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DESIGN AND CONSTRUCTION MODIFICATIONS OF
SWITCHED RELUCTANCE MACHINES
(Abstract)

Information on the structure of considered drive system with reluctance motor, principle of
operation and mathematical model of the motor, principle of the energy conversion in
analysed system and elementary types of supply devices have been presented in initial part of
the thesis in context of the large world wide bibliography. The principal design procedures of
Switch Reluctance Motor (SRM) as: main dimensions calculation, number of poles and air-
gap determination, correlation of dimensions in pole zone and principles of winding design
have been discussed in this part as well.

Proposed by author algorithms of calculation of parameters and operation SRM
characteristics have been described in main part of this thesis. The method of winding
inductance and static torque characteristic calculation are presented. The analysis and the
methods of determination of motor and converter losses are the very important parts of the
research. The new calculation method of SRM’s iron losses on the basis of a modified
STEINMETZ-equation is developed. The influence of magnetic circuit saturation on motor
operation characteristics is discussed and the model of motor dynamic behaviour is presented.
Based on presented calculation algorithms the hybrid 3-parts effective design program for
SRM’s has been finally proposed. The first part of this program “Design SRM” enables the
realization of numerous effective design calculations using analytical quick methods. The
second part of the program performs the field analysis of chosen construction version of the
machine by numerical calculation of electromagnetic circuit using finite element method. This
part is the complimentary tool for evaluation of machine construction during design procedure
and can be used in case when the construction modifications are considered for improvement
of machine parameters and characteristics. The third part of hybrid design program refers to
the simulation of the drive dynamics. These problems are useful for evaluation of the
properties of whole drive system. Model of motor dynamics is elaborated using Simplorer 4.2
software. The motor parameters calculated in earlier design procedures are used in this model.
The modelling of dynamics takes into account the different methods of motor control.

The exemplary design calculations have been made for three SRM’s destined to the different
industrial drives. Three motor prototypes made by factories were tested in laboratories. The
calculation and measurement results have been compared. The correctness and effectiveness
of proposed design procedures was finally confirmed. The structural analysis of calculation
and measurement errors was made in the thesis as well.

The principal personal records of the author as well as future research areas have been

presented in final part of the thesis.
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PROJEKTOWANIE I MODYFIKACJE KONSTRUKCJI MASZYN
RELUKTANCYJNYCH PRZELACZALNYCH

(Streszczenie)

W poczatkowej czg$ci pracy przedstawiono w oparciu o bogata literatur¢ podstawowe
informacje o strukturze rozpatrywanego uktadu napgdowego z silnikiem reluktancyjnym,
zasad¢ dziatania silnika 1 jego model matematyczny, zasade przemiany energii w
analizowanym uktadzie, podstawowe typy zasilaczy oraz sposoby sterowania. W syntetyczny
sposOb przedstawiono zasadnicze elementy projektowania maszyn reluktancyjnych
przetaczalnych: obliczanie gtéwnych wymiardéw, dobor liczby biegunow, okreslenie szczeliny
powietrznej 1 proporcji wymiarowych w strefie biegunowej oraz zasady projektowania
uzwojenia.

W gtoéwnej czesci pracy opisano stosowane przez autora algorytmy obliczen parametrow i
charakterystyk silnika. Przedstawiono metod¢ obliczen indukcyjno$ci uzwojenia i
wyznaczenia charakterystyk momentu statycznego. Duzy nacisk potozono na analiz¢ i metody
wyznaczania strat silnika i przeksztattnika. Zaproponowano nowa metodg obliczania strat w
zelazie na podstawie zmodyfikowanego réwnania STEINMETZ’A. Przedstawiono model
obliczen dynamicznych silnika i przeanalizowano wplyw nasycenia obwodu magnetycznego
na jego charakterystyki. W oparciu o przedstawione algorytmy obliczen zaproponowano w
rezultacie hybrydowy 3-czgs$ciowy program efektywnych obliczen projektowych silnika.
Pierwsza czg§¢ tego programu ,Design SRM” umozliwia wykonanie sprawnych,
wielokrotnych obliczen projektowych w oparciu o szybkie metody analityczne. Druga czg$¢
realizuje polowa analiz¢ wybranej wersji konstrukcyjnej maszyny w oparciu o numeryczne
obliczenia obwodu elektromagnetycznego metoda elementéw skonczonych. Czg$¢ ta ma
charakter komplementarnego narzedzia analizy projektu silnika oraz moze stuzy¢ celom
modyfikacji konstrukcji silnika pod katem poprawy jego parametrow 1 charakterystyk.
Trzecia czg$¢ hybrydowego programu projektowania dotyczy symulacji dynamiki napedu, co
jest przydatne dla oceny catego uktadu napedowego. Model dynamiczny opracowano w
oparciu o oprogramowanie Simplorer 4.2. W modelu wykorzystano obliczone we
wczesniejszych etapach parametry silnika. Modelowanie uwzglednia rdézne metody
sterowania silnika.

Przyktadowe obliczenia projektowe wykonano dla trzech silnikow reluktancyjnych
przeznaczonych do réznych napedéw przemystowych. Fabrycznie wykonane trzy prototypy
silnikow zostaly przetestowane w warunkach laboratoryjnych. Poréwnano wyniki obliczen 1
pomiardéw potwierdzajac w rezultacie poprawnos$¢ i efektywnos¢ zaproponowanych procedur
projektowania. Dokonano strukturalnej analizy btedow obliczeniowych i pomiarowych.

