as it can be seehig. 4.18. The prototype

motor can be seen assembled on Fig. 4.19.
4.4.1 Coil implementation
The coils uses square bobbins wound with wires in paralialgus mechanical coil winder. The

more strands, the lower resistance but also higher coppeucaption. For practical reasons

three strands of.855 mm copper wire was used.

T T
Normalized resistance
—Normalized copper mass

Normalized value
= N
T o 58 o =5

o
&)

5
Number of strands

Figure 4.15: The coils were wound using three wires in parallel giving éstasce of4 (). This plot
shows the normalized resistance and weight of the coils for differenteuohiparallel strands.

If the other losses are not considered then an upper bouolatiye maximum efficiency the
motor can theoretically achieve is set by the copper losseéshe relationship between number
of parallel strands can be seen in Fig. 4.16. The currentssnasd to be pure square waves
and The maximum efficiency thus will be lower than 85 % for tH&RM at 141W output power

with only copper losses considered.

The coils are finally coated with a polyester-lacquer anceddak an oven to harden the coils.

The baking should reduce the vibrations from the coils and thay reduce noise from coils.
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Figure 4.16: This plot shows maximum efficiency, ignoring other allcesiof loss except copper losses,
for different number of parallel strands.

4.4.2 Estimation of losses

To estimate the losses for the HSRM, four working points ameseh at 300RPM with a

quadratic torque load with an output powerRgfi = (17.5,35,70,141) W.

The bearing losses are assumed to consist two componerascatstque of approx. 5 mNm
and a Coulomb friction loss of approx..8 106 Nm-s/rad. It is assumed that for a certain
unspecified combination of turn and turn off angles, thedergutput is linear with current. The
peak flux density in the stator core back is assumed to berlimigla current. The iron losses
are estimated using a simplified estimation of the losses mbtor is dominated by a large
stator back, where most of the iron volume is present. Satimlosses are estimated assuming
that the peak flux density of the iron back is valid for the niron volume. Several empiric
formulas exist for predicting iron losses. The one used here presented in [75]. The loss

formula is:

Pee=a-f-B*+b-f2.B?+e. f1°.B1® (4.13)

wherea, b, e, x are specific material coefficientsjs the frequency of the magnetic field, aBds
the peak flux density. The constants used are also from [75]386 mm steel, with a specific loss

at50Hz and B T of 27 W/kg, wherea= 0.0183p = 0.000077 = 0.0,x=1.92. The peak flux

1This is not correct for low currents since the negative flukdige, caused by the permanent magnets, is
somewhat independent of the phase current.
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density in the stator back is found to be approximately 0.6 T. The iron losses are calculated

for the first five harmonic components of the flux plus the fundatal flux component.

The efficiency of the motor is affected by the nature of lossgge the current and iron losses
are (almost) quadratic with current. At a high load torques motor peak efficiency lies at
a lower speed. When the load torque is low, the motor peak effigi lies at speeds beyond

3000 RPM. This can clearly be seen in the efficiency plots seé€ig. 4.17.
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Figure 4.17: The efficiency as a function of load and speed
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4.4.3 Motor assembly

To further reduce frictional losses, the rotor is filled watbncrete before it is mounted on the
motor shaft. The permanent magnets are glued and insettetthenstator, as shown in Fig. 4.18,
before final assembly in the test frame. The final assembheis tlone in a few steps: First the
stator is mounted in the test frame, secondly the coils aeriad in the stator and finally the

rotor is inserted in to the test frame. The assembled motobeaseen in Fig. 4.19.

Not

elongated Elongated
pole pole |

Figure 4.18: The stator is here shown with magnets glued to the stator befooils and the rotor is
inserted. The difference between the two stator poles controlled by the mNssible in particular in
the lower part of the stator.

The test frame allows for easy assembly and disassemblydd®eg not have the structural
strength of a standard motor housing. The motor in its teshé& would therefore be more
noisy than a motor mounted in a standard motor housing. Adara@hmotor housing is used for

the second prototype.
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Concrete
filling

Figure 4.19: The prototype motor in its test frame. The rotor is here pasit@th angle of approximately
4 degrees.



4.5. MEASUREMENT RESULTS ON THE PROTOTYPE MOTOR 73

4.5 Measurement Results on The Prototype Motor

Two static measurements are done for the first prototype eespted in this section: flux link-
age measurement and static torque measurement. The nraasticé the dynamic performance
of the first prototype is presented in the next part desagibhiow the motor is controlled. The
measurement set-ups used for measuring static torque arlithage are described in appendix
D.

The flux linkage measurement result for the prototype is showFig. 4.20. The FEA model is
a 2D model that does not include the end-effects. An appratdiym constant leakage inductance
is used to model this difference in the motor model. The béased by the permanent magnets
are added to the curves in Fig. 4.20, but they are obtainedl fihe FEA model. This means the
flux linkage measurement can not be used to estimate thegaveyeque for a stroke, but this

has to come from the static torque measurement.
The leakage inductanck ) is estimated to be between 20 mH to 33 mH.

A key parameter to consider for this motor is output torquéie Butput torque is evaluated
with a lower phase current than in the FEA-simulations tedgaeadroom for variations in the
permanent magnets and still avoid demagnetization. Theuned cogging torque, that is with
no phase current,and the measured torque where the cuwkamticonstant &.5 A can be seen
in Fig. 4.21.

The torque measurement on Fig. 4.21 shows good agreemaértheipredicted torque, though it
seems to be slightly lower than predicted. The torque pribaiucs affected by the flux from the
permanent magnets, end effects, and the six magnets magliffavent levels of magnetization,

potentially causing differences between FEA and measureme
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Figure 4.20: Measured flux linkage up to 3A for the prototype motor. Thecuwas limited by AC-
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Figure 4.21: The figure shows the measured static torque and the FElicfwed static torque
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4.6 Discussion

The motor design presented in this chapter is easy to assemntldisassemble. The prototype
was assembled from the pre-made components: the two daiter,anagnets, glue, shaft with
concrete and iron rotor and bearings. The rotor was not bathnThe coils were wound using
a coil winding machine. For the prototype motor, the coggmgjue and the total combined
torque for various DC currents were measured. By detectegator parking position and from
the cogging torque measured, the static frictional torqag tve estimated, which was found
to be less than.05 Nm. Knowing the parking position and the measured contbiosue, the
starting torque may be estimated, which is larger thai\in for a starting current of.8 A. This
starting torque will not only be able to overcome the frinbtorque in various conditions, but
also will accelerate the motor to a desired minimum speed 800 RPM) in a short time, where
a simple, back-EMF based sensorless controller may suatiggake over the control. For the
prototype machine, with the high starting torque provided; able to accelerate to 350 RPM

within only one stroke.

A comparison of the HSRM with the 3 phase benchmark motéoatw presented in [40], can
be seen in table 4.1. The single phase HSRM uses less actiegiaisathan the benchmark
motor, including permanent magnet material despite thelfiat the HSRM uses ferrite magnets

and the benchmark motor uses NdFeB magnets.
The design could still be optimized in several ways:
1. More copper, would reduce the resistive losses, but gdaipper would also increase the

cost of the motor. So an optimisation could be done in thianggHere the number of

turns are chosen, so the coils can be square and the rototiltha g1serted afterwards.
2. If motor volume is increased, the losses also drops. Ogaim @éhe cost would increase.

3. The cogging torque is rather low compared to the combioeeplie. If the combined torque
is at full magnitude the combined torque would be signifiyahigher than the cogging

torque giving a larger torque ripple.
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Parameter First prototype HSRM MLBLDCM/4[40]
Output power (Theoretical 100W 100W
Outer stator length 96.4mm 113mm
Airgap 0.4mm 0.65mm
Rotor radius 24.2mm 30.85mm
Shaft diameter 10mm 18 mm
Stack length 30mm 30mm
Silicon iron weight 1.153kg 1.760kg
Permanent magnet weigh 95¢g 112¢
Permanent magnet Type Ferrite C5 Bonded NdFeB
Copper weight 185¢g 319¢g

4. The torque profile for the combined torque has some pretamhpeaks not found in the
design presented in [36]. The saturated piece of iron nearator slots does not achieve

hard saturation and can not emulate the behaviour of theatisgir gap presented in [71].

The dynamic behaviour of the first prototype is treated ingiae regarding motor control.



4.7. CONCLUSION FOR FIRST PROTOTYPE 77

4.7 Conclusion for first prototype

A single phase hybrid switched reluctance motor was dedignth a novel stator pole shaping
method and a new arrangement of permanent magnets for flloepstration was presented.
It was shown how stator pole shaping can improve startingumifor a single phase hybrid
switched reluctance motor. It was demonstrated that thégroation of permanent magnets in
different flux concentration arrangements influences tapsland magnitude of the torque. This
first prototype is used for most of the experiments presentéte next part, with the exception

of the tests in a pump system.

A list of parameters for the first prototype is shown in apperd






Chapter 5

Pump motor implementation

This chapter describes a few key points regarding a hybrittked reluctance motor (HSRM)
for a small pump motor drive. The second prototype shoulagidie a standard pump housing.
The main purpose is to test the sensorless control in a smalpsystem. The main purpose
is to investigate the the sensorless control of a HSRM in a pomojor drive and to propose
an alternative to the stainless steel can used to protegtititéings in normal wet-runner pump

drives.

The chapters starts by an overview of the specificationshisrrhotor design, followed by an
initial estimate of the size of the motor. The proposed mptots are presented and a proposed
low cost replacement of the winding protection is presenfedummary ends the chapter with

some comments and conclusions.

5.1 Specifications for pump motor prototype

The first prototype showed that an extension of the positivgue region was possible and

copper consumption could be low with simple coils.

The goal is to design a prototype single phase hybrid switchkictance motor with following

specifications:

79
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The peak output power B0 W at 3000 RPM.

The motor should have starting torque of approximatelystume as the average torque

T=0.1Nm.

The motor should fit a standard pump housing for an inductiotor pump. The diameter

iIs 80 mm and the stacklength &5 mm.

The permanent magnets have a fixed size »fI@ x x32 mm .

Unlike [5, 68] only one type rotor lamination should be usedimplify construction.

5.2 Design of pump motor prototype

The angles of the rotor poles and stator poles are kept the aarfor the first prototype, so the
description of these are given in the previous chapter. $peAdix B for flux plots of the motor

at parked and aligned position at both full current and noesur

5.2.1 Initial sizing

The motor is supposed to fit a standard pump housing for arctimaiumotor pump. The diameter

is 80 mm and the stacklength &5 mm.

The output power has to be approximatdlyW at 3000 RPM. This gives an output torque of
approximatelyd.1 Nm. For this design a brushless DC-motor with ferrite magnetsaimeoutput
torque of0.16 Nm at 3000 RPM, with a rotor diameteD{ytor) Of 46 mm and a permanent mag-
net volume ofl 1.4 um3. For this motor with C8 magnets, a magnet volume of approxiyat
0.2 um3, and a 5 cm diameter rotor the torque is approximately gime®il). The difference

between the strength of C5 and C8 magnets is ignored here initia¢ $izing.
1/4
Kmotor* Vmagnet Drotor = T = 0.135Nm (5.1)

WhereKmotor Was found in 4.3.1.
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This means that the output power at 3BBM for this motor is approximately- w = 42.5W.
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5.2.2 Proposed motor for second prototype

The proposed second prototype HSRM is shown in Fig. 5.1. Themabffers structurally
slightly from the first prototype in the sense that it usesdewagnets, has a simpler rotor

structure and the motor fits into a standard pump motor hgusin

Permanent
magnets

Figure 5.1: The second prototype with a simplified design compared withrshertotype.

5.2.3 Flux concentration with fewer ferrite magnets

The first prototype used 6 magnets to achieve a flux densitypdadb®.8 T in the airgap from
the permanent magnets alone. The magnets for the secomdyp®is of a standard size and
are not specifically made for this motor, unlike the first ptgpe. The second prototype uses 4

magnets with fixed dimensions: ¥3 x 32mm. This time the magnet grade was changed from
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C5 to C8 mainly due to availability. The peak flux density is regtlito0.63 T, as can also be

observed in the cogging torque as it can be seen in Fig. 5.2.

5.2.4 Simplified rotor design

The previous rotor used a design that was not suitable fochmohlaminations. A simplified
design was designed with a reluctance path approximatelyeafirst prototype. The minimum
thickness of sections of laminations cannot be smaller h&mm due to manufacturing limits.
Like the previous design, this sets some limits on the shépleeactorque envelope. A smooth

airgap is still needed, and thus a stepped airgap can noedgaschieve a flat top torque. [22]

The torque envelope can be seen in Fig. 5.2. The overlap batifee cogging torque and
combined torque is improved compared to the first prototyple torque generated by the
permanent magnets is reduced, but the permanent magneteradualso less than half of the

first prototype.
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(Mean torque=0.193178 Power at 3000 RPM=60.688798)
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Figure 5.2: The torque envelope for the second prototype. The outputeds less than half of the first
prototype, but so is the rotor volume.

5.2.5 Rubber protection of motor windings against water

The wet runner typically uses a stainless steel can insantéae airgap to protect the phase
windings. In this prototype, the windings are to be protddteanother way to try to reduce the
cost. If the stainless steel can is removed, the stator andviidings are exposed to the hot
water. In the following discussion, unless stated othezywegater is considered to be just pure

liquid water with no impurities except limited amounts o$shlved oxygen@»).

Water is a polar molecule, which makes it a good solvent. Malaspeed up some chemical
processes, including some which involves water. Hot watgy degrade conventional winding
insulation like polyester through hydrolysis[76] and dkarthe service life of the coil[77]. Since

hot water also has a higher conductivity than cold water[it8§ clearly important to protect
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the phase windings. Partial discharges are a symptom ofainsu breakdown, and to retard
corrosion of the phase winding, a coating may be appliedpotthe polyester coated windings.
Since the windings in this motor are concentrated windingsch has a simple coils shape,
rubber coating may be applied as an outer armour. The prdpabber armour is shown in Fig.

5.3.

