CODEN:LUTEDX/(TEIE-5246)/1-50/(2007)

Control of a Single-Phase
Claw-Pole Machine

c
O
=
]
=
@
e
)
<
©
C
©
@)
c
-
Q
Q
=
@)
c
LLI
o
o
-
i
o
1C
LLI

Alexandre Grandremy

Dept. of Industrial Electrical Engineering and Automation
Lund University

Industrial




Control of a single phase
claw-pole machine

Master Thesis

by
Alexandre Grandremy

June 2007

Location: IEA Industrial Electrical Engineering and Automation
LTH Lund University
Supervisor: Avo Reinap, IEA LTH



Acknowledgement

First of all, thank you to Prof. Mats Alakula (IHA'H Lund, Sweden) and Prof Jerome Mars (ENSIEG
Grenoble, France) who trusted me and allowed nearty out this Master thesis project within the IEA
department in Lund, Sweden.

Everything that is good in this thesis is thankth®inspiration and knowledge of my supervisorrbo
Reinap, who, in addition to be one of the bestigfikld, is also very enthusiastic and never sdigs
encouragements.

My special gratitude goes towards Getachew Darge, wade all the final experiments possible.
Special thanks to Johan Bjérnstedt for his helpmiiging the dspace tool.

Thanks to the entire IEA department for welcoming, and to my family and my friends all over the
world for their support



CONTENT

1 Introduction and Objectives of the WOrK........ccevvviiiiiiiiiiiieeeee 4.
2 The claw-pOole MACKNINE ........uuuiiiiiiiiriieetmmmmn s s e e e s e e e e e s e e e e e e e eeeneennnnes 5
2.1 Defining the claw-pole MACNINE ...........couiuiiiiiiiiiiiiiiiiiiieiieeeee e 5
2.2 The iron powder stator core and its manufa@UDIOCESS..........ocoeeeeeeeeeieeeeee e a
2.3 The rotor and itS MAGNET MNQ ........ ..o eeeeeeeeeeieeeeeeeeeeeeeeeeeeeeeeeeer e eereeeeeeeeeeeeeeeees 8
2.4 The actual maching to CONIOl ... 8
3 The CoggiNg TOIQUE ... 9
3.1  An additive static torque to be handled tow& @8IrPOSES .......ccoveieiiiiiiiiii e 9
3.2 Cogging and Self-Starting............ooiioeeoeeeeie e 11
3.3 The pursuit Of the 3 PUIPOSES ........uuieemieii ettt ettt eeeeeee e e e e eeeeeees 12
3.4 MEASUIBIMENT ...ttt et e e e e et et e e e e eta e e e e e ennsn e e e eatneeeesnnnns 12
34.1 Measurement MEtNOAS. ............ovvvtmammmmmn et e e e e eaae s 12
3.4.2 Measurements and 0DSErVatioNs..... ... ceeeeeeieiiiiiiiiiiieieieieeeeeeeeeeeeeeeeee. 14
4 The Control of the MAaChINE ...........cooiiiiiiimec e 17
4.1 Understanding of the dynamic mechanic of tresg.............ooooiiiiie 17
4.2 Synchronization Control Strategy ... 19
4.3 POSItION Area SENSING .....cooiiiiiiiieis ettt bbb e ee bt ebbemeeeeeeeeeeeeeeeeeeees 23
43.1 Choice of @ MethOd ...........ooiiii i e 23
4.3.2 POSITIONING STUAY .evvviiiiiiiiiiiiiiit e 25
4.4  Different methods for the actual CONtrol ... 27
5 Simulations of the actual machine..............cceuviiii e, 28
6  Limitations Of the SPEEd ........ccuvviiiiiiiiiieee 31
6.1.1 Area Detection LIMitation............occeeeereiniiiiiiiiie e 31
6.1.2 Current Establishment LIMitation ........cccccoooiiiiiiiiiiieeiieeee e 31
6.1.3 Back EMf LIMItAION ......cooiiiiiiiiiceeee e 32
6.1.4 Pushing up the IMItationNS ...........ooeveieeiiii e 34
7 EXPEriMENntal WOIK ........uuuueieiiiiiiiiiiiiiieeeeeeeeeeeeeeeeseeeeeseeaeeveeseeseesnsssssnsnnenneeeeees 35
7.1  The electronics and POWEr €IECIIONICS ... vvrvrrrrerreriererirreierrnrennrrenerierereeeeeeeen 35
7.2 WIriting Of the C-COUR.......ceiiiiiiiiiiiieeeeeeeeeiie ittt eree e e eeeeeeeeeeeees 35
7.3 RESUILS .ot e e e e e e e e e 37
S I O] o Tox 11 5] o] o H PP U P PPPPPPPP 42
R T EINCES . .. et e e 43
N T 44



1 Introduction and Objectives of the work

The department of IEA Industrial and Electrical Emgring is carrying out several special
projects on the design of unconventional hybrid mraes under the great influence of Prof Mats
Alakula and Dr Avo Reinap.

It is in this prospective that a deep researchimgies phase claw pole motor has been
implemented leading to the construction of a psgietof stator whose main interest is to be low
cost.

The master thesis somehow seeks to fulfil the sege of this project, which is the control of
this prototype of fan motor.

Unlike more classical motors, without control, thistor:
1) is not able to start by itself,

2) loses synchronism with any perturbations,

3) goes randomly towards both directions.

The cogging torque is partly responsible of theseliles.

A focus on this torque has to be first done bettasigning a whole control strategy to try and
overcome these 3 problems and go through the sgekinigh speed.

Will come after, the simulations of the actual maelshowing some speed limitations to which
some responses are designed.

Finally, the results of the total implementatioa axposed and criticized.



2 The claw-pole machine

Even though the principle of electrical machines baen used for more than a century, their
design is still subject to improvements nowadays.

These improvements are based on the use of relevatetials for the machine stator and rotor,
their shapes and the process of manufacturing.

The single-phase claw pole machines that are wuterern in this paper are evidence of this on-
going progress.

2.1 Defining the claw-pole machine

The most well known motors in Electrical Enginegrare the DC machine that is single phase,
the 3 phase PM synchronous machine and the 3 plsgeehronous machine.

It is almost always all about a rotating magnet&df whose flux is somehow expected to be
enclosed by the rotor.

In the 3 phase machines, the rotating field issallteof the combination of the 3 different sinus
currents in the 3 phases. In the DC machine, a amcél switch also called brush allows the
different coils all around the shaft to produces tlatating field.

The single-phase claw-pole machine is neither @é¢hand it is a bit complicated to define.

The sure part is there are only 2 connections,ish#tis is a single phase machine.

We can call it brushless because it only contaimes aoil which is buried in the fixed stator, and
thus there are not any mechanical switches.

This coil is wrapped by the stator poles, which barseen as 2 claws put face to face.

It belongs to the hybrid motors kind, the rotorsipermanent magnets.

It is not a DC machine because the fixed brushséstor coil is of course not able to create a
space-varying magnetic fielding into the machinthwi DC voltage.

So, how can it work if there is only one phase,ttaehine is brushless?
From a simplified magnet point of view, it is qudenilar to a stepper motor, according to the

sign of the current, the stator slot will be atteacto a north or south magnet, will provoke the
first move and so on.

Magnet

Figure 1: IIIustra_ting bicture of a claw-pole mactine



Basically, the principle is to provide pulses deaiative current to the coil so that it can make a
space-varying field, and the rotor whose magnetinas also alternative almost like a sinus, can
grab the synchronism.

This cannot be done without a perfect handlingh& togging torque and thanks to a well-
designed control, as we will see in the following.

2.2 Theiron powder stator core and its manufacturing process

The stator cores of electrical machines are bdgisapposed to be made of any material with a
high permeability so that the flux could follow p&ths with the smallest amount of loss, which
is to say a small mmf drop and remagnetization. loss

A common material is laminated alloys of steel a€dmbines both the advantages of the
interesting permeability and low eddy-current Iesanks to the lamination.

Nevertheless, it requires a quite demanding matwiag process.

The Rotocast® method was created to remove thisriesnvenient and it indeed does it pretty
well.

The idea is to make a compacted iron powder carguke centrifugal forces. The iron powder
is prepared and mixed with plastic adhesive, anpddBulting mixtureFigure 3- is poured in the
centrifugal machineFgure 2- where the solid plastic cast equipped with thelsinnsulated
wounded coil of the future stator together has bestalled.