W koncowej czesci pracy przedstawiono elementy oryginalne autora i wskazano dalsze

kierunki badan.
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DESIGN AND CONSTRUCTION MODIFICATIONS OF
SWITCHED RELUCTANCE MACHINES

Preface

Switched Reluctance Machines (SRMs) applied in adjustable speed drives are receiving
during the last two decades considerable attention from industry since they are characterised
by rigid construction, high operation reliability, high efficiency, high torque to inertia ratio
and finally low manufacturing costs. The successful realization of a SRM drive demands inter
alia of the determination of the best motor construction from the point of view of the
requirements of considered drive. Each motor construction is described by a set of static and
dynamic parameters and operation characteristics. The application of the effective calculation
and design algorithms of considered motors enables the quick receiving of these data.
Although the design principles of the SRMs are available in different fragments in numerous
bibliography positions, there no exists, according to knowledge of author, the complex design
procedure of whole drive system taking into account the SRM, control system and supply
device as well.

The hybrid design method for SRM drives with application of new analytical calculation
methods, finite element method and simulation models is proposed in this thesis. The
calculation/design system is characterised by important effectivity and reliability. The new
possibilities in analytical determination of saturation effects and core losses under the
different modes of control, including sensorless method, are also taken into account. The
correctness of the proposed design algorithms was verified by laboratory tests made on three
motor prototypes manufactured in industry.

This dissertation provides the elements indispensable for more accurate and complex analysis
and design of drives with switch reluctance motors. The elements of electrical motor and
control system design as well as the considerations on the choice of supply device and
controller subsystems are jointed in the thesis for final receiving of the design tool for
considered industrial drive system.

The dissertation was made during my work as scientific assistant at the ‘Centre of Applied
Researches and Technology Dresden e.V.” (ZAFT e.V) from June 2004 to December 2007. It
is a cooperative PhD procedure between the University of Applied Science (HTW)
Dresden (FH) and the Electrical Engineering Faculty of Warsaw University of Technology.
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PROJEKTOWANIE I MODYFIKACJE KONSTRUKCJI MASZYN
RELUKTANCYJNYCH PRZELACZALNYCH

Przedmowa

Przetaczane silniki reluktancyjne stosowane w napgdach o regulowanej predkosci obrotowe;j
przyciagaja w ostatnich dwoch dekadach coraz wigksza uwage przemystu ze wzgledu na
prostotg budowy, niezawodno$¢ dzialania, wysoki stosunek wytwarzanego momentu do
momentu bezwladnosci oraz niskie koszty produkcji. Wykonanie dobrego projektu napedu
elektrycznego z przetaczalnym silnikiem reluktancyjnym zwiazane jest migdzy innymi z
opracowaniem mozliwie najlepszej z punktu widzenia rozwazanego napgdu wersji
konstrukcyjnej tego silnika opisanej zbiorem jego statycznych i dynamicznych parametréw i
charakterystyk. W celu uzyskania tych danych niezbgdna jest znajomos¢ efektywnych metod
obliczen i projektowania tego typu maszyny.

Pomimo iz metody projektowania przetaczanych silnikéw reluktancyjnych sa w roéznych
aspektach szeroko opisywane w literaturze, brak jest w rozeznaniu autora kompleksowe;j
procedury projektowania catego uktadu napgdowego z uwzglednieniem sposobu sterowania i
zasilania.

W pracy zaproponowano hybrydowa metode projektowania omawianych napgdow z
wykorzystaniem nowych analitycznych metod obliczeniowych, metody elementow
skonczonych 1 modeli symulacyjnych. Zastosowany aparat obliczeniowo-projektowy
charakteryzuje si¢ duza efektywnoscia, niezawodnoscia oraz dostarcza nowych mozliwosci w
badaniu efektow nasycenia i strat w zelazie podczas sterowania przelaczanego silnika
reluktancyjnego za pomoca réznych metod (w tym bezczujnikowych). Poprawnosé
zastosowanych metod obliczeniowo-projektowych zweryfikowana zostata poprzez badania
laboratoryjne trzech prototypow silnikow wykonanych w warunkach przemystowych.
Niniejsza rozprawa dostarcza wiedzy niezbednej do doktadniejszej 1 bardziej kompleksowej
analizy 1 projektowania napedow z przetaczanymi silnikami reluktancyjnymi taczac
zagadnienia projektowania maszyny elektrycznej, uktadu sterowania oraz doboru zasilacza
energoelektronicznego.

Prezentowana rozprawa doktorska zostala wykonana podczas mojej pracy na stanowisku
asystenta naukowego w Zentrum fur Angewandte Forschung und Technologie w okresie od
czerwca 2004 do kwietnia 2007. Pracg¢ doktorska wykonano w oparciu o porozumienie
pomiedzy Hochschule fur Technik und Wirtschaft w Dreznie a Wydziatem Elektrycznym

Politechniki Warszawskie;j.
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Introduction and motivations for research

Introduction and motivations for research

The functionality of Switched Reluctance Machines (SRM) is already known for more than
150 years, but only the enormous improvements of the power electronics and their integration
in drive technologies have made the great progress of adjustable speed drives with SRMs
possible. Today the designing engineer can select from a number of different converter
configurations adapted to the specific application. For current and torque control high
efficient micro-controllers and digital signal processors (DSP) are available.

A SRM has salient poles on both stator and rotor. Each stator pole has a simple concentrated
winding and there are no conductors of any kind on the rotor. Diametrically opposite
windings are connected together either as a pair or in groups to form motor phases. For each
phase a circuit with a single controlled switch is sufficient to supply an unidirectional current
during appropriate intervals of rotor rotation. For forward motoring, the appropriate stator
phase winding must remain excited only during the period when rate of change of phase
inductance is positive. Else, the motor would develop braking torque or no torque at all.