Polyester
lacquer

EPDM / Copper

armour wire

Figure 5.3: A coil can be coated with a layer of EPDM on the surface of tlile co

At least two materials are interesting to consider for thigbmr armour: silicone rubber and
Ethylene Propylene Diene Monomer (EPDM). They can be mixetitas thus possible to mix
the properties of the two materials. Silicone rubber hasgadri resistivity than EPDM, but
EPDM has a higher tensile strength[79]. Both materials aitalse candidates for this project,

but EPDM is available in an uncured form that allows for sienpbating of the windings.

The following description is by no means exhaustive, sinmaetely describing the EPDM

polymer is outside the scope of this thesis.

EPDM is an artificial rubber introduced in 1950's[80] andglnas had a significant service life.

It has good resistance against how water, ozone (which mmiciadly more reactive tha@®y).

EPDM is one of the most commonly used industrial rubbers duts tresistance to ageing due
to heat, light, oxygen, and ozone[81]. Furthermore it hagabtential to be used in blast/shock
absorbing applications[81]. Most ageing studies focusBBHE weathering in open air, consid-

ering elongation at break as the primary modus of failureseas in [82, 83, 84].
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It is however noted that ageing is retarded if too much watesprayed on the EPDM during
tests[85]. This may be why [86] reports that EPDM endured ligmm exposure to 18C steam.

The long term endurance in hot water conditions can also bergbd by the fact that EPDM is
already now used in pumps as seals and structural suppdre&mings[87]. The main weakness
of EPDM is the poor resistance against solvents like tolusmed aromatic hydrocarbons, but

these compounds should normally not appear in domestitigeatstems.

The EPDM chosen for this thesis is called a liquid EPDM, siita@n be applied on surface
in a liquid form. Before the EPDM is applied, a catalyst is atide the liquid EPDM, that

over time will evaporate and leave a rubber coating on thetedicoil surface. The coils are
dipped in the mixed EPDM and left to dry for three weeks. ThedlEPDM coat seems to be
evenly distributed with an approximate thicknes®)&fmm. This means the dielectric strength

is approximatelyl 0 kV, sufficient for the test here.

The stator coils are coated in the second prototype and titedaoils can be seen on Fig. 5.4.

F— | —

Figure 5.4: The two rubber coated coils.

The EPDM coating have not been tested to see if the manuéastsipecifications are valid. The
EPDM rubber coated coils are however used in the secondtppatato evaluate the behaviour

of the position sensorless control method presented ingkepart.
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Figure 5.5: The stator and the rotor before assembly.

5.3 Implementation of second prototype

Implementation of the second prototype is primarily donedse if the HSRM can run position
sensorless in a pump system. There was a small slip betweeputnp motor housing and
the stator (approximatel9.05mm), and this means that the stator can move relative to the
motor housing when subjected to the normal force from therrdthe final rotor assembly with

impeller and end piece fits into motor housing and pump hagusin

5.4 Discussion

The main research question for this thesis is to evaluatesuitability of a hybrid switched
reluctance motor as a variable speed pump motor. An ing&tl of the HSRM pump motor is

presented in the chapter regarding position sensorlesston

The static parameters (static torque and flux linkage areneaisured for this motor), since the
prototype is manufactured and assembled as a pump motohasdives not fit the test set-up

described in appendix D.
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5.5 Summary

This chapter presented some features of a hybrid switcHedt@aace motor, that was designed
to fit in an existing pump motor housing, replacing a stamksel can in the airgap with rubber
protection of the windings. The test results from the posigensorless measurements in a small
scale pump system, will be presented in the next part aftevdocing the control methods,

including a position sensorless control method.
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Chapter 6

Control methods for HSRM

This chapter describes how the single phase hybrid switcbledtance motor is controlled.
First general cascaded control is discussed, followed bgsargtion by the current control as
the inner loop of a cascaded control loop. This is followedlescription of the outer loop of
the cascaded control loop, a time variant non linear speettalter, with a short description of

some effects of the time variance.

6.1 Design philosophy for control

Not many companies have realized commercial switchedtasige motor drives[23], but some
have succeeded such as LG[88], Dyson[89] and Shop-Vad[®®¥.of the main reasons may be
the complexity of the controller that needs to be tailoreé@dch design, each application, and
possibly each unit[23]. The acceptance of PMBLDC motors iaréety of applications depends
on the simple and low cost controller[91]. This also apptieshe hybrid switched reluctance

motor(HSRM) and this chapter tries to show that the contral BISRM is rather simple.
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Figure 6.1: Cascaded control structure for HSRM.

6.2 Cascaded control

In a variable speed drive the target is to control the rotaticpeed of the drive, so it tracks
a speed reference. To control speed, torque has to be dedttbtough controlling the phase

current. The typical way to implement speed control is totidphase current and thus torque
in an inner current control loop at an update frequency grdémagnitude faster than the outer
speed control loop. The speed control generates a curfenénee to the inner current control
loop and the inner current control loop is supposed to reaistturrent level before next update
of the speed controller as it is seen in Fig. 6.1. The targéh@turrent control is to achieve a
well defined relationship between reference current anebntotque. That way the control is

similar to the simple control as seen in DC- and BLDC-motorsfi&3,

6.2.1 HSRM torque control

The single phase hybrid switched reluctance motor (HSRMassdally controlled like a normal
switched reluctance motor using the single phase inveftbe inverter progresses through a

number of discrete states as shown in Fig. 6.2.

I The current flows through the active transistors, energidinxing) the phase



6.2. CASCADED CONTROL 93

O

Figure 6.2: The single phase inverter for the HSRM has a fixed numbéeateSspossible. During ap-
proximately half the time, the converter is inactive.

I The current cannot flow through the inactive transistorglbuts through the diodes. This

defluxes the phase.

1] No current is in the phase and the converter is inactive.

Torque in a switched reluctance motor is produced by pulspiase current synchronized with
the rotor position[23]. A pulse of the phase current is samet also called a stroke. Torque
is controlled by controlling the current shape and timindghefse phase current pulses. At low
speed the torque can be controlled by chopping[23], at nigheeds torque is controlled by
changing the timing for when to turn on and turn off phaseent{23]. Ideally the torque would

be controlled with a simple linear relationship betweenterand current. This may not always

be the case for the switched reluctance motor, where thae¢areuy also be influenced by rotor
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speed, and a non-linear relationship exist between tomdearrent.

The HSRM is parked at a specific rotor angle, and the coils aeegered to start the rotation
in one direction. The phase coil is energized by letting thadistors conduct the current. The
current is maintained at a desired current level until theeesu is turned off (defluxing) at a
specific angle and the moment of inertia and the cogging eaqsures the continued rotation
in the desired positive direction. The defluxing is achietagdurning the transistors off and
letting the diodes conduct until the phase current is zehes€ requirements lead to the torque

control state machine shown in Fig. 6.3.

rotor "Turn off angle'

>
angle=—

Sensor calibration
Sinished Current
Control

Defluxing

rotor,, .. >'Turn on angle' A rotor,, , <'"Turn off angle'

angle angle

Figure 6.3: The torque control state machine is shown above. Circlesatelibe state of the state ma-
chine, dark arrows indicate state transition with conditions, and light bluewsrindicate that the state
is kept until the state transition condition is fulfilled.The torque control is activg fam approximately
half the time, four times per rotation. The turn on angle is approxima®@lyand the turn off angle is
approximately42°

The inverter has at least two states: defluxing and energizio simplify the description, the
notation in [51] is used, which describe the voltageas a number betweenl and+1, for fully
defluxing and fully energizing respectively. If PWM is usedithe single phase inverter, then

the PWM duty cycleDquty € [0, 1]) approximates an average voltage magnitude. This means an
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average model for the applied voltage may be given as:

1

2. (Dduty_ 5) -Upc—link = 0-Upc_iink (6.1)

The two HSRM in this project has similar torque envelopes ted presented previously. To
achieve better efficiency it is important to achieve maxintongue per ampere phase current
spent. One of the desired design specifications was to achie\acceptable starting torque.
In a previous chapter 4.5 it was also presented that an glongaf the positive torque region,
would mean that the peak negative torque would also increBsis increase also means that
the change of torque magnitude is rather high at the pointrevberrent has to be turned on.
It is therefore desirable to change the current magnituatber fast at the turn on point. The
turn off point is not so sensitive. The phase inductanceaétait on how fast the current can
be changed, and thus sets a limit 0. To control the magnitutteashigh precision regarding
angles, a suitable current control update frequency isatkdflithe the update frequendyfor
the torque controller iS0kHz, and the rotational speed) is 314rads~! then the resolution

in degrees can be calculated as (6.2).

dé AB w 314 180
E_(M:)ENw@Ae'fSNw@AeNE_W}'7NO'36O (6.2)

To limit the number of parts in the final system, it may be desi to have a digital controller
with a fixed update frequency for both angle and current cbniihe equation (6.2) showed that

a switching frequency 050 kHz is enough to achieve angle control with an accuracy of better
than 05 degrees at 3000 RPM. A hysteresis controller could be used, tnay give excessive
current ripple unless the control updates are sufficielaisy. fA slow hysteresis controller is not
acceptable in a permanent magnet motor, since currentssfikis how close to the demag-
netization point the current reference can be. The slowehgsis controller may also generate
undesirable vibrations on the stator, possibly in the dadiénge. A hysteresis controller op-
erating at a high average switching frequency would leathtoeiased losses in the inverter,
and would be difficult to implement in a low cost digital casiter. To avoid these problems, a

modified proportional controller is used to control the eyst The proportional controller has
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a hysteresis band like a hysteresis controller, but withenttysteresis band the controller acts
as a proportional controller. The gain is designed suchthebutput at the boundary between
hysteresis mode and proportional control is the same. Th&etgsis band is thus the only pa-
rameter that needs to be determined. The current changesajdibefore, limited by the phase
inductance. And the worst case is the minimum inductanceaatmum voltage. The boundary
can be determined by (6.3).

u:L-%%L%@f:LzAi (6.3)

whereu is the voltage applied to the inductancés the instantaneous phase curretis the

control update frequencwt is the time between two control updatésis the minimum phase

inductance, andii is the current difference between two current control ugslat

Ideally, the update frequency 60 kHz, would mean a current ripple 62mA. However the
delay of the current measurement second order filter andigjie delay between current mea-
surement acquisition and PWM output this in this implemeénitaincreased to approximately

four times this number, i.eAi = 144mA.

The proportional gain should at the boundary between operat a hysteresis controller and
as a proportional controller give the same result. So if ifferénce between current reference
(iret) and measured phase curreiptig Ai/2 the output is given as (6.4):

1

kp- (irer —1) = kp+ (A1) = L5 kp = (6.4)

If Aiis chosen too small, the controller will frequently act niysis a hysteresis controller. On

the other hand, iAi is chosen too large, the steady state error will be too large.

+1 i < (iref — Al)
0= -1 i > (iref-f—Ai) (6.5)
Kp- (iref —1) otherwise

The measured and simulated phase current are compared or6Hicand Fig. 6.5 for two

different turn off angles. The simulations shows accegtagreement with the measured results,
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Phase current measured vs. simulated
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Figure 6.4: Measured phase current compared with simulated cufremt a dynamical non-linear model
of the drive. The simulated control only uses a current control with theestairn on and turn off angles.
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Figure 6.5: Measured phase current compared with simulated cufremt a dynamical non-linear model
of the drive. The simulated control only uses a current control with tineesirn on and turn off angles.
The turn off angle is now4 ° rather than the usuad3°.

but notice that the inverter is simulated with an averagéaga, rather than a simulation of the
inverter PWM. The average model of the inverter speeds uplation, but also does not model

the current ripple caused by PWM switching.

A design criteria for the motor was to be able to use currentroband not angle control also at

4000 RPM. At 4000 RPM the current rises relatively slowly as parad to low speed, but a flat
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Figure 6.6: The motor phase voltages and current4 GA0RPM.

top current is maintained as shown in Fig. 6.6.

The current control method is sufficient to control the corngith a relatively small overshoot.
This is the current control method also used for the posisensorless control presented in

the next chapter. The speed controller, presented in thaniolg, uses the current controller
presented in this section as the inner torque control loop
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6.3 Speed control for single phase HSRM

The outer loop of the cascaded loop is the speed controliéisashwon in Fig. 6.7. The speed
controller would normally be updated at a fixed update freque The basic reason for the
proposed controller here, is that the information abouttthe average speed is available four
times per revolution and the average torque can be propenlyalled four times per revolution.
In other words the speed controller updates should be sgniz&d with the rotor speed rather

than have a fixed update frequency.

Current

—» Inverter % HSRM
control

Figure 6.7: The speed controller is implemented as two parallel controlletssilims up to give a current
reference for the current controller.

The idea of this section is to show that a time variant modibceof the discrete integration in a
proportional-integral controller, that approximates tlo@tinuous integration, performs as good
as or better than a time invariant proportional-integraitoaller. The real advantage is however
in simpler implementation of the time-variant controllaan the time-invariant controller. An
added benefit is also that some of the calculations used éotirtie variant controller may be
reused in the position sensorless control method presentkd next chapter. First an introduc-
tion is given to the design of a time invariant speed corgrdibr a hybrid switched reluctance

motor followed a design of a time variant speed controllef s is concluded by a comparison.