When rotating, the machine, with the help of céngial forces, gets the plastic part of the poured
mix separate from the mix drawing the outermosg,rinhile the iron draws the innermost ring
filling up the cavities of the cast. Once the uaresting plastic part removed, the result is a
compact iron powder core whose shape is like ergect

Y e -
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e -

1 : R Figure 3: Mixture under preparation
Figure 2 : The Rotocast® machine

The first 2 visible advantages of this processsisower level of complexity and its lower cost.



Indeed, in comparison, the usual principle usingiteted sheets is a long and demanding
process and appears thus much more costly.
Also, a larger scale prospective can be possible.

One other main advantage is that the design opldmic cast, which forms the stator core, has
basically no limit. Thereby, this machine can buitdnd stator cores of any shapes, allowing the
magnetic flux to follow any 3-D paths, contraryléminated steel sheets still restrained to 2-D
paths [1].

Thereby, it is possible to design machines of #ukal, axial, circumferential, or transversal kind,
this qualification referring to the direction ofetlflux in the stator core. Our claw-pole machine is
of the last kind.

Two claw-pole machines are represented befigure 4-

Figure 4 :

Rightmost : A: Axial B: Radial C: Circumferential D : Transversal Claw pole Machine

Leftmost: Representation of the flux way flowing tlrough the different parts of the claws via the roto
for a 4 poles claw-pole machine

These advantages widely compensate the inheremtr Iparmeability of the iron powder cores
pr#13 for our Rotocast® cores, and make them istieig subject of researches.



2.3 The rotor and its magnet ring

The set {rotor/magnets} used is not common either.

There are basically two types of permanent madrigl) (machines, based on the location of the
stator and the permanent magnets. One is caléside rotatingand the otherinside rotating

As the name implies, the outside rotating machimpleys magnet poles rotating outside the
armature winding. The inside rotating motor is $amto conventional PM motors, whose rotor
rotates inside the armature winding.[2]

Our claw-pole machines are of the first kind lesswentional

The other singularity of this set does not comenfrthe outermost part which is a typical

electromagnetic conductor. But it comes from theymed part. The latter is indeed not consisted
with a certain number of magnets incrusted or lounea material. But it is an elastic band or
magnet ring made of ferrite NdFeB (Br=0.24 T), teaems like natural rubber, and we can
fashion at our will the magnet ring, by cutting as$embling different pieces of it.

2.4 The actual machine to control

A deep research on the design of these claw-pothimas has been implemented by Avo Reinap
at IEA, whose one of the purposes was to deternfiimesuch a material, which dimensions and
geometry could be the best compromise betweemalidlevant factors (thermal, mechanic and
magnetic aspects), within the given dimensions.

This is according to this prototyping study thatngostators had been built, and the 20 pole-pairs
stator of the machine | have to control is partheim Figure 5-

Figure 5 : Stator of the actual machine

However, the design of the magnet ring is freehafnge in the following of the projedtigure
6- since the magnetization features of the magnetsnat clearly known- their shape is self-



determined during the design process- and bectauasasiderably affects the cogging torque and
the control of the machine.

Rotor with trapezoidally shaped
magnets

Rotor with evenly sized magnets,
which have various pole arc widths

Rotor with evenly sized magnets,
which have reduced pole arc width

Rotor with evenly sized magnets,
which have maximal pole arc width

Plastic bonded iron powder core
made according to RotoCast method

Plastic bobbin mounted on pcb board

Armature single-phase winding with i~ *— ™ *—' I | I
main insulation ‘I I I I |
"L

Figure 6 : Examples of magnet rings with the actuastator

3 The Cogging Torque

3.1 An additive static torque to be handled towards 3 purposes

When handling the rotor of such a brushless PM macht unloaded conditions, one can feel
that there is an opposition to move it forward ackward, there are some positions where it is
easy to move to, although there are some thateayedifficult to reach.

This is the result of a static torque, that we doecdll “no current torque”, which is inherent to
every PM machine. In other words, whatever thetetet and mechanical conditions, this torque
component remains the same and is additional taltive torque which is proportional to the
current.

This non-current torque is allegedly called “detéotque” or “cogging torque” depending
whether it has a positive effect — detent — or gatiee effect — cogging —.

The main example of the positive one is the steppebpr application, in which this static torque
kind of holds or “detents” the arm at a fixed pmosit

Yet, in most of the conventional applications,ashan undesired impact because it causes speed
ripples or cogging motions, which can also triggerimportant noise.[3]

This inherent characteristic of PM machines origgadrom the interaction between magnets, as
well as between the different magnetic poles.

One first way to face it is to see it from an emtigpoint of view.

Every physical system has a natural propensity toimize its energy. That is why the
pendulums have their stable position down at thiecat where there is no potential energy. The



upward vertical position is another equilibrium mobut unstable because too close of high-
energy areasFigure 7-

This is basically the same situation with our magraend the cogging torque. The magnetic flux
always flows around closed circuits. The shorterdhcuit is, the smaller the energy gets. Thus,
stable positions are these points where, in a wagnother, flux circuits are the shortest. Like
positions A and B for instanc€igure 8-

Other equilibrium points similarly show up but thene too close of higher energy areas.

Away from these stable positions, the magnetsikeealttracted to get back to these positions.

Oscillating Pendulun

WiV Vi i ¥ ¥ N VWYY ‘
N V¥ Y, Vi ¥ ¥ N \V\VW\W‘
Figure 8 : Example of stable resting positions Figure 7 : Example of the pendulum

This torque is a function of the mechanical angled should be periodic, and whose scheme is
totally included in 21 electrical angle.

The period, the waveform and the level of torqupethel almost on every single aspect of the
design. As a matter of fact, the number of poled aragnets affects the periodicity and the

waveform; the magnetic nature of the materialp@smeability scales its level.

Yet, the cogging is thus very sensitive to everarnge in both the material properties and

geometry of the stator, and the repatrtition ofrttegnets, as well as their interaction.

It has a tremendous importance simply because supplementary to the drive torque. As a
matter of fact the drive torque is twice zero othex period. Therefore, detent torque can modify
totally the waveform of the total motor torque, walniallows the expected motions. It can create
unexpected peaks, reduce consequently the torgreé d¢ some positions, and shift the zero-
torque positions, which matters when it deals witirting-up the machine.

Also, the cogging torque is assumed to be permankatever the electric conditions, and thus
will finally not provide any energy to the systelnuit can reduce it if not well handled.
Furthermore, the unwanted cogging motions | refeteeabove gets as much important as the
cogging peaks get high.

So, all the design and the simulations have beiented towards 3 main targets:
- feasible and best starting-up conditions
- minimum cogging torque
- maximum drive torque and ratio drive/cogging

10



3.2 Cogging and Self-starting

Given that the cogging torque is present beforaing) it actually imposes the position where
the machine will stop, the so-called resting posti

These positions are defined Dg=0 N.mand by its derivative negati\%%C <0.
-Figure 9-

“ oo dTc
The “zero positions Wlth@ >0 are unstable.

Section 4.1 will go further and clarify on this tig®int.
Meanwhile, the electromagnetic torque Td drawsous periodic figure, generally close to a

sinus, with its own zero positions wit%-;—d <0.

If they correspond to the resting-positions, thalttorque is null Tt=0 N.m anéldlgt <0and the

self-starting is thus impossible. See CaseKmure 9-

So, to ensure a possible self-starting, everyrgsiosition should correspond to a sufficient level
of drive torque to overcome the magnetic and mecHantions. See Case (b) .

The best conditions happen of course when the afesehlue of the drive torque is the highest at
these points [4].

Besides, if we invert the problem, if there wasdetent torque, the total torque when electrically
loaded would just be the drive torque with zer@ter positions with negative derivative every
half electrical period or 180° on the figure cagpand (b)-

At these positions, no self-starting would be palssi

Therefore we can figure that the cogging is at @daoe level needed for what we could call

“starting positioning”.

1.8 «Electromagnatic torqua

Total torguo

-

Detent torque._slactrical
aue. f
‘“-a.:_/ poeition]®)
I -

18O

G -
S0
0.5 + T — P
-1
gl atable positions

1.6 1 Total torgua

=)

Stwarting torgque .

Batant Torcun

= e slactricel
*, -~ = pomitian ®)

S -
oo \_ -'li-l—'-lH\l\i-*i“*‘!l-'-
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Figure 9 : Simplified example of electromagnetic ath detent or cogging torque
variations as a function of the rotor position
- (a) impossible starting - (b) possible starting
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3.3 The pursuit of the 3 purposes

The optimizations — e.g. the minimization of theggmg and maximization of the ratio
drive/cogging — are a complicated processes bedhageare multi-variables.

Based on FE calculations and simulations, estirgdtie magnetization patterns of the magnet
ring, some choices in the design of the stator lweesn made:

-The relative pole width, that is the ratio “poleditn/maximum pole width” is fixed with the
stator construction.