Due to its simple and rugged construction, low manufacturing cost, fault tolerance capability
and high efficiency the Switched Reluctance Motor is gaining more and more recognition in
the electric drive market. Despite these advantages, the SRM has some drawbacks: it requires
an electronic control and shaft position sensor, a huge capacitor is needed in the DC link and
the double salient structure causes noise and torque ripple. Further, SRMs are typically
designed to operate in magnetic saturation region to achieve a good utilization in terms of
converter rating [1], [3], [8]. But the operation with magnetic saturation results in a strongly
nonlinear relationship of output torque and input parameters, i.e. current and rotor position.
That complicates the analytically calculation and control of this machine type considerably.
The SRM is pushed in many publications in the literature. Nevertheless, with these general
publications the usage of that machine type for adjustable speed drives in industrial
applications can not be assumed to be scientifically and technically solved since the
prevailing papers just dealing with specific parts of SRMs problems [20, 37, 40-42, 44, 54-57,
64, 66, 78, 80, 86, 97, 100, 133, 139, 170, 178, 181]. The investigation and optimization of
the whole drive system, consisting of motor, electronics and control occurs only in a very
small scale. Therefore, the presented thesis has the intention to make a contribution to the
hybrid design of complete SRM drive systems.

In recent times, approaches using machine design to influence the machine performance
becoming more and more equivalently to efforts at current and hence torque control. The
design of SRMs by numeric methods with FEM-programs (Finite Element Method) provides
the most precise and proof results. However, calculations by FEM are time consuming and
require special, relatively complicated and expensive software. For a complete design of new
type series of machines with different dimension’s variants the way of using only the FEM is

1



Introduction and motivations for research

at present not practicable. Therefore software is necessary that can abbreviate considerably
the preparation time for the following FEM-calculation. Also the dynamic operational
behaviour and the combination of the electric machine with other components like energy
storage, converter or mechanical elements must be considered. In that case parameters
calculated during the design stage have to be involved in a simulation model.

To meet these requirements for an effective and reliable machine design, this thesis is aimed
to find solutions to the above mentioned problems in terms of a new hybrid time-economic
design-, calculation- and simulation procedure.

In context of the questions discussed above the OBJECTIVE of the thesis is:

1. Elaboration of effective hybrid design program for SRM’s taking into account all
losses in drive system, field verification and modeling of dynamic operation as well.

2. Application of this program to the design calculation of three different SRM’s
destined to concrete industrial drives.

3. Demonstration of the correctness of proposed program by comparison of the
calculation and measurement results made for three prototypes of SRM’s
manufactured in industry.

Results of the research evaluated from the point of view of the presented above objective
enable the formulation of the THESIS TO BE PROVED related to the PhD thesis:

The proposed in the thesis hybrid design program for SRM’s enables the effective and
more complex motor design from the point of view of considered drive requirements, in
comparison with proposals published up to now and known by author from the
bibliography.

In the proposed hybrid design program at first analytical and then field calculation methods

and finally dynamic simulations have been developed. This program can perform:

1. Machine and winding design.

2. Steady-state calculations like torque-, flux- and inductance characteristics, copper and
core losses of the motor, converter losses and finally system efficiency.

3. Verification of the projects by application of numerical field method (FEM).

4. Dynamic calculations like current waveform in dependence of speed and mode of control.

FEM models have been developed as the complimentary tool in respect to the analytical

models. By means of a simulation model in SIMPLORER® the operational behaviour of the

whole drive system can be investigated during various control modes. Also sensorless control

can be researched.

The structure of this thesis presents the typical complete scheme of scientific technical

research. After presentation in introduction some motivations for research the general

description of Switch Reluctance Machines is given in Chapter 1. Next, the synthetic
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informations on conventional design procedures for these machines are presented in
Chapter 2. The most important Chapter 3 demonstrates the main calculation models, design
algorithms and programs applied by author for solution of the complex technical problems as:
calculation of machine parameters, operation characteristics, machine and drive losses etc...
The dynamic calculations and influence of saturation are also presented. Finally the Hybrid
Design Program is proposed by author and discussed. Simulation model of the SRM with
application of SIMPLORER® software is presented in Chapter 4. After presentation the
calculation models and design programs/tools the design examples of three industrial
prototypes of SRM are shown in Chapter 5. The prototypes of 6/4-SRM for vacuum cleaner
(conventional and modified versions), 6/4-SRM for an electric textile spindle drive and 8/6-
SRM for an automatic truck gear are presented. When calculation models and design
procedures give in final solution the concrete machine constructions described by calculation
parameters and operation characteristics then usually the experimental verification and error’s
analysis is needed. These questions are the subject of Chapter 6. Laboratory tests are made for
all SRM’s constructions. The comparison of both calculation and experimental results was
made. Personal contributions of the author in presented elaboration together with indication
for future investigations and large summary of this work are the subject of the Chapters 7 and
8. Important bibliography (182 positions) is presented at the end of the thesis.



Chapter 1: Fundamentals of Switched Reluctance Machines

1 Fundamentals of Switched Reluctance Machines

1.1 General structure of SRM Drives

A SRM has salient poles on both stator and rotor. Its magnetic core consists of laminated
steel. Each stator pole has a simple concentrated winding and there are no conductors of any
kind on the rotor. Diametrically opposite windings are connected together either as a pair or in
groups to form motor phases. For each phase a circuit with a single controlled switch (e.g.
power transistor or IGBT) is necessary and sufficient to supply an unidirectional current
during appropriate intervals of rotor rotation. Fig. 1.1 shows the typical cross sectional
arrangement for a 4-phase SRM having Ns=8 stator and N,=6 rotor poles (‘8/6-SRM”).