6.3.1 Time invariant controller

If the system that is controlled mostly is a first order systéran it is sufficiently controlled by

a proportional and integral controller[92]. The model of ttontrolled system was described in
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chapter 3 and only the equation regarding the speed is amesidh this section. The differential
equation describing the speed from chapter 3 is repeaté&dah (

dw  m(6,i))-B-w—T1

e 3 (6.6)

wherew is the rotational speedq(6,i) is the torque produced by the motor that is dependent on
the rotor angle®) and instantaneous phase currentg is the rolling friction,J is the combined
moment of inertia of the load and rotor, amdis the torque load. If the load is considered a
disturbance and initially ignored, then the speed may berdesi by the simple equation (6.7).

dw  Tm(6,i)-B-w
dt J

6.7)

The average torque for a single phase HSRM has a non-lineandepcy on both speed and
current. The average torque for the first prototype usingranyc simulation, where the current
reference is kept fixed at a desired value and the speed obtitveis forced to a given speed is

shown in 6.1. To simplify the discussion, the relationshepween torque and current is treated

Table 6.1: Average torque vs. speed and current

[ Tavg(i,n)/Nm [| n=1000 RPM| n=2000 RPM][ n=3000 RPM[ n=4000 RPM|

i=1A 0.065 0.062 0.058 0.053
i=2A 0.168 0.156 0.143 0.129
i=3A 0.278 0.254 0.230 0.203
i=4A 0.333 0.301 0.269 0.234

as linear and speed independent. This is done by choosingddpeed of 3000 RPM and using

linear regression to find an approximation in (6.8)

7(i) ~ 0.072-i — 0.005 (6.8)

To avoid the offset in (6.8), the gain is scaled back in (6.9)

7(i) ~ 0.071-i (6.9)

Active torque control is also not possible for the entirelsty, as described in the section above.

The update frequency of the discrete digital implementétias to be similar to the frequency of
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the strokes. Since the number of strokes varies with thedsplee update frequency of the speed
controller has to be either at the highest frequency of thekes at high speed, at the lowest
frequency of the strokes at low speed or somewhere in betv&eece the torque produced has a
periodic ripple, with a period of four times the rotationadduency, this speed ripple may affect
the input to the speed controller if it is not low pass filteréddhe speed controller updates are
not synchronized with the strokes, the speed controllgrudatmay change during a stroke. The
changes in the speed controller output during a stroke, nvayige to undesired low frequency

oscillations in the measured rotor speed. So the contrdélsign is a compromise between four

parameters: Update frequency, low pass filter parametegogional gain and integral gain.

For the time invariant controller described here the cdnipaates are chosen to occur at a fre-
quency of200Hz to give a good response at 3000 RPM. It also means that theré¢hvake
updates of the speed loop during one stroke at a speed of 1000 RPavoid the speed con-
troller to respond to the torque ripple at e.g. 1000 RPM, treedpmeasurement is lowpass
filtered before it is used in the feedback. The lowpass fit@hiosen to have a cut off frequency

of 400, since this is the lowest useful speed.

The time invariant controller is simulated and the respassatisfactory as seen on Fig. 6.8, for
a variable speed drive pump. Notice the time it takes for tireroller at high speed to remove

the steady state error. The moment of inertia of the rotortaedan is set to 500 mm?.

If the moment of inertia is reduced to 50 mf and the controller gains are maintained the rotor
speed may oscillate as seen in Fig. 6.9. The speed is osglla¢cause the low pass filter does

not completely filter out the speed ripples before they aeel ly the speed controller.
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Figure 6.8: Simulated time invariant controller with low pass filter on the speedsmrement. The
controller toggles between a speed reference30if0 RPM and1000RPM, and a load disturbance is
introduced att=8s.
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Figure 6.9: Simulated time invariant controller with low pass filter on the speedsmrement. The
moment of inertia is reduced &0 mgn?.

6.3.2 Accurate average speed calculation for a high torque ripple motor

If a motor has non uniform torque during a rotation, the speshtion will be related to the

torque variations. This section describes a simple way hkutae the average rotation speed,
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with no low pass filter.

For the discussion here, the load is assumed zero and théossls are caused by the rolling

friction by the bearings.

As presented in chapter 3, the rotational spedd governed by (6.10).

dw  m(6,i)—B-w—1
dt J

(6.10)

wherety(0,i) is the angle @) and phase current)(dependent torques is the viscous friction
coefficient,t is the load torque, andlis the combined moment of inertia of both the rotor and

the load.

If a linear relationship between current and torque as giv€é.9) is assumed then (6.10) can be
Laplace transformed. Setting the torque load to zero anthcepransforming (6.10), simplifies

the speed calculation to (6.11)

_ Tm(6,i)—B-w _ Tm(6,i)
SwW = 3 <:>w_B+s-J

(6.11)

The torque production is angle and phase current dependdntha torque production is not
very smooth. It is however periodic, because the torquelepeeaepeats itself four times per
revolution or once per stroke. A stroke is one cycle of theanircontrol state machine, as it

was described in the previous section, and as it is showngroFLO.

i

| [\
tL—i t

One stroke
1 2

Figure 6.10: One stroke or current control cycle starts with energizirgphase winding at timeg.t The
stroke ends at time tjust before energizing the winding the next time.

Seen from the speed controllers point of view the dynamicsea by the time variant speed
updates can be seen as a variable delay, since the speeadl cpuatates are synchronized with

the rotor. Where the delayy(~ 55;) is inversely dependent on the speed. Adding this delay to
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equation (6.11) would give equation (6.12)

s) Tm(wai)
B+s-J

w=¢"20 (6.12)
Synchronized updates allow the decoupling of the eledtfioan the mechanical subsystem
when designing the speed controller. Speed measurementsls@use these synchronized

updates to simplify speed calculation.

Using the notation in [93], a sequence of average speed megasutsw[k| with a continuously
increasing indek can be calculated accurately four times per revolutionuAssthat the speed
controller updates are sequentially numbeigddnd thus the present update is done at the time
t[k] = tp, and the previous update was done at the tifwe 1] =t;. It is important to notice that

the time betweetk — 1] andt[k] varies as a function of the speed. The measured average speed

can be calculated as:

. 1 t[k]
M = T \/t L (6.13)
Averag;i,ng term Dis?;nce

wherew(t) is the continuous rotor speed at tiheand distance is the distance the rotor has
travelled in the time intervak|k] to t[k — 1]). If the control is kept synchronized with the rotor,
the speed can be calculated by substituting the integrél 18} with a fixed value oft/2 radians:
~ 1 m
O = —tk—1 2
| S

Averaging term

(6.14)

Using (6.14) the average speed for the petitéd- 1] to t[k], can be calculated accurately four
times per revolution. It alse means that the time betweenstvakes can be calculated as seen
in (6.15).

m
2-®

At =tk —tk—1] = (6.15)

Unfortunately it also means that for the decoupling and dpeeasurement methods to be use-
ful, the speed control loop needs to be updated synchromitedrotor, that is with a variable

time between control updates. The main problem considerétei next two sections is how to
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emulate the continuous integration in with a time variastdete approximation in two simple

ways.
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6.3.3 Time variant integration

A simple controller can be made with a proportional con&but it will have a steady state error
[94]. Adding an integral term would remove the steady statergbut normal approximations of
the continuous time integrator assume a fixed update fregudime system dynamics changes

when the integrator becomes time variant as the followirlpdescribe.

Using the discrete time frame as presented for the speedlatdn in equation (6.13), the error
(e]k)), at the time instancek], between the speed refereneaef) and the measured speed is
given by:

e[k = wret[K] — W[K (6.16)

Classical calculus tell that the continuous integration given function y = [(f(x))dX) can

be approximated by piecewise summations of numerical iategn methods[95]. One such
numerical integration method is the trapezoidal approkong®5]. The time between updates
are then not infinitely accurate, but has a finite resolutigpeshding on the implementation. The
speed controller may in a real implementation be implententigh a time domain resolution
limited by the current controller update frequency. Thisamgethat the distance between updates

can be calculated as given in (6.17).

_m-fs1  countey
2.0 fs  fs

wherecountef is a counter increased by 1 every update of the current dartemd reset once

At (6.17)

per stroke, e.g. every time at the turn on point.

A trapezoidal iterative numerical integration may then alkeglated as (6.18):

int[k] =int[k—1] + %(e[k— 1]+ €[K])
counteg (6.18)
~intk—1] + 2 1. (elk—1] +€[K])

If the continuous integrator is given a fixed galk)(then approximation (6.18) can be modified
into (6.19).
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countey
2-fs

whereint[k] is the integrator at time instande The proportional controller is calculated as
(6.20):

int[k] = int/k— 1] + k - (e[k— 1]+ £[K]) (6.19)

proplk] = kp- €K = ko - (e[| — @[K]) = kp- (wref[k] _ mg) (6.20)

whereproplk] is the output of the proportional controller akglis the gain of the proportional
controller. The combined controller response is then giweaquation (6.21)

e Ko- K] +int[k] if (kp-&[K +int[k]) >0 621

0 if (kp-&[k]+int[k]) <O
The description here does not include the saturation amsvamdup handling, but the controller

output has saturation boundaries as does the integrator.

The time variant controller is simulated and the responsatisfactory as seen on Fig. 6.11, for
a variable speed drive pump. The controller removes thelgtsiate error faster than the time

invariant controller.

If the moment of inertia is reduced to 50 mtf and the controller gains are maintained, the rotor
does not show the oscillations previouly shown in Fig. 618,9hows the stable behaviour seen
in Fig. 6.12.
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Figure 6.11: Simulated time variant controller. The controller toggles betmeespeed references of
3000RPM and1000RPM, and a load disturbance is introduced at18 s.
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Figure 6.12: Simulated time variant controller. The moment of inertia is ceduo50 mgne.

6.3.4 Simplified time variant integration

To simplify the time variant integrator, the continuousegator is examined again in (6.22).

1] 1]
ki-/ edt:ki-/ et — codt (6.22)
0 0
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wheret, is the end of a period as seen in Fig. 6.kQis the integral gainges is the speed

reference, and is the instantaneous rotor speed. The integration in (&22)e done in parts

to t1 to t2
ki-/ sdt:ki-/ sdt+ki-( oorefdt—/ oudt) (6.23)
0 0 t1 €]

Using the fact thafttf wdt = 7 then (6.23) simplifies to:

as seenin (6.23):

to i} to T
- [ rer =k [ wref—wdwm-(/t wfefdt—i) (6.24)
1

If the update forwt is considered as changing in steps only updated at the $ttre dime
intervalt € [ty;t2], then (6.25) gives a simplified expression for integratibtine speed reference.
t2
; Wefdt = (2 —t1) - wref(t2) (6.25)
wherewet(t2) is the speed reference presentxatdespite the integrator is calculated for the
entire intervat € [t3;t]. Using the notation in (6.18), the discrete integrambjk] can be calcu-

lated:
int[k] = int(k— 1]+ - (£ —tlk— 1)) - arer K - ’—ZT)

—int[k— 1] +k - £'[K

(6.26)

whereg’ is the result of the integratiofgtl2 edt = (t[k] —t[k—1]) - wrer[kK] — 5.

The proportional term can not be transformed with the sanpeoagh as used for the integral
term. The proportional term in this formulation becomesetivariant unlike the previous term

which had a time variant integrator.

propk] = kp- (aret[K] — w[k])

1 T
:kp-(wref[k]—mf)
=gy (9t 1) g - 5)

kp /
R

(6.27)
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whereg’[K] is the same error term calculated for the integrator, gy [K] is the output of this

proportional controller.

To avoid the variable gain in (6.27), it is observed that thgpat of the proportional controller
can be calculated independently from the output of the mategpntroller. This independence
can be used to calculate the proportional controller asritextin (6.20) rather than (6.27). The
combined controller response is then given by (6.28)

otk = propk] +int[k] if (propk]+int[k]) >0 (6.28)

0 if (proplk]+intfk]) <0

Notice that the calculation in equation (6.24) is not an agpnation, but is an exact calculation
of the result of the integration. In a practical implemeiatag several factors will force a devi-
ation from the exact integration, but most important limidas are: the resolutions tf andt,,
and the accuracy qflz wdt = Z. In the controller implementation presented here the éitiuh

is the update frequency of the current controlles0kHz.

The magnitude of the error caused by the resolutioty @indt, is given by the ratio between
the time for a stroke and the measured time limited by thdué&sa the time measurement[51].
The time is here limited by the current control update fregyeof fs. Since both; andty, may

be affected by the resolution the error in the speed measunief.ror) iS given by (6.29):

w-pr

Werror (W, fs) =2 w- Zf—: (6.29)

where fs is the update frequency of the timeys, is the number of rotor poles, and is the
rotor speed. So at 4000 RPM is the speed err88 lRPM and at 400 RPM is the speed error
0.0533 RPM, wherfs =50 kHz andp; = 4.

The simplified time variant controller is simulated and thgponse is also satisfactory as seen on
Fig. 6.13, for a variable speed drive pump. The simplifiecetiariant controller also removes

the steady state error faster than the time invariant cleitro

For this controller the moment of inertia is also reducedarym? and the controller gains are

maintained. The response can be seen in Fig. 6.14
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Figure 6.13: Simulated simplified time variant controller. The controller togdfetween a speed refer-
ences oBOOORPM and1000RPM, and a load disturbance is introduced at8 s.

The controller does not handle the load step as was seerefaptimal time variant controller in
Fig. 6.12.
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Figure 6.14: Simulated simplified time variant controller. The moment ofimer reduced tds0 mg .
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6.3.5 Speed control measurement results

The three different speed controllers all have equally guerébrmance on the physical motor in
simulations, so the most promising candiate is chosen fptementation in the DSP. The time

variant speed controller is set to toggle between two spagdtown in Fig. 6.15.
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Figure 6.15: Measured speed and current of the time variant controller

The HSRM used a fan as load, so a load disturbance was notyrgadisible. Instead a load

disturbance was emulated by a reference disturbance anshdig 6.16.
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Figure 6.16: Current Reference disturbance added in the control loop.

The response, when reference disturbance was negativepvisisn Fig. 6.17. The controller

recovers from the disturbance, despite the speed rippteeS$he speed ripple is periodic with a
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period of four times the rotor speed and the speed contiigligrnchronized to the rotor speed,
the measured speed does not contain the speed ripple.
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Figure 6.17: Measured speed and current with a negative referenderl@ce for the time variant
controller.

The response, when reference disturbance was positivegwssn Fig. 6.18. As for the negative

disturbance, the positive disturbance also is not affelsyetthe speed ripple.
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Figure 6.18: Measured speed and current with a positive referencerdatae for the time variant con-
troller.
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6.4 Discussion on control methods

The motor design philosophy used in this thesis is that tiee mf copper and iron will likely

increase, unlike the price of power semiconductors. Theef semiconductors is either likely
to decrease or the performance of power semiconductoreely lio increase without a similar
increase in cost. So for the thesis a switching frequency0d&Hz is used, but a switching

frequency of25kHz is probably similarly useful in a practical drive.