-No poles shifting was implemented here, the patessvenly displaced around the stator.

-The claw-pole division into 2 halves is done tduee the cogging torque peak, but also to
increase its periodicity.

The cogging also depends considerably on the maigrgetmore exactly on the repartition of the
magnets, and their matches with the stator plots.

Moreover, since the magnetization pattern and naht@arameters of the magnets are just
approximately known, the real cogging torque caquoee different from the one estimated.

This is why it is of the biggest importance to meashe cogging torque, to check if it is close to
what was expected, figure out what happens intyeatid learn from it, to check the feasibility of
the starting up and the level of the torque peak, eventually try to improve the design of the
magnet ring towards the final targets.

It is in this R&D prospective that | implementedreeal measurements, which are being exposed
below.

3.4 Measurement

3.4.1 Measurement methods

The measurement part is crucial and so the metieets$ for that must be well thought and tried.
That is why some methods or improvements are diesteloped on a small claw-pole machine
whose simulations and measurements had alreadydoeen

Several factors matter more when it comes to measemt:
the feasibility, the accuracy, the relative simipyicthe cheap cost etc...

Thereby, developing such a method opens a quitplade to imagination.
It is all about having ideas, evaluating the degreeomplexity, minimizing an eventual cost and
the time spending on it, and eventually use if fmsonly the available material in the labs.

As the small claw pole and our concerned maching0ispair-poles and is symmetric, the
periodicity of the cogging torque is likely to bE360/20=18degrees.

Nevertheless, the symmetry is not perfect, and &nyway better to considerate several periods
for our investigation.

12



Anyway, in order to get reasonable and exploitaileasurements, either angle and torque
measurement system should give the best accurasybbm

The “ideal” solution coming first to my mind is pdug the machine into a calibrated DC machine
through a common shaft. The machine would be mositontrolled, and run with d-Space, we
would have access to the torque of our examinechmady the torque of the DC machine
directly proportional to the current flowing into i

Even though it would certainly give a good accuratyisqualified for a lot of reasons whose
first ones are the high complexity and the gatlgeoihmany devices.

In regard of simplicity, the following weighting-se method [1] sounds way better.

The solution is to find out the point of mechangu#brium thanks to a load massor setting
up the positior® -Figure 10-

The mechanic equilibrium is actually the balancéveen the cogging torque applied to the
rotation axis and the load applied to the arm eflitkam.

The common cases of unequal weights are arrangedtinducingthe angled between the
horizontal and the position of the arm whose lengih

Therefore, the cogging torque is calculated asvait

(1)T(€) =9.81UIImIcosE)

| 1 -
I —'-'-'?ﬁ;ﬁ'-'-'r Ml
/\___i__/ .-"""TL-‘

-~ |

Centre of the motor and | ‘
AN position sensor axis I A

g by i i \\\

.'r . | Fy I“
Figure 10 : Weighting-scale measurement

Two types of errors are introduced in the measuném®ne of them is the measurement
accuracy of the position and the other is the edton error of the load torque.

Starting from the %t method described, instead of estimating the torijean be measured with a
dynamometer. Indeed, linked to the rotating pathinail, it gives the tangential force triggered
by the cogging torque, while we can measure théeaiis way simplifies the calculation of the
torque- the value read on the dynamometer will theiglirectly proportional to the torque with
factor the radius r of the circle of which the fers applied to - and permit not to build a special
beam and swing for that.

Anyways, the angle measurement is still the madablem, as it has to be done on a small range
of angle of 18 degrees.

A very simple tool to measure it is built with thelp of a big protractor. This quite large half
circle is fixed and centered into the middle of shaft. Its size gives a pretty good resolution.
The arrow is done with a plastic beam, perfectiyteeed on the middle of the motor, and free to
rotate. Figure 11-

13



To improve the angle measurement device a bete qwinted with Matlab is used. The
resolution is thus 0.5degrees, which is acceptgiokn the size of the circle.

The reading is done with a nail as an arrow orb#am, which is pointing at the right angle, as
the dynamometer reveals a certain value of force.

Force sensed by the dynamometer

<

L\m

Figure 11 : Dynamometer Measuremer

Another idea to improve further the angle accuraey to dig a tiny hole in the beam, and to
light through it with a lamp. Thus, a small andgse lighted point shows up on the angle scale,
which makes the reading as convenient as accurate.

The only point is to keep the light horizontal daded to the beam so that the ray is horizontal.

To be able to do the measurements by myself, thardgmeter is fixed to an heavy box so that a
value of force can be chosen, sliding the box anrtteasurement table, and the measurement
system remains stable and the angle can be reefibar

This method, despite its homemade look and disblssaccuracy, have shown very good
concordance with the previous measurements andaions on the small claw pole machine, so
this is the one that will be used for our machine.

3.4.2 Measurements and observations

The purpose being to determine precisely the tarque get the understanding of the behavior of
the machine, the measurements and the observatiastsbe very complete.

For each magnet ring, 3 series of measures pen giasege of angle, and for every electrical
condition:

- machine unloaded to get the cogging torque itself,

- machine loaded with different current, negative gqusitive, to get the total torque-
drive+cogging torque- waveform. The supplied currignaround 1 or-1A which is the
nominal current.

- Some more observations are done feeding a quickilgapof 1A or —1A, also, the
machine is run with 50Hz sinus current, after hg\grabbed the synchronism.

The areas with a positive derivative are unstabhtéitis thus impossible to measure these parts
of the torques characteristics.

14



Nevertheless, by handling the machine, we can mater these unstable points where the
machine wants to reach the backward resting paositioslightly backward, and forward
otherwise. So these parts of the following curvesthe result of estimation and use of cubic
interpolation.

3.4.2.1Magnet Ring 1

The magnet ring number 1 is designed with progvessidth pieces of ferrite magnet stack
displaced as follows. See algeigure 6-

|
S N s N S N s

Figure 12 : Magnet Ring 1: Evenly sized magnets, vich have various pole arc widths

This combination is supposed to reduce the cogmirgye.

The result of the measurement for the total torgue the cogging torque is plotted below with
cubic interpolation, as well as the result of thbtsaction of the cogging to the total torque fkat
supposed to represent the drive torque.

| | | Eae | @ The slightly curious
S e parts in the shape of the
1 drive torque - for
1 example around 2° — are
1 certainly the result of
K the presence of
2 magnetic and mechanic
| friction, the lack of
accuracy in the
measurement, and
mainly due to the
Blie 1A estimation of the
A el unstable areas and the

: : ot e : interpolation treatment.
Figure 13 : Top: Cogging and Total Torque of MagneRing 1

Bottom: Drive torque

180 -

Drive Torques:

-200 ;
-6 4

-
o
@
@
=

From the measurements, we figure several obsengatio

* The cogging torque in itself reaches its stabletjpos every 4.5 degrees

* On some stable positions, the machine does not mvbea applying instantaneously 1A.
The occurrence takes place every 9 degrees. Iméasured range, they are —4.5, 4.5 and
13.5. Actually, they are passive stable positionslead positions”. From these positions,
the machine can’t start up without exterior helporf the active stable positions the
motion can be activated and from the passive stadBéions it cannot be.

15



The magnet ring number 1 immediately disqualifiesduse of the presence of passive stable
positions and so an impossible self-starting.

3.4.2.2Magnet Ring 2

The magnet ring 2 is designed to be without passti?ele positions. The idea is to reduce the
cogging torque frequency and it is now made witbndy sized trapezoidal pieces of magnets,
displaced as orfFigure 6 and 12so that there are no passive stable positions.

Figure 14 : Magnet Ring 2 : Trapezoidal shaped maggts

The result of the measurement for the total torge the cogging torque is plotted below on -
Figure 13- The result of the interpolated subtraction of ¢bgging to the total torque supposing
to represent the drive torque is plotted

A00 -

Blue: Coaging
Red Total 1A
300 - / Green: Total - 1A
/
200 /
i/
/ /
100k y / //
. ¥ fy v
2Eol / fi / ‘
(=4 ! // /
/ / |
/
. I / |
| s /
i
/ /
2ok 1 /
; /
e S /
-400 Il 1 L L | |
-5 o 5 10 15 20 s
. : Angle {Degree) . .
Figure 15 : Cogging and Total Torque Magnet Ring 2 nt:

» The cogging torque resting positions show up e®é¢8/degrees, the frequency is lower.

» Like expected, when applying instantaneously soane=ots from any stable positions the
machine no longer keeps immobile. In other wortlg, ihachine doesn’'t have passive
stable positions anymore. This is what we wanted.