=
||+

Fig. 1.1  Arrangement of a 4-phase 8/6-SRM with switching circuit for one phase

The main dimensions are the bore diameter D, the rotor length I, the stator outer diameter Ds
and the stator- and rotor pole arc s and B, respectively. The angle ® describes the rotor
position. The starting point ®=0 corresponds to the unaligned position, where the midpoint of
the interpolar rotor gap faces the stator pole, as shown in Fig. 1.1 in the case of phase a. When
current i is flowing in phase a, there is no torque in this position. If the rotor is displaced to
either side of the unaligned position, there appears a torque that tends to displace the rotor still
further and attract it towards the next aligned position where the centre of the stator and rotor
poles are coinciding. The unaligned position is one of unstable equilibrium. When current is
flowing in aligned position (phase ¢ in Fig. 1.1), there is also no torque because the rotor is in
a position of maximum inductance. If the rotor is displaced to either side of the aligned
position, there is a restoring torque that tends to return the rotor towards the aligned position.
The aligned position is one of stable equilibrium for a g-phase machine. The number of
phases q is calculated with the number of stator poles Ns and rotor poles N
Nsg

q=——"
[Ns =Ny |

(1.1)

Each phase produces a strong chorded magnetic field with 2p poles. Generally, the number of
pole pairs of a SRM is
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_1 Ng
P=o (1.2)

The rotor- and stator pole pitch 1, and ts pitch are defined as

2
e (1.3)

r
2 1.4
* N (1.4)

The phase shift between successive stator phase inductances or flux linkages is given as:

2711 «©
Q, =|—|==-—"L 1.5
(Nr] qa q (15)

With the number of stator and rotor poles and the pole pitches the stroke-angle O is:

For the example of the 8/6-SRM in Fig. 1.1 the stroke angle is 4= -15°. The negative sign
indicates an opposite rotating direction of the magnetic field in the stator and the mechanical
rotor rotation. If N.>Ns the rotating direction of the rotor and the magnetic stator field are
identically. In order to produce a continuous torque the stator angle 8, and rotor angle s must
be greater than ® ensuring that there is at each time an overlapping of at least 2 stator and
rotor pole pairs. To avoid an unsymmetrical radial loading, that condition leads to an even but
unequal number of N, and Ns. The number of strokes per revolution results from the product
of the number of rotor poles and the phase number. The switching frequency fs of one phase is

fg=n-N; (1.7)
with the rotor speed n in 1/s. For a 4-quadrant operation at least 3 phases are necessary. 4-
quadrant means operation with positive and negative torque, and with positive or negative
speed; that is motoring or generating in either the forward or reverse direction. Motoring
operation with negative speed is realised by reversing the energizing sequence of the phases
so that the magnetic field in the stator turns the rotation direction. Whereas generating

operation is induced by a delay of phase energizing with the angle t,/2. Then the phase current
is flowing during negative slope of inductance- characteristic and produces a breaking torque.

1.2 Operating principle

Due to the salient stator and rotor poles the resistance of the magnetic circuit, the
reluctance R, is a function of the rotor position. In the unaligned position, the air gap and
therefore the reluctance are maximal. Since no saturation occurs, the flux linkage is a linear
function of current. If the rotor moves toward the aligned position, the air gap decreases. On
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the one hand this eases the flux built-up; on the other hand it saturates the magnetic circuit.
Saturation of a typical magnetization curve occurs in two stages. When the overlap between
the rotor and stator pole corners is quiet small, the concentration of flux saturates the pole
corners, even at low current, so these parts of the magnetic circuit saturate first and cause an
enlargement of the effective air gap. Thus, linear relationship is lost between current and flux-
linkage. When the overlapping poles are closer to the aligned position, the yokes saturate at
high current, tending to limit the maximum flux-linkage. These interactions are represented
by the relationships between the flux-linkages v vs. machine phase currents i as a function of
the rotor position angle ® as shown in Fig. 1.2a. The self-inductance of the stator poles is
inverse proportional to the reluctance. The inductance of a stator phase is maximal in the
aligned position (aligned inductance L,) and minimal in the unaligned position (unaligned
inductance L,). The torque producing capability of a SRM mainly depends on the rate of
change of the inductance vs. rotor position characteristic dL/d®. An indicator for that is the
inductance ratio La/L, [8], [9], [133]. The inductance characteristics repeat periodically with
the rotor pole pitch. Due to saturation of the magnetic material it is also a function of the
current as it can be seen in Fig. 1.2b.

Reference for
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Fig. 1.2 a) Flux-linkage vs. phase current as a function of rotor position angle;
b) inductance vs. rotor position angle characteristic as a function of phase current

For motoring operation the stator phase must be excited when its inductance starts rising and
must be de-excited when the phase inductance ceases to increase. Else, the motor would
develop braking torque or no torque at all. The switching function thus must ensure that
current in phase winding reaches its reference value at the desired instant of inductance rise
and is again brought to zero when inductance reaches its maximum and does not increase
further. Due to delay in current rise and fall on account of winding inductance, the switch
must be closed at a turn-on angle ®,, and must similarly be opened at a turn -off angle @
Fig. 1.2b presents the concept of turn-on and turn -off angles for any phase winding of SR
motor. The practical range of turn-on angle and turn-off angle depends on the inductance
profile and therefore on the configuration and pole geometry of the particular SRM.
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Production of continuous torque

Basically, torque is developed by the tendency for the magnetic circuit to adopt a
configuration of minimum reluctance, i.e. for the rotor to move into line with the stator poles
and to maximise the inductance of the excited coils. Provided that there is no residual
magnetization in steel the torque is independent of the direction of current flow, as it will be
shown below. Hence, unidirectional currents can be used, permitting a simplification of the
electronics. In contrast to the induction machine the SRM can not run directly connected with
a three-phase supply system. The particular phases must be particularly energized in
dependence of the rotor position. Therefore a converter and the corresponding electronic
control unit are necessary. Moreover, the control unit has to posses the rotor position signal. It
may be realised by a rotor position sensor or a sensorless control procedure, e.g. from
analysing induced voltages in the phase windings [9]. Fig. 1.3 shows the basic components of
a SRM drive for the example of a 3-phase 6/4 machine.