The current controller is not optimized regarding energgstonption, since a flat top current
will not achieve maximum torque per ampere control. To aghimaximum torque per ampere
it is necessary to maximize the average torque per stroka fored amount of input energy.
Current shaping needs to be employed since the torque p®filetiflat. The current could be
varied to achieve maximum output power versus input powere Gave to be taken to avoid
too large a torque and thus speed ripple at low speed, calosiagf stability. This may be a
particularly severe problem when the machine is runningtippssensorless. Current shaping is
possible for the first prototype and the second prototypealree their inductance is so low that

the current shape can be controlled for a wide speed range.

The time-variant speed controller is not the only way to eghispeed control. Since this is a low
performance drive, speed control using a classical spegdotier with a fixed update frequency
would also perform sufficiently. To minimize the problems fioe classical speed controller it
may be necessary to add a low pass filter to the speed measurenget good steady state
performance. The time-variant controller is simple to iempent and since it is synchronized
with the rotor, it fits the sensorless control method presg:it the next chapter better than the

time invariant Pl-controller.

6.5 Conclusion

A cascaded controller was presented that enables varipbkdscontrol of the single phase

hybrid switched reluctance motor. The inner loop consiktshtybrid hysteresis and proportional
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controller. The hybrid controller ensures flat top curreithvea small current ripple at a fixed
update frequency. The speed controller proposed here igvdime variant speed controller,
that simplifies the implementation of the speed controlBath control methods are easy to
implement in a practical variable speed drive and assummetetl knowledge of the individual
motor. This chapter showed that the control of the HSRM is w&mple and compared to the
complexity of the calculations needed for vector contreldgermanent magnet synchronous
motor (see appendix G for details). The designed controhatt are implemented and tested
on the first prototype. Combined control methods presentéldisnchapter forms the basis for

the position sensorless control method presented in thiechaypter.






Chapter 7

Sensorless control

Like the brushless DC-motor (BLDC) and the permanent magnetsgnous motor (PMSM),
the HSRM needs information about rotor position to be prgpeshtrolled. Placing a position
sensor in the motor for pump systems for central heating maypticate manufacturing, since
the air gap in the pump motor is normally flooded with hot walRemoving the position sensor
may also help lowering the cost of low power drives [96]. FOCEL, PMSM, induction motors,
and the normal SRM position sensorless methods are rejatiadl established and have been
used for some time. Some of the methods for the SRM and BLDC magdbpted for the
HSRM, but care have to be taken since some of these methodaasdsat the motor has more
than a single phase. For the single phase switched relectantor several methods have been
used, and some of these methods are presented below. Fangfes ghase hybrid switched

reluctance motor there seems to be no known methods yet.

A position sensorless method for the single phase HSRM isepted in this chapter, which
is simple to implement. The method does not depend on othanpeers than moment of
inertia, and knowledge of starting torque. The chaptettstay describing different position
sensorless methods applied to permanent magnet motorsRividTen the proposed position
sensorless method is presented followed by measuremeitsteBhe chapter is concluded with

an evaluation of the position sensorless method.

117
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7.1 Sensorless control methods

The position sensorless methods presented in this secgativaded into a few categories based
on the overviews presented in [63] and [51]. There is soméayédetween the categories for
the methods presented here and common to all methods is©idyatise the relationship between
rotor position and flux linkage. All the methods try extradignal, based on flux linkage, that

reveals the rotor position.

[Rotor position measurement]
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Figure 7.1: Overview over some of the sensorless methods for switehmtance motors based on the
overviews presented in [63, 97, 51]. The method applied in this thesishéidiited with a thicker line.
In [5] a hall sensor was used.

1. (Incremental inductance )

These methods rely on the direct connection between indoetand rotor position in
machines with a saliency on the rotor[51]. The methods ugirgyprinciple may need
to have good models of self-EMF and ohmic losses, if the itahee is to be reliably

determined[51]. No extra signal is normally injected tost¢the rotor position.

2. (State observer )

By feeding a state space model of a motor with the currents alidges, the state space
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model may estimate the rotor position[51, 63]. A practicaraple of an back-EMF based
observer for position sensorless control of the permanagin@t synchronous motor can
be found in[98]. A new trend seem to be to use neural netwalssade observers. A well
known problem for neural networks is overfitting[99], whareetwork is trained to high
performance on specific machine, but does not perform welirather machine due to
parameter variations. Such problem seems to have occuredrfeural network applied
to sensorless control of a single switch, two phase switeb&attance motor in [100].
Here the control failed control of the real machine afterihg\been fitted very closely
to the simulation model. The solution was here to use trgirind fitting on the real
machine. The method delivers impressing results, but teditting of the neural network
may be a problem in mass production setting. A method to leavatlying parameters is
to use online parameter estimation as in [101], but such &aedetan not be applied to
neural networks without adding online training as well. @héhe few sensorless control
methods applied to single phase BLDC motors is presentedR] [T he author also uses
a flux linkage estimation to continuously estimate the rgtosition, but acknowledges

that this method is sensitive to the accuracy of the flux lygkastimation.

3. (Active probing )

Injecting a small current into either the controlled phasarounenergized phase, will give
different responses due to the varying incremental inchoets{51, 63]. The small current
injected will affect the torque production, but this mettdmes enable a high resolution of
the rotor position. Such active signal injection is usedli@d] to detect the initial rotor

position for sensorless direct torque control of a permangygnet synchronous motor.
See [104, 105, 106, 103] for details on direct torque contro[107] it is suggested that

the permanent magnet motors are designed with a saliendgrsad Bijection can be used.

4. (Flux/current methods )

The flux linkage is like to incremental inductance rotor piosi dependent in switched
reluctance motors. Similar to the methods applied for peenamagnet synchronous
motors[104], flux linkage can be calculated by integratimg\oltage applied to the phase

after the voltage drops on phase resistance and transisteubtracted. Since the current
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is known, look-up tables may then be used to determine tle patsition. The look-up
tables may be formed based on measurement or from finite etesiraulations. Any
integration is sensitive to drift{108] and also needs to pensate for the increase in phase

resistance due to increased winding temperature.

(Induced voltage measurement ]

Cross coupling between phases can be used in polyphase SRdMsftion detection. But
if the cross coupling is small the voltage induced in a noergized phase may be rather
small. Permanent magnet machines has a back-EMF, genbyatteel varying flux linkage
between the motor windings and the permanent magnets ar edtor or stator side. In
a three phase BLDC, one of the phases is not conducting anyntamd the back-EMF
may directly be observed. Such control of the BLDC is furthesatibed under "Discrete
state observer”. For a three phase PMSM, the back-EMF carbalssed for position
sensing, but the back-EMF can not directly be sensed as ¢éoBHUDC. The measured
phase currents are compared with calculated phase cuasatllon model that tracks the
expected state of the PMSM. But back-EMF based methods atitedino rotor speeds
where the back-EMF can be reliably detected[109].

(Open loop )
If the dynamic control requirements are low it is possibleuio most motors in open loop.

Stepper motors are often in open loop mode with no positios@e But also for induced
voltage measurement methods, the start up may be perforregzen loop. This is only
possible if the load is low in the beginning as is the casedfrttachine load is a fan or a

centrifugal pump.

(Discrete state observer )
The back-EMF method is used extensively in brushless DCam@®in [110, 111, 112,

113]. Typically only two phase are active at any given tima three phase brushless DC-
motor. A state machine tracks state of the inverter, ancesiine BLDC is synchronous,

it also has a discrete tracking of rotor position. If the &gkt over the non-conducting
phase is monitored synchronized with the switching in the &estive phases, the position

Is known at discrete points by watching for zero-crossinthefback-EMF. Based on the
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speed, a delay , and the current switching state, the net¢reng state can be calculated.
The main problem for the BLDC, in sensorless control is duritagtaup, when back-
EMF has a relatively low magnitude[110, 111, 112, 113]. Bdthd] and [111] present
different strategies to get full torque during start up. Areo loop start up method is used
in [114, 112, 113] . For a detailed overview of an practicaplementation of position

sensorless control of a BLDC in an 8-bit microcontroller,4l4eems like a good resource.

One of the few sensorless methods proposed for sensorleisslaf a single phase motor
that seems practically feasible for mass production is feingle phase BLDC in [115].
Here the single phase winding is used both to drive the matdras sensing coil. The
BEMF is monitored when there is no current in the coil. Since lack should cross
zero at this time, the position estimate can be updated osicpguiod. The method is not
sensitive to variations in flux or phase resistance. Likbatlk-EMF based methods, care
has to be taken at low speed. At low speed the current can erilythe phase for a short
time to allow for a clear detection of the back-EMF. This meahlow speed the motor
can not give full torque. Since this BLDC is for a small fanstdpbes not seem a serious

issue.

8. (Other methods ]

This category includes methods based on eddy currentdfi Lurrent gradient method

proposed in [116], and sensing coils. The most interestiathod is the current gradient
method. The detection method uses the change of the deewaitithe phase current to
detect the position where a rotor pole and stator pole siayvérlap, giving one position

update per energy conversion[116].
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Figure 7.2: The sensor circuit is a simple difference coupling of an djaral amplifier. Another option
would be to directly couple the resistive dividers to the DSP or to use a singhysyperational amplifier.

The differential amplifier using dual and single supply are however mumest towards variations in the
DC-link voltage.

7.2 Proposed sensorless method

Since there are permanent magnets present in the statdnafidx linking the permanent mag-
nets with coils is changing with the rotor position, a backcélomotive force (back-EMF) is
induced in the motor phase. When no current is in the coil, theIBEan directly be observed.
It can be observed that the changes in flux linkage as a funofithe angle is zero at angles
close to 0 andt/4 radians. The induced back-EMF will thus at these placesrhe®. So, when
there is no current in the phase, the rotor position may thyée sensed. The BEMF is sensed

by measuring the differential voltage across the phasedapee as it is seen on Fig. 7.2.

The BEMF-measurement is thus independent from a varying BiCvibltage, which will occur

when using a rectified AC-source. It is important note thatdiogles in the inverter, does not
immediately stop conducting when the machine is defluxing piiay be rather slow in shutting
down. To avoid measuring this diode voltage drop, a littleakime is needed after current is

sensed to be zero, before motor BEMF can reliably be sensed.

The BEMF can be measured even at relatively low speed, ashbwrsin Fig. 7.3. The BEMF

Is measured with machine being spun manually at approxiynéd® RPM.
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Figure 7.3: The BEMF is here related to the angle measured with an 800@ eododer. The encoder
signal goes high at -3 degrees mechanical and goes low at 42 degreehanical, for a span of 45
degrees. These point illustrates ideal turn on and turn off at low sgesd than 4000 RPM).

The purpose of this sensorless control is get sufficientrin&tion about the rotor position so
the single phase HSRM can be properly controlled. The sexssodontrol method do not need
to supply a continuous estimation of the rotor angle, bez#lus machine is operated in strokes.
Since the machine is controlled in strokes, the most clipgeces of information are: When
phase current should be turned on and off. The method prdposes will supply both the

current turn on time, the current turn off time, and also defghe rotor has stalled.

When the machine is operated it can be considered progrebsoggh some discrete states as

it can be seen in Fig. 7.4 and decribed below:

State A - Current control: The current controller tries to achieve a flat current withewel

determined by the speed controller. The two transistorspeeating in PWM.

State B - Defluxing: The machine is defluxing the stored magnetic energy throogliibdes
to the DC-link capacitor.
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Figure 7.4: The inverter and thus the motor goes through a series of sttssthe inverter is energizing
(or fluxing) the phase winding, followed by a defluxing state, and befomeekiestroke the inverter is in
a non-conducting state. The sensorless control states are marked leitkradescribed in the text.
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State C - Ensure stand off: When the current reaches zero, the diodes will stop condyatd
the back-EMF can be directly sensed. The main limitatioeisyg the limits to operational
amplifiers common mode rejection for high frequency commaensignals, here in the
order of 10— 100 kHz for the used LM741 operational amplifier. A delay soahduced
by inverter parasitics, since the diodes does not immdgliateck, but shuts down after
10— 30pus. The signal is further delayed by the optical isolation artieefilters before

the signal reaches the DSP. The DSP can also not reliabletadgten the current is truly
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zero, because of noise in the measurement. The more noigythent measurement is,
the sooner this would occur. The longer the stand off persochiosen to be, the more
stable the controller will be. The extra stability comesirthe fact that turn on should
never occur too close to turn off. The downside of a long st#hgeriod, is that it directly
limits the maximum speed achievable in position sensogesation. The maximum
stand off time should be less than one quarter of a full str8kece three states occur after
the stand off period they also have to be considered, sodhd sfff is determined as given

in equation (7.1)

1 A
countekandoff<  * 7oy — 3 0
4 (%

21

COUIIteg <z fs
tandof f 2 '
Whax

-3 (7.1)
wherewmax is the maximum speed in radians per second.

State D - Negative EMF: If the measure back-EMF is negative, the motor is in the ebguec

state. This is used to detect if the rotor has stalled.

State E - Check zero crossing:When the back-EMF crosses zero, then the time since last zero
crossing is found. If it is assumed that the back-EMF has a @erssing at zero degrees,
linearly increasing to positive peak valuéygex_ems) at an angle of 40 mechanical, The
turn on angle errorferor) may be approximated based the magnitude of the noise floor

for the back-EMF measuremettdise) as seen in (7.2).

Ghominal 40
@  Upack-EMF

6error < : Ljnoisefloor (7-2)

wherewnominal IS the nominal speed, at which the peak back EMBiiSk_ems. The equa-
tion basically states that the back-EMF has to be so largetite back-EMf can be seper-
ated from the measurement noise. For the first prototypaeabivest speed(400 RPM),
the position error calculated to be less thah & the turn on angle happens°3o00 soon
then the average torque drops to 78% of the nominal torquehéstroke. If the turn on

angle is 3 too late, the average torque drops to 81% of the nominal &fguthe stroke.
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Figure 7.5: The torque control state machine has to handle current cbaid BEMF sensing. The BEMf
cannot be sensed when there is current in the phase, and thus toomtnol and BEMF sensing cannot
performed at the same time. After a stall procedure has been perfotheetbrque control state machine
is set to handle current control with a fixed value for the counter. Thateois decreased every time the
current control is updated. The counter is updated continuously baiséte time between zero crossings.