» The cogging torque peak level is much higher tranttie magnet ring 1 like expected.
Numerically it is around 1.5 times higher

To put it in a nutshell, even though the coggindnigher, the magnet ring 2 qualifies for the
control because of its good self-starting condgion

16



4 The Control of the machine

From a good understanding of the cogging torqueanhya 4.1 on a similar but smaller claw-pole
machine, is designed a special control strategpds2d on a position area detection 4.3.

4.4 introduces different complete control systeraseld on the former control strategy that are
simulated or implemented in practice in Chaptend ¥I.

4.1 Understanding of the dynamic mechanic of the system

To be able to design a control of the machines itriportant to understand the dynamic of that
kind of alternative torque like the cogging torque.

Therefore, as a first step, only the dynamic of unéoaded motor is studied, that is, only the
influence and the dynamic of the cogging torque mwiiteis left from several non-resting
positions.

To do so, a simple model representing the meclegquation (2) is built on simulink. It takes into
account the damping D. The friction torque canibiee neglected or considered as together with
the Damping effect.

2)J %2 +D* Q =Tcog(#) — Tfriction(Q)

For the cogging torque, 2 different models are used

As the cogging torque is usually not that differénoim a sinus, periodicity equal to the angle
between two magnets, that is 2*pi/N with N the nembf magnets, it is first approximated and
modeled that way, using a maximum torque roughlthensame range to the one measured for
the small claw pole-machine, that is,

(3) Tc=Temisin(N [6) with Tcm=0.01Nm

The second model uses the measured values (catfédbelow) interpolated over a period.

Both models ‘sin’ and ‘vm’ are run with differemifial positions to see their influence and to
understand the dynamic going on.

Below come altogether the cogging torque versusitigge and 3 different time-evolutions of the
angle, when left from 3 different positions choserdifferent parts of the torque characteristic
{0,0.5, 3}

-Figure 16-and Figure 17-
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Figure 16 : Sinus Cogging and Evolution from

> Figure 17 : More Practical Cogging and Evolution fom
several positions

several positions

In most of the cases, like it appeared during teasurements, it acts like a damped oscillator.

When starting from the unstable position of zemgue, which is zero in the sinus case, there is
no move. This result is not wrong but it is actyall pure theoretical result since, it is usually
very difficult to put exactly this initial conditrohandy. Indeed, in reality, when placing it even
extremely closes to zero is enough to make it eoéaid to get the propensity to go to the next
stable position of zero torque.

Similarly, a pendulum placed on the vertical upwaogition is moving in practice.

Zero is no longer a no torque position in the sdomodel and then it starts oscillating to reach
the closest stable position.

Having a look at the cogging characteristic, anthfgeg at the initial point we can figure well
what is happening in every case:

For example, let us start from the second and &imds case. The position 0.5 provides a quite
big positive torque to the system, and so the mistoptating forward, the angle is increasing
over 1W4-the stable zero torque position-, where theuergets negative. The inertia allows the
rotor to continue in the negative side, but theatieg torque and the damping stops the increase
of the angle. At this point, the angle is maximuhg speed null and the system is like left from
this last position. Thus, the same phenomenon fislding again but in the other sense. Indeed,
as the torque is negative, the angle is going twedse and so on. The angle finally describes a
damped oscillation. This is basically the sameasitun when the initial angle is 3 except that the
torque is negative at the beginning, and thatdillases around the other stable position43

One can notice the difference of responses betwee2 models. In the less theoretical second
case, the responses are no longer damped sinushdwarrier waves maximum describe 2
exponentials not as regular as in the sinus cas¢h@nexponential factors are different according
to the positive or negative sides.

Furthermore, the irregularities of this measuredue somehow induce some kind of harmonics
(exactly like in electrical networks when this kirmd non-perfect sinus is supplied to some
passive loads) in the position and the speed.
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4.2 Synchronization Control strategy

We can now apply this understanding taking alsoefleetromagnetic torque into consideration
(4).

4)J %2 +D*Q ={Telm(J,8) + Tcog(h)} — Tfriction(Q)

The total torques taken from ‘vm’ when the currsnmaximum 1A, zero and minimum —1A (the

meaning of maximum is related to the measured sabug 1 A is also the nominal rated value)
are plotted belowrigure 19-.

To have a look at the drive torque waveforms, tial torque minus the cogging torque is also
plotted below. Figure 18-

002 T T T T T T 003

— 1A
0025 — DA=Cagaing |4
1A

0.02

0015 A
0o

0,005

EIm Torque (Nm}
Total Torque (Nm)

a

-0.005

201 am

015 0015
. . 002, L .

5 1‘ 1‘5 2‘ 2‘5 3 5 05 1 15 2' 2‘5 :“K 35
Angle ( Rad)

Figure 18 : Drive Torque in the model Figure 19 : Cogging and Total Torques in

the model

From the electromagnetic torque figure, we nottceis inothing but a common electromagnetic
torque waveform, that is, almost sinusoidal.

From the rightmost figure, we observe that:
- we obviously find back the cogging torque when 1=0A
- the total torque still contains the cogging torduét, shifts the position of zero torque and
the stable positions, like we saw in the chaptér Il
- the waveforms from —1A and 1A are angle shiftedhalf a period, more generally, the
inversion of polarities shift the Total Torque frdralf its period.

From a stable position of this motor at rest (OAvel, which is zero torque and whose derivative
is negative, if we apply -1A to the winding, thegoe is no longer null and gets a positive value-
follow the black arrow onFigure 19- Then, without any further changes, this is bdlsiche
same situation than with the cogging torque oriwgt tis, the motor gets the propensity to go
forward to join the next stable position of theatdbrque.

Therefore the motor could not rotate with DC cutr@&ut, if the polarities are changed before it
goes to the stable position, at some well-chosemamds, then it switches and jumps to the other
curve, and the torque can get positive again. Theuat of energy gained by the system and the
inertia allows the system to go through a littleéi@e of small negative torque.
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More simulations in which selected low frequencyag current is supplied to the system lead to
the result that it can effectively make rotate tiechine

50 runs are implemented with the period T varyirog 0.01 to 0.5s, that is from 100Hz to 2Hz,
calculating the average speed and the ripple.

The only remaining good frequencies, frequencieghvhactually both triggers the rotation and
do not imply an unacceptable speed ripple are withis area [20 Hz / 40 Hz ]. Below is the
result of the average speed according to the fregyuef the square signal.

100 T T

50

0

Speed (Rad.s-1)

-a0

-100 1 1 1 |
0.023 0.033 0.05 0.1 T(s)
|

40 35 30 25 2 15 10 f(Hz)

Figure 20 : Average Sped versus Electrical Perios

We can figure that in these cases of rotationsirthehine is almost perfectly synchronized.
Indeed, we can figure an inversely proportionaatieh between the speed and the electrical
period, and we find back that the machine simulagets 2 pole-pairs by verifying
Speed#2*Frequency.

However, in addition to the very small area of tatarfrequency plus the fact it loses very easily
the synchronism, the sense of rotation is like oamd
Therefore, these theoretical starts are only aenaftchance.

To avoid all this uncertainty, the matter is toqess these alternative pulses exactly when they
are needed according to the torque characteristics.

We always expect a machine to produce the maximanqué, thus the polarities should be
changed at such moments so that the machine gessrtaillest amount of negative torque and the
biggest amount of high positive torque, in casa fifrward rotation.

For instance the best choices to invert the padarih the case of the small machifiégure 21-
.would clearly be around O rad 1.6 rad ahcad.

For a forward rotation -1A should be supplied betw® and 1.6 rad and 1A unill rad and so
on...

The exact opposite situation for a backward rotatio

Below is represented the same figure with this igométion indicating the torque way the
machine is supposed to follow.
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Figure 21 : Cogging & Total Torque, the ideal curret
pulses and the way the machine would run along.

The very good points of this method, is that itttetically totally answers to every purpose.

Indeed, this way,

1) The machine could get started,

2) The sense of rotation could be chosen and oradém

3) Last but not least, it would not lose synchromisndeed, we see that this dependence on the
position area makes the control robust, that ishange of load torque or some more damping
effect won'’t affect the good run of the machine tfas polarities changes will still occur at the
good moment.

All these points are checked and illustrated thhowymulations on a simplified model |,
representing the equation (5):
5)J %2 +D*Q ={Telm(J,F) + Tcog(@)} — Tfriction(Q) — Tload

-Figure 22- represents the starting, amtdgure 23-represents the synchronization keeping.