Voc Converter

oy, Eos Actual
current
owitching
signals
Ref I :
eference value <+
» Cont:rol ) Fotar position
{torgue ar speed) unit -

Fig. 1.3  Switched Reluctance Machine drive

Derived from the actual current value, rotor position angle and the reference value of torque
or speed, the control unit determines the switching signals for the active switches (e.g. power
transistors, IGBTSs etc.) in the converter. The electromagnetic torque is independent from the
current direction, thus an unipolar converter is sufficient. It is usually supplied by a constant
dc-voltage Vq.. The optimum performance of an SRM depends on the appropriate positioning
of the currents relative to the rotor angular position. The motor controller selects the turn-off
angles O in such a way that the residual magnetic flux in the commutating phase decays to
zero before the negative dL/d® region is reached in the motoring mode of operation. There
exist in general two modes of control the phase current which will be discussed in point 3.7.
In the low speed operation mode, torque is maintained constant by keeping the phase current
constant. The independent stator phases contribute, in succession, to maintain continuous
torque production in the direction of rotation. During commutation each of the two adjacent
conducting phases produce torques which are additive. Torque ripple is inversely related to
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the smoothness of current transfer between phases, and it is possible to minimize the ripple
during transition by controlling currents in the overlapping phases.

If the current is controlled only in the incoming but not outgoing phase, the sum of the air gap
torques contributed by the outgoing and incoming phases during this interval is usually not
constant. The resulting torque has a trough during this commutation interval that increases the
torque ripple. A measure for the torque ripple can be the following torque ripple coefficient,
defined among others in [37]:

Tmax -T

T

— min
trpI -

(1.8)

av
where Tmax IS the maximum, Ty, the minimum and T,y is the average value of the resulting
torque. In order to reduce the torque ripple by control strategy, several approaches are known
in the literature. The most important control strategies are:

 Torque Sharing Functions (TSF) and optimized current waveforms [18], [46], [59], [103]
« Direct Instantaneous Torque Control (DITC) [87], [89]

« Direct Average Torque Control (DATC) [58]

« Fuzzy Logic control methods [46], [158], 159]

« Adaptive torque control methods [56], [80]

1.3 Mathematical model

Voltage equation

Investigating the operational behaviour of the SRM requires a mathematical model. The SRM
is a nonlinear control structure and therefore it is important to develop a relevant model
representing the plant dynamics under various operating conditions. An elementary
equivalent circuit for the SRM can be derived neglecting the mutual inductance between the
phases as follows. Assuming that a particular phase of the machine consists of a series
connection of the winding resistance R and the inductance L(i,®), the applied voltage v to a

phase is equal to the sum of the resistive voltage drop and the rate of flux linkages y(i,®):

v =Ri +M (1.9)

dt
with  v(i,0)=L(i,0)-i (L-dynamic inductance) (1.10)
Beside the rotor position the flux linkage depends on the current. The current dependence

results from the magnetization characteristic, as described in Chapter 1.2. If the total

differential of v is split, the following relationship results from (1.8):

. Oy di Oy dO
V=RI+ — — 4+ — - — 1.11
o dt 00 dt (1.11)

Substituting from (1.10) in the expression (1.11) finally gives the complete voltage equation:

8
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(1.12)

v =Ri +(L(i,@)+i,5'-(i,®)) di . oL(i,0) de

o Jdt @ dt

In this voltage equation for one phase, the three terms on the right hand side represent the
resistive voltage drop, inductive voltage drop, and induced emf, respectively. Note, the result
is similar to the series excited dc motor voltage equation. The induced back-emf, e, is

obtained with the angular frequency of the rotor o as:

dL(i,®) do. dL(i,e) .
o d do 7 (L13)

Since unipolar currents are normally employed the sign of i is always positive. Therefore, the
sign of e is determined by dL/d®. When dL/d®>0, the back-emf is positive and tends to force
the current to decrease, being against the applied voltage and converting the electrical power
supplied into mechanical output (motoring). When dL/d®<0, the back-emf is negative and
tends to increase the current and convert the mechanical power into electrical power
(generating). The amplitude of the back-emf varies with the rotor speed o and the behaviour
of the current is determined by the relationship between e and v.

Calculation of electromagnetic torque

Multiplying (1.11) with the current i results in instantaneous input power given by:
Jy di oy 46

Vi =Ri’ +i 1.14
o dt 00 dt (1.14)
The electromagnetic torque can be determined from a power balance. It is
vi-dt=Ri?-dt+i- 2% di+i 2% do (1.15)
ol 00

The term on the left-hand side represents the change of the entire energy; the three terms on
the right-hand side represent the change of Joule heat energy, the change of magnetic field
energy dWg and mechanical work dWy, The expression for the change of magnetic field
energy and mechanical work can be written as:

aw, +dw_ =i di+i%% de (1.16)
ol 00

The magnetic field energy depends on the current and rotor position angle. Thus the change of
magnetic field energy is
_ oW, di+ oW,

dw, -
ol 150

de (1.17)

Substituting from (1.17) in (1.16) gives an expression for dWp,:

.0y oW . Oy OW. ).
dW  =|i—-—F1dO+| i -— ——= [(di .
(-G ke F ) a1
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w
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Fig. 1.4 Magnetisation curve at a specific rotor position; magnetic field energy W, coenergy W,