The net torque is still positive and the position sensortesgrol can still recover from

this.

State F - Calc. on period: Now the time to have current in the winding can be found. The ne
state is now : state A - Current control. To minimize the the bagwveen the speed is
measured and it is used to control the motor, the calculatiahe duration of the current

control is done in parallel with the current control.

Since the machine progresses through a sequence of distats, it is obvious to the track the
rotor behaviour with a state machine. For a description @testachines, see [117]. Based on
Fig. 7.4 a sensorless statemachine can be designed asatna gihFig. 7.5. The statemachine

shown in Fig. 7.5 can then be implemented as it is describagpendix F.
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7.2.1 Sensor calibration

Start up consists of calibrating sensors to compensateifoadd to determine what is the level
of noise and what value has a zero BEMF. Measurement of nore¢ ik needed since it is
important to distinguish positive and negative BEMF from sweament noise. The calibration
enables lower sensorless speeds, but also means that & lowssible speed depends on the

current noise level.

7.2.2 Turn on point

Turn on should happen slightly before back-EMF crosses. ZEhe motor is designed with a

relatively low inductance, so turn on angle is not advancedpeeds up to at least 4000 RPM.

7.2.3 Turn off point estimation

Note that it is only needed to have current in the phase apps®% of the time of the full
stroke. Since the position may be sensed, speed can beethfgaised on the time between zero
crossings of the BEMF. The estimated speed is thus given by%z at every turn on instance.

The duration of a stroke, the turn off time is calculated gy fibllowing:

countepn = 0.4- countetero crossing (7.3)

7.2.4 Stall

The first stroke has a predetermined turn off point estimatibat is the same to say that
countep, is set at a fixed value. For a fan load the starting torque iscxqopately zero, and the
speed change is primarily limited by the moment of inertiatt® time it takes to accelerate the

machine to a given minimum can be approximated by (7.4).
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dw T17T-0 Aw T Aw-J
— s — &= ~ 7.4
sy TaTye T A (7.4)

whereAw is the change of speed from

Based on (7.4) the value obuntep, can be found as given in (7.5).

At Aw-J-f I f
CounteBnZE.fsg 5 s%wmg'r s

wherewmin is the minimum speed for which the back-EMF can be reliableced (see (7.2))

(7.5)

andr is the average torque at full current at zero speed (seedb6fge 100). The steady state

torque calculated from the finite element analysis or thesmeaments will suffice.

If the cogging torque is lower than load torque during the fitooke, the speed will decrease and
the machine can not be run sensorless. Since this motor esusdx for pump drives this is not
normally an issue, except in conditions where particlessauek between the rotor and stator.
The error handling will detect the stall and try to perforneatart. This process may release the

stuck particles, otherwise the process is repeated.

The sensorless method assumes that the HSRM after the filst $ias reached a speed, where
the back-EMf can reliably be detected. To ensure this the ti@tween retries has to be set

sufficiently high to ensure that the rotor is at stand stifbbe the first stroke.

7.2.5 Error Handling

Fault detection is required for a motor drive operating inigts controlled experimental set up.
Some general fault detection and identification algoritfonsnotors presented in [118][119] are
for induction motors and BLDC respectively. The methodsgmésd in [119] assume sinusoidal
currents for detection and thus not useful here. Some oétpesblems are overcome in [118],
but it does however require on-line adjustment of some kegimpaters to avoid detecting non-

existing errors. In [72] focuses on six errors occurring atigkigal pump:

1. Inter-turn short circuit in the stator.
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2. Clogging inside the pump.

3. Increased friction due to either rub impact or bearindt$au

4. Increased leakage flow in the impeller of the pump.

5. Performance degradation due to cavitation.

6. 6. Dry running.
A complete fault detection algorithm is outside the scop#hisfthesis, and only clogging inside
the pump is handled here.

The detection is rather straight forward: Since the BEMF geed generates both a positive
and a negative voltage, they are used to detect if the motoulg running. If there is no
negative BEMF within a the maximum time for two strokes at thedst speed, the machine has
stalled. The detection of the magnitude of the BEMF is onlysfs if the differential voltage
is measured. An analog zero-crossing detection using aa@tgy would not give information

regarding the magnitude and sign of the BEMF.
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7.2.6 Simulation Results

The steady state performance of the position sensorlegsotienis very much similar to the
operation of the controller using a position sensor as itmeeen in Fig. 7.6. The time variant
speed controller from last chapter is used as speed camtfoll both the simulations presented

here and it is also used for the experimental results preddater.
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Figure 7.6: Position sensorless controller toggling between two speeckrafes.
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The start up is not entirely like it would be in the actual iemplentation, since embedded M-
scripts in the simulations are not initialized in the samg aa the actual implementation. This
is not a serious complication, because the position sessodontroller constantly resynchro-
nizes with the rotor. The simulated position sensorless st@hown in Fig. 7.7. Prior to the
initialization of the speed controller the current referems at 15 A as it can be seen Fig. 7.7
at (1). The initial active part of the stroke is calculatedirag7.5). When the active part of
the stroke ends at (2), the state machine progresses thtibegtates that ensures that the state
machine is synchronized with the rotor. The active part efdbcond stroke is estimated based
on the difference in time between the initialization of th&te machine and the back-EMF zero
crossing. Because of the way the state machine and the spetdllen are implemented in
the simulation, the estimated speed for the first stroke Isgb and the estimate for the second
stroke becomes to short. The state machine avoids an impregechronization at the wrong
zero crossing, because it does not look for back-EMF zerssang, before it has found the

negative back-EMF at (4). The state machine is finally relsgorzed with rotor at (5).
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Figure 7.7: Position sensorless controller start up with the internal statéseposition sensorless state
machine.
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7.3 Experimental results of position sensorless control

The proposed position sensorless control method is sugpo$® dependent only on few motor
parameters: average torque for the first stroke, momentesfianfor the motor and the load,
maximum phase current. The motor torque load has to be loamaspeeds, but can increase
at higher speeds. To test this the position sensorless ohetHwst used together with the first

prototype, secondly it is briefly tested with the HSRM pump anot

7.3.1 Experimental results of position sensorless control of the first

HSRM prototype

The results from implementation of the proposed sensortettod is shown in this section.
The experimental control system is implemented using a TEBRDF2812 micro controller for
all drive control. The current is sampled through a seconlgolow pass filter, removing the
demand for switching synchronized sampling. The inversesuwo Fairchild FCH47N60_F133
MOSFET and two International Rectifier 15ETHO6FP diodes er test. The back-EMF is
measured optically isolated from the micro controller gssnHCPL-7800. This type isolation
requires that the analog signal has to be scaleti260 mV prior to optical transmission and

after the optical transmission it is amplified before usetthwhe micro controller.

Sensorless start up performance

A critical part of a position sensorless control is how thartstip is handled. The position
sensorless controller presented here is using a featur8BMHin the start up: the magnitude of
the back-EMF can be sensed after the initial stroke, sine@iBRM can deliver enough torque

during the first stroke for the rotor reach a sufficient speed.

The start up shows how the position sensorless control eesdvom the error introduced by

the first stroke in the speed calculation. The implied assiomphat the speed does not change
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Figure 7.8: Startup is initiated and the machine spins up under position skessarontrol.

much between strokes is used to calculate the time betwessntturn on and current turn off.
This assumption is wrong after the first stroke and the neskstwill thus be affected. The rotor
is resynchronized at the next zero crossing and eventuredlgdntroller is synchronized at given

rotor speed.

In Fig. 7.8 it can be seen that the position sensorless dtertdoes not estimate the correct

duration for the active part of the stroke.

Since the assumption for the turn off time calculation it tha speed does not change too much,
the start up will show the turn off time is not calculated eatty.But a miscalculated turn off
time normally means that the speed does not increase as raucbaald have, but this means

that the following stroke is calculated more accurately.

Resynchronization is important, since most of the torqueycton occurs at the start of stroke.
To achieve resynchronization the back-EMF is monitoredesxiibed before. The estimated
rotor speed is too low after the first stroke and the activeé plathe second stroke is thus too
long as seen in Fig. 7.9. The active part of third stroke isév@rtoo short and the speed does

not increase significantly. As the speed increases the &shimof the speed also becomes more



134 CHAPTER 7. SENSORLESS CONTROL

accurate when the speed does not change between strokes.
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Figure 7.9: A more detailed look at the startup.

The difference between simulation and measurement in l@lran start up is primarily caused
by differences in the implementation of the initializatiofhthe controllers in the simulation and
in the micro controller. The resynchronization does howdeahave as expected and ensures a

reliable start up despite these differences.
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Figure 7.10: This plot shows steady state performance of the sensodagsl, displaying the phase
current, and phase voltage both related to the angle measured with ang@d@0encoder.

Performance after start up

The steady state performance of the position sensorlegsotoan be seen in Fig. 7.10. To
verify the position estimation, an output pin on the micnatcoller was set to toggle high and
low based directly on an encoder signal. The error betweesé¢hsor based estimation of the

turn on angle and the position sensorless estimation ighesst mechanical.

The accuracy of the position sensorless controller at I@peeds will be lower than the accuracy
at higher speeds, since the back EMF of the HSRM has a loweritadgrthan it will have at
higher speeds. The accuracy is still less tham&chanical at 1000 RPM as can be seen in Fig.
7.11.

The speed controller is set to toggle between 3000 RPM and RG0O, and the response can
be seenin Fig. 7.12.

When the defluxing current through the diodes has ceased ither small delay prior to the



136 CHAPTER 7. SENSORLESS CONTROL

Encoder signa
—— Phase current
—_ 3-
<
5
O
17
L | . | . | . \ l ! L | .
—8.01 —-0.008 —-0.006 -0.004 —-0.002 0 0.002 0.004 0.006 0.008 0.01
30! T T T T T T T T T
200+
by 100+
o
g o
o
> -100-
-200—
—300 I I I | | | | | |
-0.01 —-0.008 —-0.006 -0.004 —-0.002 0 0.002 0.004 0.006 0.008 0.01

Time [s]

Figure 7.11: Performance of position sensorless controlletGRORPM.
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Figure 7.12: The motor is toggled between two speeds and the currentspaeds are recorded. The

speed is measured using the position sensor and calculated in the midroliesrand output through a
low-pass filter PWM output.

voltage drop across the diodes does not affect the diffiealeneasurement. This is handled in
the micro controller by waiting a fixed amount of time aftee turrent is measured to be zero,

before monitoring the BEMF. The shut-down delay can be searioser look of the differential
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Figure 7.13: The phase voltage measured with a differential probe, sktwat the diodes influences the
phase voltage after the current has dropped to zero.

Table 7.1: Efficiency versus load.

Output | System eff.| Inverter eff.| Motor eff. | Copper loss/motor input
725 W 72 % 94 % 77 % 15 %
47.8 W 57 % 89 % 64 % 16 %
313W 48 % 89 % 54 % 19 %
184 W 47 % 81 % 59 % 21 %

voltage and phase currents shown in Fig. 7.13.

The efficiency at different power levels is presented indabll. The input power to the inverter
and the output power of the inverter is measured using an ®MIB6100 power analyzer. The
system efficiency is defined as the output power of the motdhershaft versus the input DC-
power. System efficiency also includes the mechanical osbthe motor and the losses in the
inverter. This means that the peak efficiency of the motanale 77 % at 75 W output power,

including bearing losses and iron losses.
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The results are treated in the discussion later in this enapt
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7.3.2 Sensorless control of HSRM in a pump system

The second motor design presented in chapter 5 is put intong gystem as it is shown in Fig.

7.14. It was not possible to ensure that the motor did leakmhtring the experiments, and the
motor was tested with over current protected DC-supplieslvheduced the voltage available
for drive testing. No encoder is connected to the shaft a@e@tior in the rotor position can thus

not be measured.

— Input flow —
selector —
Tank A o Tank B
Return

ﬂow‘%e%;ctor
F| Flow meter
Pressure gauge P

HSRM valve

ol kg

Gru
A BLDC

valve

Gru 2 HSRM
2 40 180 prototype 2

BLDC pump

e ﬁg

Figure 7.14: The pump test set-up used for testing the HSRM in a pump system

The sensorless control software in the micro controlleregliited to handle the smaller moment
of inertia and smaller torque as described in equation (T3¢ start up phase current and phase

voltage is recorded as it is shown in Fig. 7.15. The HSRM staligbly, even if the HSRM pump
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motor has been disassembled, though after stiction is @bmgblem for the pump HSRM. The

position sensorless controller retries are automatit¢elhydled by the sensorless controllers state

machine.
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Figure 7.15: The measured current and phase voltages of the HSRtdr&up in a pump system.

The start up seen in Fig. 7.15, shows that the controllerd&y several times before the rotor

starts. Notice that the the magnitude of the back-EMF isciased after the third retry. Since

back-EMF magnitude is linearly dependent on speed, it sébatighe rotor is initially stuck

but later released by the multiple tries. This is the exgkbihaviour in a pump drive, where

impurities may get stuck in the bearings and in the air gap.

If the rotor speed is sufficiently low (approximately 1000 RPMe variations in impeller speed

can directly be seen in the pressure measurement. At higkeds this (more than 1200 RPM),

this phenomenon is not so obvious in the pressure measutemercan be seen in Fig. 7.17

done at approximately 1600 RPM.
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Figure 7.16: The phase current, phase voltage and pressure mezasuts at approximatelOOORPM.