LA AN

2

I I I I
0 002 0.04 0.06 008 16 . | | |

L) 0 i3 | 15 ] 25 3 35 4

Figure 11 : Validation of the starting with the . — o —
Synchronization strategy Figure 12 : Validation of the Synchronization

keeping
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This is very simplified because none of the elentignetic and electric conditions are taken into
account, and the system gives the expected cyrudsets without any delay.

However, this simplified model shows good resulWaads the 3 purposes and ensures the first
step of validity of this strategy.

So, generally speaking, the synchronization corgtrdtegy of such motors would consist in
giving alternative current pulses in the appropriabsition area.
Below is how it actually looks like with the realehine and with the measured torques.
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Figure 24 : Synchronization strategy and actual mdune

Therefore this control needs a sensor that mustble to determine in which position area the
motor is and therefore communicate it to the rdsthe system so that the right electrical
conditions can be set.

Like other motor control, an appropriate power &taacs circuit like a 4 quadrant circuit can be
used to switch polarities whenever it is needed.

Below represents the first perspective of this Byoiization control.

The position area sensing is discussed in thesestion.

The solutions for the Switch trigger signal builgliwill be discussed further in 4.5.

Position
Area
Sensing

Motor
J'.1 / 1
Switch /\I

Building
KR 4

4 Quadrant Converter
Figure 25 : Synchronization Control
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4.3 Position Area Sensing

4.3.1 Choice of a method

Like when developing a measurement method, some faators must be taken into account
when choosing a position area sensing solution:

- It should be simple and should not require arditawhal construction of the machine.

- The cost should be small since it is supposdutta low cost application.

- The time response should be as small as possiblbat it won’t shift too much the ideal pulses
positions.

- It must be precise so that the detection of theifle area will be fine.

An unexpected shift or change of polarities atviheng moment can get the torque negative for a
while and could brake the machine or worse malasé synchronism.

The usual position sensors that are shaft contalisegialify since the machine does not have any
shaft.

The optical technology disqualify because of itpensiveness.

Some control applications of 3-phase machine b#ssd control on the use of several magnetic
field sensors from 3 to many more place on sonagegic position.

Hall Effect sensor

Figure 27 : Hall Sensor

Figure 26 : Hall Sensor and its connectior

Given the cheap price, the simplicity, and theahlé characteristics of the Hall sensor, a study is
led to develop a method that could use the leak@gnetic field as position information.

The analysis of the Permanent magnetic field ewmiuboth in the small machine modeled shows
that the angle periodicity of the ideal polarit@sanges and the one of the supposed PM Field
sensed are equivalenEigure 28-

Besides, in this case the ideal polarities chasges to correspond to the absolute maximums of
magnetic flux.
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Figure 28: Match PM Flux and Total Torque

Then, it is not necessary to measure the angleebhdgiven the periodicity match, the magnetic
flux at one precise place over the stator or theyap can give the essential information with or
without signal treatment, to determine whether fpgesior negative current should flow into the
motor coil.

From all these information, the first idea is thlréo use only one sensor well positioned, and to
associate it to a derivative filter, and to an byessis amplifier centered on zero ordering positive
current if dB/dt > 0 and vice and versa.

Yet, handling a derivative signal is never obviansl it gets even tougher regarding the stability
when the signal comes noisy.

To avoid this derivation process, a second solutiased on 2 sensors, displaced evenly
distanced from the middle of the stator pole, soalonsidered:

10
2 5 |—
o Osensorl
B sensor2

« MAGNET- 10 _
2 0 15 30 45 60 75 90 105 120 135 150

Figure 30 : simplified representation of these senss
information in this confiauration

Figure 29 : Possible placement of 2
sensors (Red Spots) over a stator

To make Figure 30; it is assumed there are 6 different levels of fluthe magnet ringRigure
29-. It is also assumed that the sensor feels mamdyltx right in front of it — a coefficient 2 is
weighed for this position — but also depends orfltheright besides — a coefficient 1 is affected
to these ones —.

Thus, in the case of the first sendeigure 295 the level of flux sensed is

FI=2*1+1*(0+2)=4 (no unit).
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The idea is that both sensors will see the saneenrdtion with a certain shift of time.

Then, the information 1 and 2 match at the paricpbints where a unique sensor would have its
maximum, that are, the supposed ideal positioq®lafrities changes.

Therefore, subtracting them give a resulting signdlose zeros would correspond to the
polarities changes.

However, this method put forward at least 2 drawbac
The need of precision in the placement that cameally be easily handled, as well as its
inconvenience when the pole width is too small.

Whatever the solution chosen, it appears quite thed those sensitive hall-effect sensors should
be carefully positioned.

Also, there is always a shift between the expetitedretical results and the reality of practice

when it deals with magnetic field with sensing degi.

Thus, in order to determine the most suitable sgngosition, a positioning study is implemented

via dspace.

4.3.2 Positioning Study

First of all, even though the leakage field muststrnger over the air gap, this idea is left
behind, since the device can be subject and exgostamimage.

On the plastic part, we can basically distinguisdiginct areas over which we can place the
device-see-Figure 31-above-

1: Over a pole not far from the air gap

2: Over the iron belt common to every pole,
that is, over the part where the coil is buried

3: Over the teeth from the opposite poles

Several conditions are applied: Fiqure 31 : Sensor Location
- A :non loaded machine at rest
- B :nonloaded machine manually rotated
- C:loaded machine -50Hz 1 A supply- at rest
- D :loaded machine synchronized with a 50Hz 1 Apbup

A: The leakage field is stronger on position 1 &ndt sounds normal that we almost do not feel
any field leakage on 3, the flux circuit is bettéysed over there.

B: As much as we rotate manually the machine, tlvation 3 does not modify its previous
results. Although, either location 1 or 2 givesusiwaveforms whose frequency is of course in
respect with the speed and the number of magnets.

=> In our seek of PM flux detection, Location 3 atfgealisqualifies.
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C: Location 3 is subject to a well visible sinusldi.

Locations 2 and 3 seem to get a small sinus arthaidprevious values.

It is then mainly the stator flux that is sensesuad the old constant PM flux value.

Location 3 is much more sensitive because veryedioshe loaded coil.

It is a direct image of the current, then, the oese time of the sensing device is measured
thanks to the phase shift between the real cuamethe sensor output. Td=0.2ms

The field sensed at location 1 and 2 is no longexcty the one emitted by the coil directly but it
is the leakage field of this stator sinus fieldiflng through the magnetic core.

D: Finally, before and when getting the synchronitmation 3 obviously give pretty much the
same last results. However, position 1 and 2 pesvid signal like an addition of different
frequencies sinus before until some 50 Hz sinush viérger magnitude shows up once
synchronized.

This stator flux sensed is undesirable becausanifake the PM flux detection.

The point is to sense the maximum PM flux and ti@nmum Stator flux.

The highest PM flux contribution appears over posif. and 2 when the sensor is close to the air
gap- yellow belt on the figure.

To determine the final best position, the influeméethe stator field according to the location
over this yellow belt between 2 poles is studied.

For every position a short interval of the sensotpot is plotted, meanwhile the machine is
electrically loaded at rest.

Finally, the maximum and minimum value assuminggresenting the peak-to-peak stator field
sensed are caught and plotted below for everyipaosit

n—_/_// | | | \‘/—7

Figure 32 : Stator Flux Measurement i 2 E ‘ E : 7 5 :

Number of the positi

versus 9 positions Figure 33: Stator Flux Influence Versus Position

The figure is quite clear: the positions betwegmoles disqualify.
It also says that the closer to the middle of & pihle lesser stator flux is sensed.

Moreover, by handling the real machine, when thesaseis at the middle, the last assumption is
confirmed, the absolute maximums of the field sigee@ems to correspond to the unstable
positions, which are the ideal polarities changgtmms of the machine.

The exact middle of a pole very close to the apr igahe best position.
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4.4 Different methods for the actual control

Below is the scheme gathering the different possiéthods for the actual control

Ude

e,y ., e
DACZ ]
DAC3 g single-phase PMSM
s[a]) )
A e

B
L

powei amplifier
PWM modulator (L6203)
DACH i ﬁ’h'hi
DCC

| ADC [ HALL |
ADC2 position sensor
| ADC Ir-" LEM |
ADC1

current sensor
Figure 34 : Control Scheme with microcontroller inputs and outputs

The synchronization control strategy gives the dsasf the control but the total implementation
can be implemented in several ways:

a. Brushless dc (BLDC) drive where the control viaatspdecides a switch state of
the power amplifier.

b. PWM modulator in dSpace specifies the switch-sti#dtehe power amplifier
according to the input reference voltage formedtie program every sampling
time. The current can be controlled -Sampled Cwi@amtroller (SCC)- or not.

c. Direct current control (DCC) that only need a stnghput from dSpace as a
reference current waveform.