By means of the magnetisation curve presented in Fig. 1.4, the magnetic field energy can be
determined for a fixed rotor position angle as a function of flux-linkage and current [8]:

Vs

W = [i-dy (1.19)

0
iS
We =iy — [y -di (1.20)
0

The partial derivation of the second expression gives [18]:

Is

oW . Oy oy ,. . oy
—=i—+y—|—di=i-— ,
a a v !ai T (1.21)
By inserting (1.21) in (1.18), the second term on the right-hand side is eliminated:
. oy OW
dw_=|i-——-—=|dO® .
" [ 00 6@] (122)

The change of mechanical work can be also expressed in terms of the produced
electromagnetic torque Ts for one phase and the differentially change of rotor position angle:
dw,, =T, -d© (1.23)
dw, . dy oW

de 00 00

That expression can be simplified by introducing the magnetic coenergy W.:
W, = [y -di (1.25)
0

In the linear range of the magnetisation curve the magnetic field energy and coenergy are
equal. However, in the non-linear range of middle and high saturation they can deviate
considerable from each other. The entire input energy is:

WF +Wc =i v (126)

The partial derivation with respect to the rotor position angle © gives:

W, _. oy _ oW, 1.27)
00 0 00

10



Chapter 1: Fundamentals of Switched Reluctance Machines

With expression (1.25) the instantaneous electromagnetic torque Ts(i,®), produced by each
phase, is given from the partial derivative of the phase coenergy and is given by:

oW, (i,0)

T.(1,0)= o

(1.28)

i=const

The total instantaneous electromagnetic torque T is the sum of the g individual phase torques

T, = Zq:Ts (1,0) (1.29)

and the average torque T,y can be derived mathematically by integrating (1.29) as follows:

1 %
Tav = _[Ted® (130)
sk 0 (®sk-stroke angle)

For a linear flux model it is w(i,®) = L(i,®) -i. Thus, neglecting saturation gives

iS
Wc=jy/-di=%-L(®)-i52, (1.31)
0
1., dL
hence Tg = =i 2. 95 132
ence Ts=—-ls™ o (1.32)

The above equation indicates that the SRM-torque is independent of the sign of the phase
current, but it is determined by the sign of dL/d®. The absolute value of dL/d® contributes to
the amount of mechanical torque. Therefore, SR Motors are designed to have a large Lmax/Lmin
ratio, hence a large absolute value of dL/d® in order to obtain high torque. The quadratic
dependence of the electromagnetic torque from the phase current practically occurs only for
the case of very low currents. Usually, torque increases nearly linear with the current due to
saturation of overlapping stator and rotor pole parts.

Mechanical equation
The in the drive engineering generally known equation of a fixed mechanically coupled chain
completes the dynamic SRM model:
J.

i do 0

Tl e N o

e

(1.33)

where T is the electromagnetic torque, T, is the load torque, Ty is the friction torque, J; is the
moment of inertia, N; is the number of rotor poles and ® represents the angular frequency.

With the rotor speed n in 1/s it is defined as

de
=2m=— ,
W m (1.34)

11
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1.4 Electromechanical energy conversion

The dependence of the reluctance and inductance on the rotor position and phase current is
essential for the description of the SRM. In a straight line it influences the magnetic
characteristics of the machine as well as the energy conversion of the electrical energy input
supplied by the converter into mechanical torque. The electromagnetic torque and the
utilization factor of a SRM are commonly determined on the basis of energy relations. The
coenergy, introduced in (1.24) that is available to be converted into mechanical work in each
working stroke is equal to the area enclosed by the trajectory of the operating point in the y-i
diagram. The magnetic field energy W physically corresponds to the stored field energy in
the case of a specific rotor position and constant current in the machine. Fig. 1.5a shows the
flux-linkage vs. current trajectories for an SR motor under chopping control. The current is
established at a rotor position of minimum inductance ®,, and is hold around a reference
value by a hysteresis type current controller before the supply voltage is switched off and the
phase is de-energized at the turn-off angle ®.f. At this instant, the already in mechanical work
converted energy corresponds to the area enclosed by the trajectory of the actual flux-linkage.
The stored magnetic energy We is at its maximum. A major part of that stored energy is
returned except hysteresis losses to the supply during commutation. However, the
demagnetisation takes a certain time due to the larger inductance value near the aligned
position. Hence, the rotor moves several degrees before the phase is de-energized and phase
current is dropped off. Therefore a part of the magnetic energy is additionally converted into
mechanical work during the commutation period, reducing We for the benefit of W.. That is
indicated in Fig. 1.5a by the crosshatched area. The energy conversion loop contains the
energy available to convert into mechanical work Wy, in each working stroke and, what is
recognized rarer, the hysteresis losses Wee:

AW, =W, +W,, (1.35)

From the energy Wy, the mechanical losses, e.g. friction losses, must be subtracted to obtain
the available mechanical work provided on the shaft. If these loss energies and Wege are much
smaller than the energy converted into mechanical work, AW, can be used as scale for the
appropriable energy [25], [26]. Accomplishments about the energy conversion in SRMs can
be found in bibliography, e.g. in [31], [34], [121] and [170]. Neglecting resistive losses, the
supplied energy from the converter for one stroke is equal to the sum of the conversion energy
AWCc and the energy AWE returned to the supply. An energy ratio EC has been defined in
[121] which tells how much energy conversion is obtained for a given input energy:

AW,

¢ (1.36)