The actual level of torque produced by the motor can not bahigl be measured with this
measurement set-up, since the only flow can be measuredctitprréhe differential pressure
of the pump is not measured only the absolute pressure atna gftér the pump and after a

turbulent pipe-joint.
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7.4 Discussion

The position sensorless control tests still leaves sombeciges regarding the main research
question : "Is the hybrid switched reluctance motor suitable as a low,cost power pump

motor?”. Some of the remaining challenges are:

* The minimum speed for which the speed can be sensed isdinmttis set-up since the
measured back-EMF is optically isolated from the DSP by a HZ®40 optical ampli-
fier(see appendix E for details). The measured differemtihge has to be scaled down
to+/—200mV for the optical amplifier and then scaled back for use in the.&moval
of the isolation may reduce the magnitude of the noise flaatrthee micro controller is
then no longer electrically isolated from the power cirsu¥Vhen the second prototype,
the cable length from the inverter to the motor was in excéssno, further limiting the
minimum speed for the tests. The long cables may thus alsachase the retries seen in

the sensorless start up of the pump HSRM.

» Reverse rotation was not detected during tests, but revetaton should be handled by
the sensorless control method. A good time to detect revetaton, may be immediately
after reaching nominal speed after start-up. If the rotaotating opposite the desired
direction, the back-EMF shape and zero crossings pointsrenasal the true direction of

the rotor.

7.5 Conclusion

This chapter presented a sensorless method that uses thal $patures of a hybrid switched
reluctance motor that makes the drive especially suitegpémition sensor less control. The
method is suitable for mass produced low cost single doadtybrid switched reluctance motor

drives. The method and the motor has the following importaatures:
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1. The motor is designed to provide good start up, by ensaringle range of angles, where

the motor can be properly started.

2. The permanent magnets in the stator provides a clearl slgatacan be used for sensing

the position, but special care has to be taken to measureatkeEMF properly.

3. The sensorless method does not make detailed and spestimptions regarding the
inverter, the conditions of the magnets, the phase resistanany varying parameter but
only relies on two facts: the load is dissipating energy dnednhoment of inertia is within

a certain range.

4. The position sensorless method only uses one multiicdbr the current control, but
the sensorless control is handled by additions, shifts antparisons only. This means

that the controller may be implemented also in low cost cletrs.

The experimental results shows the possibility of the pseposensorless control method for
fan and pump applications. No parameters needs to be retorf@dthe specific parameters
for a given machine in a series produced motor, and the peapoethod can thus be used
in mass production. This parameter independence was thstedby using the same control

implementation for two different motors with different nregic topology and power range.
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Chapter 8

Conclusion

The research in thesis is regarding the design and contral hgle phase hybrid switched
reluctance motor intended for a pump drive. The main poiit design a single phase hybrid
switched reluctance motor that tries to match high effiogremotors regarding efficiency at a

lower cost.

To achieve lower cost several aspects are considered:trealutsensor requirements by devel-
oping a position sensorless control, a lower cost altereati protect the windings of the motor
from water, a motor design that can use simple coils for thedimgs, uses less copper than an
existing induction motor drive, and a motor design that hiigdrque during start up also when

running position sensorless.

8.1 Summary of thesis

The introduction described some requirements for a low polee/ volume, low cost pump

motor drive.

An introduction of the hybrid switched reluctance motorriegented beginning with an historical
overview of the development of these motors. It is arguetiNlsireB magnets will continue to

increase in price for the foreseeable future and ferritematgyare an interesting alternative

147
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because of these cost issues.

The question to be answered for the first design was to seleg ifiybrid switched reluctance
motor could achieve a level of efficiency comparable with pleemanent magnet synchronous
motor. The peak efficiency of the HSRM is on the same level agqursly reported for BLDC
and PMSM in the same power range. The first design also intexlpole shaping on the stator
to improve starting torque. The designed HSRM introduce®aiapflux concentrating arrange-
ment of the permanent magnets, that increase the flux densibe airgap without the need
for segmented stator laminations. Different flux conceirtgaarrangements are compared and
evaluated. It is described how a too high flux concentratminaly may be detrimental to the
torque production. The motor uses square bobbins for tHe and has coil insertion slots to
simplify the motor manufacture and possibly may simplifgy@ing. The HSRM was shown to

achieve70 W output power at 7%% efficiency.

The second motor design tries to reduce the number of pemhamegnets needed and fit into
a conventional pump housing. Still the motor maintains thieinsertion slots used on the first
prototype. The pole shaping is further developed and théip®s$orque production region of

the permanent magnets is extended. Demagnetization fllutheoncentration is discussed and
considerations regarding the consequences of over cusrpreasented. A protection method for
the windings is presented that may reduce cost and lossepuma drive where the airgap is
flooded.

The control chapters describes how the cascaded variabézl sjfrive control is implemented.
This includes some considerations regarding how the timiamanon linear speed controller

can be used as a speed controller.

Since the motor is supposed to be a low cost alternative to aBltien besides manufacturing
costs, also component count has to be reduced. A hall eféesos could have been placed
in the motor for position information, but a simple voltageasurement is shown to achieve a
similar result. The permanent magnets induce a back etaotaric force (BEMF) in the phase
winding that can directly be monitored. The method preseimethis chapter is insensitive

to variations in DC-link voltage, phase resistance, tentpega variations in inductance, and
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the parameters of the inverter. The sensorless methodresqomly simple operations . 1t is
described how the sensorless control is implemented basd&hok-EMF sensing, including
how speed is estimated, how to recover from some possiblgdaiof the sensorless method,
and a simple start up method. The description includes aigésa of the implementation and

the test results for the position sensorless method.

8.2 Main Contributions

This section describes contributions presented for tlgsi#) that are believed to be novel.

» A new stator pole shape improves starting, by allowing faticer range of parking angles

even with a higher static friction.

* A new permanent magnet flux concentration configuraticet, iticreases the flux density
in the airgap from ferrite permanent magnets which incrédaséorque density of the mo-
tor. The prices for NdFeB dropped since the turn of the nmillem, but prices for the
raw materials neodymium and dysprosium has increasedfisamiy[15] and will most
likely continue to do so. This makes ferrite magnets an @sieng alternative to NdFeB.
The proposed configuration achieves an airgap flux densitgudserrite magnets that is
comparable to what can be achieved using bonded Neodymamtoron magnets (with-
out flux concentration). The flux concentration proposedsdus require the segmented

stator presented in [36], and thus lowers manufacturingscos

» The motor achieves a peak efficiency 78#.5% at 70 W output power (including iron

losses, copper losses and bearing losses).

» A second motor was developed that fits a conventional punugihg, but still has rela-
tively simple and low cost coils. This simplifies manufagtgrcompared to a recent motor

design presented in [36].



150

CHAPTER 8. CONCLUSION

» A time variant speed controller was presented, that alle@hiable control of motor with

a torque ripple without making the speed control more corapdid than for a DC-motor

with low torque ripple.

A softcore processor for AC-motor control was presentednduthe thesis period[120].
Even though not used for the thesis, it means the work dutiegPthD-period covers
most of a single drive: motor design, control design, posisensorless control, inverter

implementation and design of a motor control micro congoll

A position sensorless method was presented that is seitabh mass produced low cost

drive:

— Not dependent on detailed parameters of the controlledmaotbthe parameter vari-
ation, except some approximate knowledge about the monmémria and average

torque for start up.

— Change of phase resistance due to increased temperature ingzact on the sensed
position.

— Does not need to estimate the strength of the permanent tsagne

— Requires no knowledge of parameters of the inverter (voltage, technology (BJT/IGBT/

MOSFET), switching speeds of diodes or transistors, andiso o

The first prototype single phase hybrid switched reluatamotor uses a smaller amount
of motor materials than similar a 3 phase motor presente¢lOh Most notable is that the
amount of ferrite permanent magnet material is lower tharathount of NdFeB material

used in the 3 phase motor.
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8.3 Conclusion

To define what defines a low cost motor depends on what kindaafyation capability is sup-
posed to manufacture the drive. A low volume, low cost motayrbe a different motor from
a high volume, low cost motor. For the latter, some materredly become viable simply due to
the volume by which the motor is produced. For a low volumeanat is mandatory to have
easy assembly without special tooling. It is also importar@onsider which materials are used.
It may become a concern for low cost motors in the long runtth@topper price seems to con-
tinue to increase, and the mostly named replacement, alumjralso has a price/performance
that discourages use. Since iron can be recycled indefinaald many sources are available
for iron it seems that low cost efficient machines should $oon reducing use of copper rather
than reducing the use of iron. If there continues to be a htgrést in permanent magnet mo-
tors/generators, the price of high energy product magneis econtinue to increase. The flux
concentration presented in this thesis is an alternativiaade but needs a larger magnet vol-
ume to achieve same flux density. Flux concentration can aéerferrite magnets achieve the
same coercitivity i) as NdFeB magnets, but magnets have to be enlarged in thestizgion

direction. This means an further increase in volume.

The first motor design presented in this thesis, shows thiaigéesphase hybrid switched reluc-
tance motor (HSRM) can be used as a competitor to the two higbrpgance permanent magnet
motors, brushless DC-motor (BLDC) and permanent magnet sgnohs motor (PMSM). If the

application is a simple uni directional load, such as a fashapump, and the dynamic require-

ments are low, a HSRM can indeed be used without significastdbsfficiency.

The main drawbacks of this motor is still that the torque i$ srmooth, and the radial force
changes magnitude, due to the double saliency structuiis.nfdy be the main cause of vibra-

tions and acoustic noise for the HSRM.

Despite not being an optimized design, it performed sintathe chosen benchmark motor:
three phase permanent magnet BLDC motor. The first prototges gignificantly smaller

amounts of copper compared to the benchmark motor and ircplart compared with single
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phase induction motors. The sensorless control is possibipler than some of the methods
used for BLDC motors, and thus there is normally no need to Usalasensor for this motor

type in fan or pump applications.

All in all, the motor type seem to be a good candidate for sofrthe same applications that
now uses single phase BLDC motors. If the noise from the \vdmatcan be reduced, then
the HSRM may be a suitable candidate for low power, low cogsalsée speed pump drive for

domestic applications. Even if the vibrations can not beiced, then the HSRM is a suitable
candidate for uni-directional applications, such as nomestic pump applications, fans, and

compressors.
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Future Work

There are several topics that are interesting for furthefystSome of the topics are listed in the

following.

» The stator vibrations are of some concern, since they gémneound in the lower audible
range. It would interesting to have a thorough investigeitido the source of the vibrations

and suggestions for possible solutions.

* It is possible to implement current shaping to improve g&fficy. The non-linear and
speed dependent relationship between current torque aptiatally used with the simple
current control method used in the thesis. A more advancaeérmucontrol method may

further improve the efficiency of the motor at little or no extost.

* The hypothesis for the EPDM armour on the windings, is thathain threat to long term
water exposure is that heating up will increase the uptakeadér, and the subsequent
cooling will allow water to travel inwards towards the winds. When sufficient water has
travelled inwards it may then attack the polyester and aglatischarge may eventually
occur. The partial discharge may lead to an out-gassing fhenpolyester lacquer. This
may eventually force a rupture in the EPDM, and the processlez to a failure of the
winding insulation. The real question is not if the isolatwill fail, but rather when. The

task is then to ensure this happens no sooner than the séfgiends for the product
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(approximately 10 years). Preliminary tests for partiactiarges, revealed no damage to
the windings due to the coating with EPDM on the windings. Atefesting test, that

should be performed is however a full thermal cycling, paissincluding thermal shocks.

The time for motor design was limited and excluded optirtiizaof the design in a sys-
tematic way. A parametric design model could be used to apgithe motor based on the
principles described in the thesis. A particularly intéires method is proposed in [121]
using a grid based search and may be altered for general vssibly merging with the

method presented in [122].

It proved problematic to measure accurately the perfooearf a low torque motor, so

more measurements of the motor performance should be petbr

The time variant controllers seems to be stable, but arabptoof of the boundaries of

stability would be interesting.
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Bs
Brs
Bru
Ai

At

g/
ljbackfemf
w

Whin
Whominal

Wef

Y

Yo
Phias
Yom(0)

Tem

Stator pole arc

Arc of the saturated part of the rotor

Arc of the unsaturated part of the rotor

Current difference between two current control updates
Time between two control updates

Result of error calculation

Result of simplified error calculation

Peak back EMF at rotor speed @fominal

Motor speed in rad/s

Minimum speed where back-EMF can be reliably detected
Nominal rotor speed

Reference speed

Phase fluxlinkage

Initial fluxlinkage/permanent magnet fluxlinkage
Unaligned bias flux linkage at zero current

Permanent magnet fluxlinkage

Torque generated by the HSRM
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Ttriction Viscous friction torque

Tioad Torque load

6 Rotor angle

6a Aligned rotor angle

6y Unaligned rotor angle

@ Average speed

a Average voltage vector

B Coefficient for viscous friction

Btric Coefficient of frictional load (fan/pump)
countepn Number of switching frequency periods where inverter isifigtHSRM
Dduty PWM duty cycle

fs Switching frequency

Hc Permanent magnet coercivity

i Phase current

I max Maximum current

iref Current reference

int Integrator controller output
J Moment of intertia

ki Integral gain

Kp Proportional gain

L Phase inductance
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n Motor speed in RPM

P Number of rotor poles

Ps Number of stator poles

prop Proportional controller output

prop Output of time variant proportional controller
R Phase resistance

t1 Time for start of a stroke

to Time for end of a stroke

u Phase voltage

Wy Energy stored in the magnetic flux

Weap Energy in the DC-link capacitor

Weo Co-energy

Wey Energy lost due to coil winding resistance
Wi Electrical energy from the supply

Wee Iron loss energy

Wfie|d(\I], 9) Field energy

Whric Frictional energy losses
W; Energy stored in the rotational mass
Wh energy supplied to the motor load.