The necessary input from the drive circuitry is
d. rotor position sensed by a single a few hall elesen

e. armature current of a single-phase PMSM to coiiisdevel for safety reasons, or
process SCC.

The output from dspace are:

f. the switches triggers signals for BLDC or PWM coht
g. the current reference if DCC control

Every possibility is simulated on Matlab.
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5 Simulations of the actual machine

Below is the final matlab model used for the sirtiolas of the actual machine.

The leftmost side gets the different elements efdbntrol: sensor, signal treatment, PWM until
the 4 quadrant converter. The rightmost part death the electromagnetic and mechanic
behaviors of the machine.

To stick the most to the experiments to be impldewnthe parameters are selected or estimated
as close to reality as possible.

Like in most of the experiments, the maximum DCagé is Udc=30V

R=11Q and L=24mH are used as electrical parameters

The inertia is calculated like any rotating ringal3 g.m"2.

The Damping D is estimated considering the avevadige of the mechanical equation (5), when
the machine stops to be supplied at a steady-spated.

That is, with T=15s, D=J/T= 0.353 N.mm.s

As the different methods give basically the sansalts, the results shown below are those of the
PWM control implemented in practice: It is usedhwits=1ms as sampling period rather than
0.1ms which is too demanding in term of calculafienthe computer.

Magnatic Sensor Sat

érpm conversion1
o5 l T
pos

wll

resolver

vy

s[a,b] Cument Establishment + Bad{ EMF

Vraf
llodulation PV building power amplifier

Figure 35 : Matlab model in the case of PWM control

The most interesting parts to focus on are:
-The starting conditions,

-The evolutions of the torque, current, and spdieal@ng the run
-The verification of the synchronism keeping wheplging load torque
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Figure 36 : Simulated Starting Conditions for Udc=3®V

Like expected, a first positive voltage pulse ideyed in concordance with the field detection,
triggers the first move thanks to positive torquetil the field reaches the next maximum, which
triggers the negative voltage pulse, and the coatiaon of positive torque and of the acceleration
and so on. The machine gets started.
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Figure 37 : Simulated Voltage and Current during sarting
On -Figure 37; the current establishment is well noticeable th@mmore, this figure tells that
after half a second, the current can no longerdmsidered as a square wave, but it is getting
more and more like a triangle whose peaks aretsdugt the pulse changes.

These peaks are naturally consequently reducediels as the speed increases because the pulse
width is consequently decreasing and because ttiedraf is increasing too.
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Figure 39 Simulated current when "steady

state" is reached

The current peaks at the beginning are quite hsgpdrior to 2 times the nominal rated value). It
can be either considered acceptable for a few sisconsome special starting conditions can be
set, giving like a percentage of the actual refegaroltage.
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Figure 40 Speed and Torque along the run

case of load torque changes or perturbations:
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Fiaure 41 Keepina of Synchronism with load toraue

30

20

The maximum speed in this case is 500
RPM.

The torque is quite high at the beginning
with full high level square current pulses

and drops like the level of the current
until the electro-mechanical equilibrium

is found.

Below Figure 45-is what happens in a

The control is pretty robust and seems not affebtetbrque perturbations.
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To conclude with the simulations:

-the machine gets started,

-in the good sense,

-it keeps synchronized.

Regarding the final speed, these described phermmsenst decrease limit the speed as they are
interdependent. In this prospective, a further wtigd done to identify and overcome these
limitations.

6 Limitations of the speed

When designing a machine, the range of maximumdsfmereach is estimated.

But the speed is limited by a quite big numberparimeters.

The first is obviously physical. Indeed, even iétideal conditions (set in the previous model)
were real, at the nominal current pulses -1/1A faehine has a maximum average torque and
energy, which gives an absolute maximum speed dicgpto the dynamic equation (5).

The other ones are due to detection problems a&utkr@imagnetic limitations.

6.1.1 Area Detection Limitation

First the area detection on which our method igtd@snnot be perfect

In order of importance the signal treatment timert@nly very small though), the time response
of the hall sensor, (Td=0.2ms), the “cannot beguifplacement of the field device (slight move
of the sensor = big change in sensed field), dggedrs a quite big shift between the actual and
the expected pulses, and then a quite big lossrglié and reachable speeBigure 36-The
wider the shift is, the higher the losses are,thrdslower the machine runs.
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Red: Total 1A
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Figure 152: Torque Losses with delayed pulses

amf

-4m0,

6.1.2 Current Establishment Limitation

When a current pulse is ordered, the 4 quadrantclses in such a way that there is a
corresponding voltage over the machine. Then, daogrto its resistance and its inductive
phenomenon varying with the speed, the currentiteéxpected value after a certain time.

In this prospective, the electromagnetic equatminthe machine can be first well approximated
by a simple R-L Circuit. Thus it can be assumed tha establishment of the current is almost
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done within 2 times the electric constant T=2*LARigure 36/37- Numerically, with the real
measured parameters L=0,024H and R¥11=4,4 ms.

I
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Figure 43 :RL Circuit %0 Gooe 001 0015 002 Q0% 003 003 004
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Fiqure 44 : Current Establishment
This period when the current is lower than wantegtyers a quite big loss of torque.
For instance, at the switching position 0.15 rad -#iigure 39; instead of switching
instantaneously from the blue area to the red tinge,makes the torque keeping a while in the
blue area -negative or low torque in 0.15/0.30 ,radsssing the yellow one -low/middle level
torque - before reaching the red one.
Furthermore, if the electrical frequency is higtean f=1/(2T)=113.5Hz which corresponds to a
speedQ=340 rpm, then the current never reaches its ezgactiue.
Therefore the final average torque and consequaatdpeed is much lower than it could be.
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Figure 45 : Torque Versus Current

6.1.3 Back Emf Limitation

One other important issue in the modeling of themree is the flux management and the back
EMF. Indeed, according to Lentz law, the machinedpces the opposing back EMF which is
proportional to the variation of the total flux (9)
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Electromagnetic equations: j
(7) U =E+R0 +LB3—It

(8) W =W¥Ypm() + Welm(J,6)

© E=nf>
dt

Figure 46:
RLE Circuit

Like it was highlighted when running the machinke tPM flux and the stator flux are
synchronized to give a sinusoidal total flux whdsequency is proportional to the speed.
Consequently, the back EMF peak is proportion&héospeed too.

According to some measurements previously dengee Annex 3 the coefficient back
EMF/speed is available and its evolution is plottetow as well as the resulting total voltage
Udc needed with 1A flowing into the machirfagure 49-
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Figure 47 : Back EMF and Udc needed for 1A peak

Thus, as much as the speed increases, the back &8F increases, thereby reducing
consequently the available voltage for the curestablishment, the average torque, and so the
maximum final speed.

The expected value is the appropriate term becthesalescribed current establishment time
quickly becomes longer than half an electric peridd illustrate this, an example of the
evolution of the current at 500rpm ( electricalginency 167 Hz) with appropriate DC voltage is
supplied to the system is plotted below.
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Fiaure 48 : Example of the evolution of the currentat 500
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Not only the current takes some time to reach igximum value but its maximum value is
0.55A instead of 1A expected.

The current establishment seems to be by far tjgebt limitation.

Furthermore, the shape of the current plays adieytoo.

Indeed, let us assume that the triangle shapeedfutrent has the same torque impact as a square
with steps to OFigure 49-

1

—— real current
08 —— expected current

| e We figure thus that the times with the highest entr
0af | correspond to the ideal changes of polarities, nvbde
the part with the highest torque are only closeagging

= of

in this configuration.
Having a look atFigures 42 and 45s enough to assess
of significant losses of torque.
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=
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Figure 49 : Equivalent Current Square

6.1.4 Pushing up the limitations

Increasing again the DC voltage so that the curps@k can reach a higher value is a first
solution but the voltage magnitude is limited bgrltircuit and the coil insulation.

It does have a positive impact in the sense itwallonore voltage available in the current
building, but it has no impact at all against theaadetection limitation and the current
establishment limitation.

Thus, another idea is to advance the signal deteaind so the current too: Phase shift advancer.

First, it compensates the unwanted delay of the de¢ection evoked below.

Then, the phase shift advancement allows concergrétie best part of the current on the best
part of the torque characteristi€sgures 50 and 51.
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Figure 50 : Torque Selection with current Figure 161 :Torque Selection with current
Without phase shift With phase compensation
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This way, we take all the best that the whole systan give.
It sounds quite complicated to advance a signalpeoad to late it, but it is feasible. Chapter 7.2
explains the method used for that.