EC=——t—
AW + AW,

12
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That energy ratio is equivalent to the utilization of the SRM [33]. To achieve a good
utilization, the proportion of the returned energy AWg must be small compared to the
conversion energy AW,. Therefore, a large inductance ratio Lo/L, is necessary, corresponding
to a maximised cross section area of the magnetisation characteristics y(i,®). Due to wide
teeth in stator and rotor and a small air gap the unsaturated aligned inductance is increased
which decreases the area AWg. Whereas the minimum inductance in the unaligned position
can be reduced by narrower teeth, what increases the area AW.. These contradictory
requirements must be regarded in the machine design. Beside adapted machine geometry an
iron with high permeability is favourable. Saturation of the iron plays a decisive role for
SRMs. Without saturation, the magnetisation curves y(i,®) would be straight lines, as it is the
case for very small currents. In spite of a high inductance ratio the energy ratio EC can not
exceed more than 50%. In that case the field energy would be equal to the coenergy:

1. .
==Li° 1.37
> (1.37)

As it can be seen in Fig. 1.5a, the ratio of energy conversion AW, increases compared to the
returned field energy AWk for the case of saturation. Hence the utilization, defined in (1.36),
increases. For understanding the energy conversion see also Fig. 1.5b. Here the principle
aligned and unaligned flux linkage curves as a function of current are shown for two different
(theoretical) SRM designs. The first one experiences high magnetic saturation while the other
one experiences no magnetic saturation. Both SRMs are designed for the same rotor speed,
phase current and back emf. Furthermore the two machines are assumed to have the same
dimensions except for the air gap length. The saturating machine has a much smaller air gap
than the non-saturating one.

b1 Energy conversion (idealised)

a) Energy conwersion (chopping mode)

5 | aligned saturated gjigned unsaturated
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] e —— ‘\Mr"
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= o s trajectory a0
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Fig. 1.5 w-i-characteristic a)chopping mode; b) idealised for saturating and non-saturating SRM

The potential that is available to be converted into mechanical work in each working stroke is
proportional to the area enclosed by the trajectory of the operating point in the flux-linkage
vs. current diagram. For the aligned curves the saturated machine has the potential to convert
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approximately twice the energy of the unsaturated machine for the same peak current. This
makes clear that the SRM requires a sufficiently small air gap to saturate the machine in the
aligned position at a current value much less than its peak operating current. That maximizes
the machines power density at a fixed inverter volt-ampere rating. In other words, a SRM
with significant magnetic saturation has an effective power factor equal to about twice that of
a non-saturated design.

In view of the fact that heavy saturation of the SRM improves its performance it cannot be
ignored during the design and analysis of the machine. Saturation is desirable from this point
of view, but must be localized on the tooth tips, since the electromagnetic energy conversion
occurs in the air gap. Otherwise the iron losses would be too high and mutual couplings
between phase bands would increase [18]. Consequently, the demand to operate the SRM
partially in the range of saturation is not in the contradiction to the generally usual procedure
to avoid the non-linear operation with electrical machines. A good utilization factor moreover
reduces the volt-ampere requirement of the converter which influences the size of the power
electronic devices as well as the iron and copper losses of the machine. Therefore, the drive
efficiency is partially determined by the utilization [33]. Since the geometrical dimensioning
of the machine mainly influences the shape of the w(i,®)-characteristics and therefore the
energy conversion, the basis for a SRM with a high utilization factor and efficiency is created
already during the design stage. However, the design for itself is no guarantor for an
optimized utilization and high efficiency. The control mode essentially influences the
operational behaviour of the machine, which will be shown in Chapter 3.7.

1.5 Power electronic converters for SRM drives

An adjustable speed drive using a Switched Reluctance Motor, because of its ability to
operate efficiently from unidirectional winding currents, enables the number of main
switching devices in the inverter to be halved, thus only one switch per phase is sufficient,
yielding a very economical brushless drive. This is contrary to the ac motor drives where at
least two switches per phase are required for current control. Furthermore, the windings are
not in series with switches in ac drives, leading to irreparable damage in shoot-through faults.
SRM drives always have a phase winding in series with a switch. In the case of a shoot-
through fault, the phase inductance limits the rate of rise in current and provides time to
initiate protective relaying to isolate the faults. The SRM phases are independent and, in the
case of one winding failure, uninterrupted operation of the motor drive operation is still
possible, although with reduced power output.

The complete converter of a SRM drive normally consists, analogical to ac drives, of a
rectifier, a dc link and the machine inverter. The rectifier and dc intermediate circuit are
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identically designed as for ac drives, but the inverter differs due to the specific operational
characteristics of the SRM. Generally, three important criteria must be considered for the
choice of a suitable converter topology in order to fulfil the requirements of the application:

(1) little complexity of power electronic devices,

(2) high dynamics for current rising and falling and

(3) high degree of freedom for influencing the current waveform.
It can be easily understand that the first point is contradictory to the point (2) and (3). A little
complexity of power electronic devices leads to restrictions in the dynamic behaviour and the
number of possible control parameters for current regulation. Various different topologies of
converters have been described in the worldwide bibliography.

Converter Topologies
for g-phase SRMs

1]
v v v v
2-switch per phase 1.5-switch per (q+1)-switch Single-switch per phase
(2q switch) Phase [8] per phase (g-switch)
Asymmetric — Equal sharing [146] — R-Dump [115]
Bridge [8] — C-Dump and — Bifilar [68]
Variation of Variations — Split dc supply [4]
asymmetric bridge [50, 67, 111, 169]

— (-switches &

Shared switch [82, 115] 2q diodes [179]

with >2q switches [10] —

F— Minimum switch
Independent

phase current [93]

with variable dc link
with frontend [110, 116]

': Buck
Buck boost [176]

— Resonant [145, 174]

Dependent phase
current [61, 179]

'— Quasi Resonant [71, 122, 157]