Wsupply Energy from the supply
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Appendix A

Parameters for first prototype

Table A.1: Machine parameters

Output power (measured 70W
Outer stator length 96.4mm
Airgap 0.4mm
Rotor radius 24.2mm
Shaft diameter 10mm
Stack length 30mm
Lamination thickness 0.35mm
Silicon iron weight 1.153kg
Permanent magnet volume 17.54 ym?3
Permanent magnet weight  94.7¢g
Permanent magnet quality C5
Phase resistance at DC 4.2Q
Number of turns 300
Wire 3x0.355mm
Copper weight 185¢g
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96.3
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X0 ! J
= HSRM first prototype
s UJA
we Measurements are in mm.
Stackdepth 30mm

Laminations M270-35

Figure A.1: Key measurements for first prototype
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Figure A.2: Data for C5 magnets

Table A.3: Magnet parameters for C5

B, 0.380T
He 191 kAm!
Intrinsic coercive fielH; 203kAm~!
Maximum energy produ@®Hmay | 27.1kJm >
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Figure A.3: First prototype motor with rotor rotated ®degrees witld A phase current
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Figure A.4: First prototype motor with rotor rotated ®degrees with A phase current
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Figure A.5: First prototype motor with rotor rotated #8 degrees wittd A phase current
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Figure A.6: First prototype motor with rotor rotated #8 degrees witll A phase current






Appendix B

Parameters for second prototype

Table B.1: Machine parameters

Output power 30W
Outer stator length 80mm
Airgap 0.4mm
Rotor radius 16.8mm
Shaft diameter 12mm
Stacklength 25mm
Lamination thickness 0.35mm
Iron weight 0.442kg
Permanent magnet volume 7.93 um?
Permanent magnet weight (effective) 42.822¢g
Permanent magnet quality C8
Phase resistance at DC 6.1Q
Number of turns 400
Wire 2x0.355mm
Copper weight 117¢g
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. HSRM second prototype
s UJA

we Measurements are in mm.
Stackdepth 25mm
Laminations M270-35

Figure B.1: Key measurements for first prototype
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Figure B.2: Data for C5 magnets

Table B.3: Magnet parameters for C8

By 0.385T
Hc 235kAm~!
Intrinsic coercive fieldH; 243kAm~!
Maximum energy produd®Hmay | 27.9kJm 3
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Figure B.3: First prototype motor with rotor rotated ®degrees witld A phase current
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Figure B.4: First prototype motor with rotor rotated ®degrees witt8 A phase current
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Figure B.5: First prototype motor with rotor rotated il degrees wittd A phase current
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Figure B.6: First prototype motor with rotor rotated til degrees witl8 A phase current






Appendix C

Simulink model

The hybrid switched reluctance motor (HSRM) is simulatechasd interconnected subsystems:
a mechanical subsystem, a control subsystem, and an eé¢stibsystem as shown on Fig. C.1.

The HSRM model is based on the equations described in secfion 3

L BEMF

phase_current

omega omega control_output

4,—) theta_continous
o s

theta in

control_input BEMF_sensed

phase_current theta

Control Subsystem

theta limited Theta phase_current

Mechanical Subsystem

Electrical Subsystem

Figure C.1: The combined system is composed of three components
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APPENDIX C. SIMULINK MODEL

The mechanical subsystem, shown in Fig. C.2, calculatetbe speed and rotor angle based

on the HSRM phase current and rotor angle. The friction sitrariancludes a non linear stiction

model and a simple friction model. The HSRM phase current ésl usgether with the rotor

angle as index into a torque look up table based on the firete@ht model of the HSRM. Since

the finite element model only has a finite number of pointgdmnterpolation is used between

points.

phase_current

Rad2D

Rad2DEG

ooooo

omega

1/winding_factor

Friction simulation

/~

Look-Up
Torque

tau_friction| 72, ficion

tau_motor

moment  Speed integrator
of inertia

omega

>0

omega

1
s | theta

Position integrator

Constant2

m theta_limited

Math
Function

theta limited

> 2D

theta

theta_limited

Figure C.2: The mechanical systems also handles the fan load, and dédcudd friction (stiction and

viscous friction).
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The control subsystem shown in Fig. C.3 has two main sub sgstamspeed controller and a
current controller. The current controller is for the pimsitsensorless control extended into the

position sensorless state-machine described in chapter 7.

1/winding_factor
phase_current

scaling factor1
o UL
BEMF 50kHz clock
A
( ) Y
3 P Current<Lo>

omega

»

BEMF<Lo>

P omegas<Lo> Ctr_voltage
i » control_output
180/pi P {angieto
theta_in
- P Current Ref<Lo>

Rad2DEG1

Current control

P omega
i_ref
4 ) P> theta_continous Inc
Count

theta_continous P counter Up ont

reset_angle P Rst
Speed reference
Counter

Repeating Speed controller

Sequence
Stair

Figure C.3: The control subsystem is made of two main subsystems.eibe spntroller and the current
controller.

The actual controllers are implemented as triggered stdsgswith embedded m-scripts. The
embedded m-scripts does not emit a properly defined outgdilttiuiey are initialized. There is
unfortunately no way of defining the initial state when ussgkether with triggered subsystems.
This means that the initial control actions made by the adletis differ from the initial control
actions made by the actual controllers in the microcordrollThis had an impact mostly on
the position sensorless controller. The position senseientroller is depending on the initial
stroke to reach sufficient speed for proper sensing of thie-BMF to synchronize with the rotor
position. This also means that the initial behaviour of iheation differs from he experimental
results, but the position sensorless control method isstaiowards these errors as described in

the chapter regarding position sensorless control.



198 APPENDIX C. SIMULINK MODEL

The speed controller calculates the current reference lngélae current controller. The speed
controller is updated synchronized with the rotor anglelasvs in Fig C.4. The continuous
angle is compared against a trigger angle to generate a&trgignal that triggers an update of
the speed controller. The separation is done to emulateghaviour of the implementation in
the microcontroller. In the microcontroller is the speedtcoller implemented in the "main”
loop, and the current controller as a timer interrupt syantzed with the switching frequency.
The current controller or the position sensorless comraiignals the speed controller when it is
time for an update of the speed controller. When running wibsition sensor, a shaft encoder
is used to measure the rotor position used as a trigger. Whemnigi position sensorless the
subsystem is trigger by the position sensorless contrdéren running position sensorless the
current controller is replaced with the position sensartamtroller, since the position sensorless

controller also handles current control.

o ) P{ange trigger »( 2 )

theta continous reset_angle
Calculate trigger
angle
1
omega

4

Speed reference A 4
omega Y
- P omega_ref i_ref
3 P counter - i_ref

counter Speed Control

Figure C.4: The speed controller

The electrical subsystems contains a simple inverter mibdelcalculates the voltage applied
to the HSRM. The electrical subsystem uses look up tables fhenfinite element simulation,
where the permanent magnet flux linkage is treated sepgafadeh the flux linkage generated

by the coils. The winding factor is used to scale the current

The inverter assumes that the inverter is run with hard switcand only considers an average
voltage model of the inverter. The inverter uses the phasemitiogether with the control signals

to determine if the applied DC-link voltage is positive or atge.

The back EMF calculation shown in Fig. C.7, uses the contgolads to calculate the differential

voltage across the HSRM terminals. The back-EMF can only kesared directly, when there
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Theta

Saturation

(@D Theta > 180/pi current
Theta

winding factor |[#———

Piase Current

scaling factor 2

EEEEEEE ot

phase_current W phrase_control BEMF_sensed

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

control_input

BackEnE

Subsystem

Figure C.5: The eletrical system also uses two subsystems: one subsgstalculate back EMF and
one subsystem to handle inverter dynamics
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phase_control
2
Phase Current
Switch
fully defluxed Gaint
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<A }47
1 L’ .
2*pi*2.5e-55+1 [, LDC_link DC Link
low pass filter Charging DC-cap DC-link Voltage
>4
DC Link
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Figure C.6: The inverter subsystem accepts dutycycles between -1 tadlsas this to generate appro-
priate average applied phase voltage

is no phase current. The back-EMF calculation does not kahdlcommon mode rejection rate

of the measurement circuit.

DC-link dynamics is simulated with a power sim model of theamr as shown in Fig. C.8.
The DC-link simulation only simulates the major fluxing andlabeng of the capacitor, and
does not handle the switching dynamics when the invertgrasaied with either hard-switching

PWM or soft-switching.
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Figure C.7: The back EMF is calculated by using the a differential of a lowgdiered value of the
BEMF. It also handles the applied phase voltage, to simulate the disturlfexj ef the inverter.
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Appendix D

Laboratory set-ups

Introduction

To verify the performance of the motor designs and the comethods various measurements
the motors have been made. Static performance measuremergsnade for the first proto-
type motor (flux linkage and torque) to validate the perfanoeof the HSRM design. The
dynamic measurements included efficiency measurementaafamance measurements of the

implemented controllers.

Static measurements

The static parameters of torque and flux linkage of the hytwidched reluctance motor was

measured in two static test set-ups.

Torque measurement

The torque was measured using a strain gauge, a stepper withtan integrated gearbox. a

strain gauge measurement amplifier with a display and geoid) a balanced aluminium beam,
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some standard weights, and a DC power supply. The strainegannplifiers readings were
calibrated using the aluminium beam and the standard wigftte standard gravitational ac-
celeration for Denmark ig = 9.82m/s? and is used i = Myeight- 9+ 1, wWheremyejgnt is a
calibration weight is the torque, andlis the distance from the centre where the weights are
placed (here it i9.5m). The motor is fitted to the strain gauge instead of the badradu-
minium beam and using a DC-supply. The current is adjusteduaimd) the stepper motor the
rotor angle is chosen. The torque is recorded for the torguelepe using the setup shown in
Fig. D.2.

Stepper motor
with integrated
gear

. Strain L=
gauge |

Figure D.1: The strain gage is connected to an amplifier that samples awid @ut the calculated torque.
The stepper motor holds the HSRM rotor at a desired an@jddr both the static torque test and the flux
linkage test.

DC Stepper
Power motor
supply

Strain gauge
amplifier

Figure D.2: The static torque measurement set-up



Flux linkage measurement
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Flux linkage is measured for minimum and maximum reluctgra=tions, with a Chroma pro-

grammable power supply, an oscilloscope and the steppearrfiging the rotor at anglef).

The power supply is programmed to give a voltage step, wharermt and voltage is recorded

on the oscilloscope. The desired magnitude of the voltageistgiven byUstep= Rphase ldesired

whereUstepis the desired voltage step magnitu@Bpaseis the phase resistance, aldsired IS

the desired steady state current magnitude. The transatage (1) and currentif is recorded

and the flux linkageW¥ (i, 8)) is calculated based o/ = [u— R-idt.

Chroma Stepper
Power motor
supply

. phase
Oscilloscope

Figure D.3: The test set-up for flux linkage tests
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Efficiency measurements

A fan from an induction motor was used a simple to use loaddbtie performance of the first
prototype. The chosen motor fan dissipates energy, as &daraf the rotational speed as it is

shown in Fig. D.4 using the experimental set-up shown in Bi§.

The DC-motor is run at specific speeds with and without thevduile the input power and phase
current is measured. The fan losses are calculated base®6maotor model as described in
[123].

Power loss due to fan

[W]
i

P_fan
B

N
3
i

15 i
10 ]
5 F

0 F 1 1 1
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750

n [RPM]

Figure D.4

DC DC-Motor
Supply

Power analyzer

Figure D.5: Lab setup for fan loss measurement
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The losses for the hybrid switched reluctance motor was unedswith the fan load, as it can be
seen in Fig. D.6. The power analyzer used for these expetsweas the Norma D6100 wide
band power analyzer and the waveforms and signals weredettasing a Tektronix TDS3014B
oscilloscope. Rotational speed was found from the recorde@mat waveforms. When testing
the position sensorless control, the encoder is not coadgotthe DSP, except for verification

purposes. The schematics for the electronics can be seppémdix E.

Inverter &
measurement

DC-supply

Norma i
Power-

analyzer
*

Figure D.6: The loss measurements were done using a Norma D6100baimdepower analyzer, and
recorded on Tektronix TDS3014B oscilloscope.






Appendix E

Electronic schematics

The different boards were added to an EZDSP TMS320F2812ipaarthey were needed. The
TMS320F2812 microcontroller/DSP is running at a clock éreigcy of 150 MHz connected to a

board with optical transmitters for optical transmissidth@ PWM signals for the inverter.

First a current measurement and encoder interface (SeeE-R).was added to enable motor
control, together with an inverter (see Fig. E.1). The ngordroller has two separate channels
to each of the two inverter MOSFETS. An over current protectircuit monitors a shunt resis-
tor, and a D-latch shuts the inverter down until it is resdte Dver current protection circuit is
not using the sensor board current measurement, since thed wot ensure isolation between
the inverter and the microcontroller. As described in thesi$, a low cost implementation would

not have such an isolation and probably also would not haeparate over-current protection.
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The sensor board, shown in Fig. E.2 handles current measuatend interface with the encoder
connected to the motor shaft. The current measurement ipdsw filtered to remove switching
noise, but a running average is also filtering the measurgrmsiece the microcontroller ADC is

sensitive to noise.
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Appendix F

Sensorless state machine flowchart
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Appendix G

Softcore processor for FPGA

G.1 Introduction

To control an AC machine a DSP or a micro controller is typycaked. While they are ex-
cellent, their architecture is not directly targeted fortaraontrol, since they do not feature an
instruction set dedicated to motor control. The micro aaligr is typically not sufficient for
vector control schemes. For some applications even a faBtres/ be too slow, an example can
be to replace an analog hysteresis controller as the inmgratdoop with a digital implemen-
tation. The FPGA has for some time been used for signal psoweand the use of the FPGA
for motor control has been explored before. There seems &b least two different approaches
used: [124] and [125] uses an approach based on signal flaey. ifrtplemented the control loop
by making custom elements for each part. These elementserebnnected to form the closed
loop. [126] And [127] used a general purpose soft core camdetn custom external elements

needed for the control of a PMSM.

The signal flow approach, also known as dataflow processamyathardwired setup which re-
quires synthesis of a new processor if the control loop isifieatito accomodate e.g. sensorless
control. This issue is addressed by using the more flexibpgageh of connecting external

blocks to a general purpose soft core. However a generabpergoftcore can be difficult to
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modify, since most of them are either proprietary tied toecdr FPGA vendor or open source
with limited documentation and test results. Furthermareirig direct access to the softcore
enables a more flexible hardware-software co-design, sweg/thing inside the soft core can
be changed to simplify or speed up the software algorithmis phaper presents a proposed
new processor, which allows easy extension. Two differ@piémentations are presented: one
processor customized for a permanent magnet synchronatlimeg PMSM) and another cus-

tomized for a hybrid switched reultance machine (HSRM).