7 Experimental work

7.1 The electronics and power electronics

Regarding the choice of power electronics, thegdttaken into account are common:
- Pretty high frequency

- Suitable power rating, which is not too high hebelow 50W)

- Low cost

The device L6203 is chosen because it fits withhalrequirements and is at disposal.

On Annex, is presented the electric scheme of tl@&CDcontrol as well as the current
measurement part.

Another electronic part is also done to convertitfel5V of the dspace PWM into 0-5V for the
switch trigger signals

7.2 Writing of the C-code

The whole programmed C-code is written in Annex.

Once the variables are declared, the startingsesstthe variables and allows the main part of the
program to be repeated every sampling time Ts=5e-5s
The most important parts are going to be detailed:

* The binary pulses building
* The speed estimator
* The phase shift advancer

The binary pulses building

Rather than deriving, which always leads to secgngaoblems, another idea to detect the
maximum of the field is imagined:

The maximum is the point where the older samplddeves lower and the next sampled value is
higher.

Then a very good approximation is to order the geaof polarities when

Old Old Value< Old Value

Old Value>New value

It is exactly the contrary inequalities for the mim peak.

Thus the ideal pulses are already shifted from sarepling period but it is not so big shift and
for high speed it can be arranged back with thi atlvancer.
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Figure 52 : Pulse Detection Method Illustration

Yet, the signal is very noisy and without any chesjgit leads to perturbations and a lot of
unexpected change of polarities.

A low filter is implemented, the choice of frequgncalls according to cut and try. A

compromise has to be chosen between the importHribe phase shift inherent to the low filter
and the remaining noise of the signal.

Still with this cut and try thinking, another cotidn is added for the change of pulses, the field
signal must be superior (respectively inferiortfoe minimum peak) to a certain level.

Once well determined, this condition has 2 advasdag

The pulse changes are only ordered when the madhingtating or going through the other
position area and not oscillating in the same zone.

Well associated to the low filter, it seems to remiotally the unexpected polarities changes.

From, this binary signal, and according to the @cooris and the speed, some different current
references can be set.
For instance, it is acceptable to have a highaeeatduring the starting period, and then go back
to nominal rated value.

The current reference leads to a voltage referemue,the duty cycle of the PWM signals are
calculated as proportions of the DC link voltage

The speed estimator

To be able to have an image of the speed evol@mhto know the reached speed, a speed
estimator is created:

The way pulses building has been processed, adpefidthe pulsed signal corresponds to 18
mechanical degrees. Then, the speed can be wetlaéstl finding out the time spent by the
motor to rotate around one or several areas. Te havnstantaneous value, both counters for the
time and the number of periods or areas are rdgukset to 0.

Another version is done with the current every tithe current go through zero (old value
negative and new positive)

Both methods are working pretty well, but they dependent on the good running of the pulse
building. Regular missing in the area detectioedily leads to fake speed estimation.

The speed estimation can be used if the contrialers the back emf into account and is used in
the phase shift advancer
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The phase shift advancer

The phase shift advancer is made as a secondnstep running, first because it could not work
at the very beginning and because it is of a biggerest to compensate the different late shifts
when the speed is already pretty high.

Here is how it works.

A real-time calculation of the number N of sampliirge per pulse (or per half a period) is done
based on the speed estimation, which in rpm is84githe electrical frequency. Thereby, it leads
to:

(10)N = —>

2[Q[ds
Thus, one way to implement the phase shift is tieiothe pulse change before this number N.
To do so, a counter starts every time the realepaiternate.
Then, the pulse change is ordered when the coust&elow a certain percentage of the
calculated number N.
As N is a real and not an integer, the change scatlnen the counter is framed between the
percentage times N and the percentage times N riinus

This percentage coefficient is 0.9 — alpha.

The 0.9 part is partly there to ensure that thenesxa speed calculations errors will not make a
pulse missing.

The alpha is setting the phase shift, which we rmadify manually during the run. Indeed, in
term of angle, this way, the phase shift is dige6tll+alpha radians.

This method shows very good results in the phase sh

However, the compromises of the 0.9 coefficient tnedframe inequalities have to be well taken
care of in order not to miss any pulses at anydgpee

7.3 Results

The all strategy using dspace interfaces and th&1PvWéthod is now implemented for real on the
machine which gets a ventilator part, which coroesfs to a load torque.

Starting and Keeping of synchronism

The implementation of the PWM method — with Vrefittol — makes the machine start rotating
whatever the initial position.
Below are plotted the starting conditions with U@lB=V.
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Figure 53 : Starting conditions in practice Udc=15V

The pulse buildings are like we expected.

However, we can notice that the field is not a @erfsinus but the maximum and minimum
values vary according to the positions, which expthe difficulties in the writing of the pulses
detections C-code.

Exactly like we saw in the simulations, the curremhs very quickly from a square signal to a
triangle whose peak is getting smaller and smalléch confirms the need of a phase shift
advancer.

The weird shapes of the current close to the pecihgenges are due to inherent filtering in the
current acquisition.

The machine never loses synchronism if we applyesopposing torque or perturbations, as long
as the torque applied is in the range of torquettftemmachine can produce.

We can figure that this “simulated” torque variagdrigger increase of current. It is normal since
the speed decreases — more current establishmedtbigger load torque is always more
demanding.

However the sense of rotation depends on the ligtaition, which is certainly due to the fact
the field is not a perfect like theoretically ame tinitial value supposed to help the determination
of the sense for the starting varies too much ategrto the positions.

A way to definitely remove this unconvenience isuse 2 sensors, this way, the sense can be
determined from the beginning observing the shéfiween both sensing signals and the right
pulses can be consequently sent.

Phase compensation effect

The first shot with Udc=30V gives 300RPMFigure 54 -meanwhile the simulations indicated
about 500RPM, and this final speed is reached fa&tiér than in the simulations.

It is certainly because of the too rough estimatbthe mechanic parameters, but also because
the delay in the pulse building was not taken iatxount in the model. Finally a third
explanation is that we didn’t consider the loadjter created by the ventilator in the simulations.
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A second try implementing the phase shift advanter second part of the run makes the speed
immediately goes up to 500 RPMFigure 54 -,and emphasizes the importance of the phase
compensation for getting better speed.

500 T T T

Speed (Rpm)

Voltage Pulses

1 2 3

4
1(s)
Figure 54 : Speed Evolution along a normal run aneffect of a
small phase compensation
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is increased, the speed considerably

E 1200 - 1 increases too up to about 1600 rpm.-
E’ Figure 55 -.

However, right after 180 degrees
angle shift, the machines loses
synchronism. Indeed the signal is no
longer in phase compensation that the
switching times are all wrong.

800 - B
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Figure 55 : Speed versus Phase compensation During these phase and speed
increases, the current peaks are

logically decreasing, and their widths get smalieo -back emf and current establishment
effects-.
However when reaching the maximal speed, the cudescribes roughly a sinus whose peak
seems to be slightly higher again.
It is likely that this phase compensation makesfiglds almost perfectly synchronized and that
the current gets the same waveform as the backvaioh is almost a sinus.
The irregularities observed at middle high speeth widdle range phase compensation in the
current shape may be partly due to the fact thatespositions are ridden faster than others,
because of the torque irregularities.
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The current at those speeds are very low — abdu®.@A-, much above the 1A expected still
because of the high back emf and the current kstaient effect.

Increase of the DC link voltage:

From a full phase compensation state, the dc wlisgncreased from 20 to 50V, the results are
displayed orFigure 56:

Conditions:

A Udc 20V(blue) & 45V (red)
WAk RMS 38.69mV & 47.98mV
: Pk-Pk 103.2mV & 140mV
] RiseT 0.496ms & 340ms

Figure 56: Currents measured with oscilloscog

Udc [V] n [rpm] Idc [A] Freq [Hz] la CycRMS Trise [ms]
[mV]
20.0 1200 0.28 400 37.7 0.58
25.0 1320 0.29 441 41.6 0.44
30.0 1420 0.30 475 42.5 0.42
35.0 1500 0.31 499 43.8 0.39
40.0 1560 0.31 511 44.5 0.39
45.0 1600 0.32 529 46.0 0.36
50.0 1680 0.35 550 48.8 0.34

Increasing the DC voltage generally tends to irseslightly the current peak and decrease its
time rise, and so contributes to an increase adcépad frequency.
These parallel phenomenons are not regular andgropal though.

Both signals with 20V and 45V looks roughly likesiaus. The first on which the phase has been
first set seems slightly more like a sinus though.