G.2 Design method for PMSM soft core instruction set

To design the soft core for the PMSM instance, first a quickuateon of the instructions
needed for vector control, also known as field oriented cdrfffOC). This section describes
the thoughts regarding the instruction set design, the noaiéormat, custom instructions, and

finally the peripheral functions.

Instructions needed for vector control

The key to vector oriented control for AC machines is the ephof rotating coordinate systems.
In synchronous machines it can be advantageous to fix thedioabe system to the rotor. Update
the control equations in this rotating reference framerg@fgrence frame), and transform back
to the fixed stator coordinatea 8 reference frame). To achieve this current measurement from
the three phases needs to be sampled and transformed imtadtieg reference frame. See G.1

for this transform. Assuming € ig+ip+ic:

ig , cos(6s) cos(Be— ) cos(6e— &) ia

iq | =3 | sin(Be) sin(6e—3) sin(6e+3) || iy (G.1)
i 1 1 1

0 2 2 2 le

The control equations can be handled by signed multipboatand additions as shown in [128].
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The angle of the voltage vector in the statqB reference frame is given by:
LVgp = arctan(va/vd) + e (G.2)

The magnitude of the voltage vector in the stai@ reference frame:
Vag| = [Vagl = /V5+V3 (G.3)

Finally this allows for generation of the PWM duty times usig. center based space vector

modulation: Given a switch periot, |Vgg|, andzvyg:

2-/3 T
ta = T~]VGB\~TS-SIH(§—AVGB)
2-4/3 .
th = o Vol Ts-siN(2vqp)
1
to = t7:§(Ts—ta—tb) (G.4)

Equations G.1, G.2,G.3, and G.4 determines the operateeded for vector control. It is also

clear that there is only need for signed operations.

G.3 Soft core Architecture

The soft core consists of four distinct modules and two rpldiers, as it is shown on figure
G.1. A synchronous design is used for the soft-core, withgtate machines governing the be-
haviour. One state machine is used for the control block e@ather is for the algorithmic logic
unit. Microcode is not used for control of soft core behavjdut rather uses hardwired logic.
The major task for the control block is control the programarter and to prohibit writes during
compare instructions. The ALU performs all calculationd ancess to custom instructions and
external blocks. The two multiplexers determine the soofdle operands for the algorithmic
and logic unit (ALU). The register bank contains controlitbgnd storage for the four regis-
ters (RO,R1,R2, and R3). The memory block is a standard two partaneblock, enabling a

Harvard structure for the processor.
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Figure G.1: The layout of the soft core.

G.4 instruction set

A custom instruction set is implemented to enable a simplepimg from the equations needed
in AC-motor control to the actual machine code operation® dibser the instruction set is to the
task, the fewer instructions are needed. This is balancathsighe flexibility of implemented

instructions and the speed of a complex instruction as veeha FPGA resource consumption
of an instruction. To lessen the impact of complex instargdion the core structure of the pro-
cessor, it was decided to enable the use of "external" inging Instructions which performed
complex functions could then be tested separately anditifeience on the soft core could be
isolated. The mechanism for these custom instructionsdsrieed later but first a description

of the design of the instruction set and the fixed point nunfidd@nat used in the soft core.
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Design of instruction set
The functionality needed:

» Registers for intermediate values

» Timers with PWM output capability

ADC-capabable input

» Quadrature decoder for rotor position

Multiplication, addition and subtraction
» Cosine, sine, and rectangular to polar conversion
To enable design of more complex programs, logical funsti@ND, OR, XOR), a compare,

and conditional/unconditional branches were added. Fitab move instructions were added

alongside three input/output instructions.
This leads to the set of instructions shown on table G.1.

There is eight different addressing modes for all three aperinstructions, four addressing
modes for all two operand instructions and two addressinde®dor all one operand instruc-

tions.

Fixed point number format

Even though the soft-core is a 32 bit processor, the fixedtpeiset at 32768 for unity. This

means to transform from decimal to to the fixed point formatftilowing transform is needed:

numbekixeq = NUMbEecimal- 32768 (G.5)

Similarly for angles in degrees the transform is given as:

ang|€ixed = angl@yegrees 16384/180 (G.6)
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Table G.1: Instruction set of the proposed AC control processor.

Instruction Meaning

ANG Calculates angle of a 2D-vector
ABS Calculates magnitude of a 2D-vector
COS Cosine

SIN Sine
PWM Set PWM-timers, wait and return rotor-pas.
SCL Fixed point multiplication
ADD Addition

SUB Subtraction

MUL Integer multiplication

SWP Swap upper and lower part of number
ORB Logical OR

AND Logical AND

XOR Logical XOR

CMP Compare two operands

Bxx Conditional branch

JMP Unconditional jump

MOV Copy first operand

MVY Copy second operand

LTC Latch and roll input

ouT Output masked value

INP Input masked value

R T
Bit 15 Bit 0

\ Immediate operand |

Figure G.2: The instructions all follow a single format with some bit patterns tiremnnected to e.g.
multiplexers. Since no exception exist to this format, the control logic carfttesknple.

Instruction set format

There is only one format for instructions, which is shown guife G.2
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Jis one:
This is a jump/branch command, and the immediate operandp®d to the program

counter (PC) if the branch is taken. The command indicatetygeeof branching.

Jis zero:
If Sis 1 this is a slow operation. This is described in theiseategarding custom instruc-

tions. The command field indicates the type of operation tpdyéormed.

A is zero:

The register defined by Regl is used as first source for inginsct

A is one:

The immediate operand is used as first source for instrugtion

B is zero:

The register defined by Reg?2 is used as second source foratstrsl

B is one:
The memory content indirectly indicated by R3 is used as sksoarce for instruc-

tions.

Cis zero:

The register defined by Dest is used as destination.

Cisone:

The memory content indirectly indicated by R3 is used as ilatstin.

Custom Instructions

To enable custom instructions a simple strategy was use®1B#lls the state machines of the
soft core, that a slow operation is to be performed. And stomere defined as more than 3 cycles
for completion. The control block will then wait for the ALW ffinish. The ALU would wait
for the external function to finish, latch in the result anidwalthe control block to continue. So
the processor is effectively stalled when a custom instsnds executing. The state-machines

implementing this behaviour can be seen on figure G.4 andcfiGud
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Figure G.4: The ALU block state machine.

This is also used to implement synchronization with PWM tsndrhe PWM instruction waits

for the timer A to reach zero before it latches the rotor pasiand allows the ALU to continue.

CORDIC functions

To approximate the sine, cosine and the rectangular to polations a coordinate rotation dig-
ital computer (CORDIC) was implemented. CORDIC was chosen fomtipiementation since
it is simple to implement and hardware efficient [129]. Thelemented CORDIC functions
are accurate to approximately 12 bits. This number is theltre$ simulation of all combina-
tions of inputs. The only exception is the angle calculatidnch only is accurate to the same
number bits as the input vector values. Thus the shorteordbe greater the inaccuracy in the
calculation of the vector angle. This is an inherent featiirdtne CORDIC functions. To ensure
that the results are usable in all four quadrants of operaggtra rotations are done after the
actual CORDIC operations. Compensation for the CORDIC expaffaaor is done before the
CORDIC approximations. A complete discussion of CORDIC can badan [130]
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ADC
interface

RS232 ' . PWM
UART Soft core . timers

Quadrature
interface

Figure G.5: The peripheral connections with the soft core.

Peripheral functions

The peripheral blocks are arranged in a typical system ofpdayout as shown on figurefig:soc

PWM timers:
To control the three phase inverter three identical PWM tsaee instantiated. The PWM
command sets the duty cycles for the three timers. They gskemented as timers with a

fixed period, constantly counting up and down to enable @akSVM.

Quadrature decoder:
To get the rotor position a quadrature interface was impieete The PWM command

returns the current encoder value.

ADC interface:
Since the FPGA used has no ADC internally, an external SBifaxte was implemented.

The communication is achieved by the two commands OUT and LTC.

RS232 UART:
To make a simpler interface to the assembler an UART for RSZ&2implemented. The
use of the UART for programming is described in the sectigarding the programming

tools.
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RS232
Assembler P FPGA

= Configuration
= Bitstream

v
iMPACT USB
Configuration fIITIIIINIITTIND
uploader

Control
algorithm

>

P

Figure G.6: The FPGA can be initialised from the assembler by uploading@pfegured bit stream to
the FPGA as indicated by the dashed line. The assembler control algoréghrthen be uploaded to the
soft core as indicated by the black line.

G.5 Programming Tools

A basic assembler was designed with an integrated editerasbembled machine code program
can be uploaded to the soft core using the assembler RS2#aae®n the PC-side and a simple
download program in the soft core. A download monitor pragigcontained in the synthesized
image uploaded to the FPGA. That way a faster edit-asseddilag cycle is possible. The
upload of the synthesized image can also be performed freragkembler and effectively acts

as a reset of the soft core. The programming model is showrgarefiG.6.

G.6 Implementation results

PMSM instance with Software Logic for the ADC

For the PMSM the soft-core is kept as presented in the artacié the current loops are imple-
mented in a synchronous reference frame. The loop times&ocurrent loop is measured in a
VHDL simulation is presented in table G.2, and will differgsitly if an overflow needs to be
handled by the integrator part of the Pl-control. A loop tilnea complete FOC of 71127 ns,
is more than 10 times slower than the 5400 ns presented ir).[B# most of this is due the
fact that this is a sequential implementation and the CORDfCtfans are not optimized. This

Is partly due to the fact that this is a sequential implem@&meaand the CORDIC functions are
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Table G.2: Times for a vector control loop (FOC). The times are given wsb@ MHz clock.

Functional element Time in nanoseconds
Get measurements from ADGC 38178
Transform to dq reference frame 11277
Control updates 8117
Transfrom toa 8 5246
SVM 8309
Complete FOC 71127

Blocking load applied t=-10s and released at t=4s
PWM_ filtered (black)

04 . . . . . . .
~20 -15 -10 -5 [} 5 10 15 20
time [s]

Figure G.7: The proportional part of the Pl-speed controller is disalded a blocking load is applied.
The response on one of the phase voltages is measured using the kfiltpeed signal to the inverter
stage.

not optimized, but first and foremost because the ADC SPIltimas implemented in assembler
and not VHDL. The entire system for a PMSM consumes 35% of ¢éiseurces in a Spartan

3E FPGA (xc3s500e-5fg320). See table G.2 for details. Thesldeegarding resource usage is
presented in table G.4 under "CCPU/PMSMM, SW-ADC".

PMSM instance with Hardware Logic for the ADC

For the PMSM the soft-core is kept as presented in the artcie the current loops are imple-
mented in a synchronous reference frame. The loop times&ocurrent loop is measured in a
VHDL simulation is presented in table G.2, and will differgsitly if an overflow needs to be

handled by the integrator part of the PI-control. A loop tifoea complete FOC of 71127 ns, is
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Table G.3: Times for a vector control loop (FOC) using extra logic for cdrafoADC. The times are
given using a 50 MHz clock.

Functional element Time in nanoseconds
Get measurements from ADC 120
Transform to dq reference frame 11277
Control updates 8117
Transfrom toa 3 5246
SVM 8309
Complete FOC 33249

more than 10 times slower than the 5400 ns presented in [BR#]most of this is due the fact
that this is a sequential implementation and the CORDIC fonstare not optimized. The entire
system for a PMSM consumes 37% of the resources in a SparteRPGR (xc3s500e-5fg320).
See table G.3 for details. The details regarding resourageus presented in table G.4 under

"CCPU/PMSMM, HW-ADC".

HSRM instance

For the single phase HSRM only a very simple voltage controh@emented. The loop time
of 981 ns is therefore also much lower. The commands COS, SB§ and ANG are re-

moved from the soft core and the resource usage drops to 148€ same Spartan 3E FPGA
(xc3s500e-5fg320). The timers are updated so they canrpedoft-switching with a minimal

effort from the program. In soft-switching, the asymmedticalfbridge switches are controlled
independently allowing for zero voltage vectors. By embeddhis control in the hardware
and updating the PWM command, the assembler control loop ede|st simple. The details

regarding resource usage is presented in table G.4 under "G{3RM, SW-ADC”.

The current and voltage waveforms can be seen on figure G.8



G.7. CONCLUSION 227

Current measurement from sin gle phase HSRM
T T T T

L . . . . . . . . ]
0016 0018 002 002 0024 0026 0028 003 0032 0034
Time [s]

Figure G.8: The current measured for the single phase HSRM undegeottantrol.

Table G.4. Comparative table regarding resource usage, using a Sp8EaC3S500E-5 FPGA at 50
MHz, with 20 blocks of on chip RAM, 4656 slices of logic and a total of 2@vsare multipliers (HW-
mul.). All implementations were compiled using Xilinx WEB-ISE 9.11 VHDL demgpith a mixture of
behavioural and register transfer logic.

Type Slices used Mem used| HW-mul used
CCPU/PMSM, SW-ADC 1629 8 4
CCPU/PMSM, HW-ADC 1718 8 4
CCPU/HSRM, SW-ADC 691 8 1

G.7 Conclusion

This paper presents a new processor for motor control amdsies the design and implemen-
tation of such a processor in three different forms. Theehnstantiations, demonstrates that
the custom soft-core can be used for different types of moomitrol. By allowing for easy
modifications various control requirements can be acconateold This enables a wider range
of control strategies without redesign of the synthesineaige on the FPGA unlike signal flow
methods, yet it maintains a decent speed on a small FPGA #iecsft-core is design for AC

motor control.
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Future work

* The assembler should choose between different predefafed@es to minimize the use

FPGA resources.

» A compiler should be developed to generate the assembdyiéage code. A simple com-

piler is currently in the works.

» A simulator should help decide whether a functionalitywdddoe implemented as a hard-

ware function or the functionality could be implemented af$veare.
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