It is likely that the phase shift that gives thes@lite maximum speed for a certain DC voltage,
which corresponds to “perfect synchronization'nat exactly the same for a higher DC voltage.

Power Prospective

The total power supplied to the system can be saghe DC supply.

A try without the ventilator part is implemented.

As the “output torque” is reduced, the speed isidiig

A decrease of around 0.03A in the current can laésaoticed which gives the mechanic energy
taken by the ventilator, or useful power: 0.03*30#1
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The total power in comparison is about 7.5W Udc=3680.25A.

Some of this power is used for mechanic equilibripnoduction of the torque compensating the
damping torque.

Most of the differences can be explained in terrfos$es, the supply of the circuit taking 0.04A,

switching losses and voltage drop of the power edry, resistive losses 0.7W and magnetic
losses of the machine.
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8 Conclusion

In this paper, a method to control a single-phda@-pole machine has been designed and has
given very good results.

Most of the objectives have been met:

-Starting up the machine whatever the initial posit

-Keeping synchronism whatever the perturbations

-Reaching High Speed

The non-satisfying objective of the direction cleis due to a shift between theory and practice,
and a way to overcome it can be implemented.

From this work, the very good way of working of He¢nsor as position sensor on a quite big
range of frequencies is highlighted.

This passionate thesis work with which | learnddtaon a personal prospective is not an end to

the project led by IEA. The future work will consef reaching higher speed limitations through
further understanding of what is really going amg @esigning a more efficient fan machine.
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ANNEX

1)Additional observations during measurement fogh&t Ring 1

* |#0 We can figure a real symmetry and periodicitg $fymmetry is central around 4.5
degrees and the scheme is 18 degrees periodicisttia¢ scheme is repeated every 2
stable positions, or in other words every pole.

* |#0 Applying +-1A from the other stable positionstofque make —most of the time-
jump the position to the next stable position, $base of the jump depending on the sign
of the current applied.

For instance, from 9°, 1A leads to *3hile —1 A leads to 4.5°.
And from 0°, 1A leads also to —4.5° while —1A le&olgl.5°.

From 0°, with 1A, the jump can be described thiy wafirst try to reach or join -6.5°
which is an unstable position, and then it os&ladround -4.5°.

When handling the machine, trying to feed it withmanhual” current pulses, like
connecting/disconnecting the machine with 1A supplg feel the importance of the passive
stable positions.

Not only, if it is started from them, it doesn’t m@an inch, but when starting elsewhere, we feel
that there is a limit time to change the polarities other words, when it is too much in the
oscillation around the dead position, it is to@ let move the machine again.

2)Additional observations during measurement fogh&t Ring 2

Once 1A or -1 A applied, the resting positions tldollow the same scheme. Instead of
unfolding every 9 degrees, they are 2 resting ostquite close to each other from 5 to 5.5
degrees while the following resting position isuated from 13 to 13.5 degrees further. More
clearly, “-1 A setting” has its resting positiorsfallows:

-10.5/2/7.5/20/25.5 and so on...

From the plotted measurements, we figure sevessrohtions:

» The cogging torque peak level is much higher tranttie magnet ring 1 like expected.
Numerically it is around 1.5 times higher

 We can figure a real symmetry and periodicity fothbcogging and total torque, the
symmetry is central around every unstable zeroutrpgosition and the scheme is 18
degrees periodic, that is the scheme is repeaty @vstable positions, or in other words
every pole.

» It appears also that the zero torque unstableiposiof the cogging torque are actually
common points and unstable positions whatever bagacteristics drawn. Some quick
tries with 2A show us they might be common unstgimsitions whatever the current
applied, at least in a reasonable current range.

* The torque peak when +1A applied is higher thaswhen —1A.
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From a stable position, we can follow the shift displacement of the machine when
progressively applying some current from 0 to 2Aug, it provides us the different resting
positions according to the current applied. Belswhie resting position according to the current
around 0.5 degrees.

I(A) [0 ]0.15 | 0.3 0.5 0.85 1 15 2
6 |05|0 05 1 ‘15 2 25 3

Running the machine with a 50Hz sinus by tryingyéd handy the synchronism, we figure that
the vibrations are quite intense and the noise.loud

However, increasing the magnitude of the curresitices it significantly.

At slightly higher frequencies the noise is redutmsml

We already figure that vibration and noise are liglependant on the current and so on the
match cogging/drive torque as well as on its freqgye

Indeed some mechanic vibration harmonics can bieebxc

3) Calculation of the back EMF/speed coefficient

Some measurements of the induced voltage werequayidone at different speeds on digital
oscilloscope and then integrated over a periodat@wing led to the following curve. Thus, a
good approximation for the coefficient relating theck emf to the frequency is the fundamental
value of this measured signal.
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4) Electronic Circuitry for every control solutions
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On the left, the DCC circuit based on hysteresipldi@r. Comparison of i*DA1 from dspace
and AD1 the actual current.

In the middle the 4 quadrant devices and the ptietecomponents.
PWM1 and PWM3 come directly from dspace for brussilend PWM control.

On the right the machine, the LEM with its currergasurement system

5) Final C-code@nly most of the calculations useful for the rua shown)

(..)
I* ----------Read from ADC-—--------------------- *

ds1104_adc_start(DS1104_ADC2|DS1104 ADC3|DS11DECADS1104 ADC5);

ds1104 adc_read_mux(scantable, 4, u);
//Udc = u[3]; //Multiplexed chanals

i =dsl1104 adc_read_conv(3); //AD6
H =ds1104 adc_read_conv(2); //AD5
I* -----------Filtering- */

[ILP-filterl 4Hz
H1 = ((H-H1_old)*w1*Ts)+H1 old;

H2=H1;
H3=H2_old-H2;
H4=H3_old;
H5=H4_old;
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I* ----------Calculations--—-------------=------ */
/IStarting phase before N=500
/ISecond phase of pulse building S2>500

if(H3>0 && H4<0 && H1>0.32)
{X=-st;

}
else if(H3<0 && H4>0 && H1<0.21)
{X=st;

}
if(S2>500)
{if(H3>0 && H4<0)
{X=-st;
}
else if(H3<0 && H4>0)
{X=st;
}
}

/I Phase compensation started after N=500

if (N==500 && ((X==-1 && X_old==1)||(X==1 && X_old==-1)))
{N1=1;

h
if (N==500 && N1>0)
{N1=N1+1,;

h

if (N<500)

{if (X==-1 && X_old==1)

{N=N+1;N2=N2+1;

i_ref=1.5*Ir*X;
}
else

{if (X==-1 && X_old==1)
{N1=1;N2=N2+1;
|3
if (X==1 && X_old==-1)
{N1=1;
3

if(N1>=((0.9-alpha)*3/(2*S2*Ts)) && N1<=((0.9-alph&3/(2*S2*Ts))+1)
{i_ref=-1.25*%X;
}

if (>0 &&i_old<0)
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{N3=N3+1;
|8
}

/Iphase shift calculation
Psc=(0.1+alpha);
Psd=(0.1+alpha)*180;

X1=(0.25*X+0.5)-0.25;
X2=-X1 old+0.625*1-0.15;
/IPWM solution 1

uref=R*i_ref;

if (uref>Udc)
{uref=Udc;

}

if (uref<(-Udc))
{uref=(-Udc);
}

/ISpeed Estimation

C2=C2+1;
if(C2==1000 || C2==2000 || C2==3000 || C2==40@2H#=5000)
{S2=(N2/20)/(C2*Ts)*60:;

S3=(N3/20)/(C2*Ts)*60;

}

if (S2<10)

{S2=03}

if (S3<10)

{S3=03}

if (C2>5000)
{C2=1,
N2=1,;
N3=1,;

}

/[Calculate the reference values for the three gghas

I* -----------PWM duty cycle--------------------- */
dutyl = ((0.5*uref/Udc)+0.5);

duty2 =0;

duty3 = ((-0.5*uref/Udc)+0.5);
if (duty1>0.5)
{dutyl=(dutyl+1)/2;
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duty3=(duty3)/2;

}

if (duty1<0.5)
{dutyl=(dutyl1)/2;
duty3=(duty3+1)/2;

}

/I Current safety
if(i>imax)

{on=03}

* -----------Write to the DAC-------------------- *
ds1104_dac_write(1,X1);
ds1104_dac_write(2,X2);

* -----------Update varial®s-------------------- */
H1 old = H1,;

H2 old = H2;

H3 old = H3;

H4 old = H4;

H5_old = H5;

H_old = H;

X_old=X;

X1 old=X1,

i_old=i;

urefl_old=urefl,

I* -----------Read executiotime------------------ */
exec_time = RTLIB_TIC_READ();
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