Fig. 1.6 Classification of power electronic converters for SRM drives

Fig. 1.6 gives an overview. In this sub-chapter a small selection of converter circuits
frequently used for powering adjustable speed drives with SRM will be presented. One note
that in the different converters analyzed below, the power switch is represented as a transistor.
However, in industrial applications, there may be other types of power switches, mostly
thyristors, power IGBTs or GTOs, or even MOSFETS. Furthermore, auxiliary circuitry such
as snubbers, voltage spike suppressors, di/dt limiters, RC protective components, etc. are not
represented. All converter topologies assume that a dc voltage source is available for their
inputs. The dc source may be from batteries or mostly a rectified ac supply with a filter to
provide a dc input source to the SRM converters. Beside a controlled rectifier also an
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uncontrolled rectifier could be used to provide constant dc voltage at the bank capacitor
terminals. However, adjustable voltage provides greater flexibility in variable speed
reluctance drives. Detailed descriptions of such dc sources may be found in standard power
electronics textbooks, e.g. [5] and [15].

Bridge converters

The most versatile SRM converter topology is the classic bridge converter topology shown in
Fig. 1.7a, suitable for powering a 3-phase machine. Note that this asymmetric bridge
converter requires 2q power switches and 2q diodes for a g-phase machine, resembling the
conventional ac motor drives. The asymmetric bridge converter provides the maximum
control flexibility, fault tolerance capability and efficiency, with a minimum of passive
components and is therefore one of the most popular converter topology. Firstly, consider
Phase a. The voltage applied to the phase winding is +Vpc when the upper and lower
transistors T1 and T2 are on. Phase current i, then increases through both switches. If one
transistor is off while the other is still on, the winding voltage will be zero. Phase current then
slowly decreases by freewheeling through one transistor and one diode. When both transistors
are off, the phase winding will experience -Vpc voltage. Phase current then quickly decreases
through both diodes. By appropriately coordinating the above three switching states, phase
current of the SRM can be controlled. The main advantages of the asymmetric bridge
converter are the independent control of each motor phase and the relatively low voltage
rating of the inverter components. The major drawbacks are the total number of switches, the
dc link filter and a relatively low demagnetizing voltage at high speeds [176].

a) Asymmetric bridge converter b) Modified half bridge
Tt(] 01 {[ T0 o1 D2 D3|
& iy 75 iy Vi Vi
Vide| po $§ = % = Vie| 29| @3 =
T & B8 i = T )| = i
[~R = [~ [~ [~ =
Tz-r:‘ _K‘ DDZE T1 T2 T3

Fig. 1.7 Converter topologies of a 3-phase asymmetric half-bridge converter

In Fig. 1.7b the circuit has been modified [141]. The converter requires (g+1) switching
devices for a g-phase machine. Firing a transistor T1...T4 selects which phase winding is
excited. Transistor TO is common switch to all the phases. This topology reduces the number
of devices required per phase winding. However, three devices are always in series with the
motor winding which increases conduction losses and decreases the voltage applied to the
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winding. Current overlap in the conventional sense is not possible for phase windings within
the same half bridge. Moreover, the reliability of the drive with such a converter topology is
reduced. In [115] and [176] a shared switch asymmetric half bridge is proposed where the
switches and diodes are shared between more than one phase winding. This is particularly
advantageous for high numbers of phase windings, but even for two phase drives. It reduces
the necessary number of power electronic components. The only limitation to operation is that
for a pair of phase windings sharing a diode and a switch, one phase winding cannot have a
positive voltage loop applied while the other has a negative voltage loop applied [49].

Converters with auxiliary voltage supply

The demagnetisation energy of a phase is feed in an auxiliary voltage supply with this
converter type in order to restore the intermediate circuit or for directly energizing the
succeeding phase. With the C-Dump-converter in Fig. 1.8a the phase current is controlled by
only one switch per phase.
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Fig. 1.8 Converters with auxiliary voltage supply (C-dump) a) Bass [50], b) Le-Huy [123]

Various forms of the C dump converter have been appeared in the literature, e.g. [50], [67],
[111] and [169]. In all these topologies the energy from the off-going phase is dumped into a
capacitor to achieve fast demagnetization. This energy is then returned to the source from the
capacitor. The conduction of the phase is initiated by turning on the phase switch (T1 for L1)
connected in series with the phase. The phases are demagnetized by turning off the phase
switch. During the commutation period, diode Dd is forward-biased and the energy from the
machine phase is transferred by a buck-chopper from this auxiliary voltage supply to the
dump capacitor Cd. The voltage of the capacitor is maintained at twice the supply voltage to
apply -Vq. across the off-going phase for a faster demagnetization. The excess energy from
the dump capacitor Cd is transferred into the source by turning on the switch Td. Dump
switch Td is operated at a higher frequency than the phase switches. C-Dump converters offer
many advantages:

* lower number of switching devices; only one-switch forward voltage drop
» full regenerative capability
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» faster demagnetization of phases during commutation

» phase advancing is allowed
The major disadvantages of C-dump converter are the use of a capacitor and an inductor in
the dump circuit. Also the voltage rating of the devices is twice the bus voltage. Dump
capacitor voltage is maintained at 2V to allow fast demagnetization. The monitoring of the
dump capacitor voltage and control of the dump switch Qd makes the converter very
complicated. Also, the converter does not allow freewheeling.
In the converter presented in Fig. 1.8b each phase has its own auxiliary voltage supply. The
energy from the demagnetization is used to charge a capacitor which encourages the
magnetization of the succeeding phase [123]. At the beginning of conduction period the
auxiliary switch of the actual phase is turned on in addition to the main switch. Hence the
voltage for magnetisation of the phase is the sum of the dc bus voltage and the capacitor
voltage. The benefit of this converter topology is a very fast demagnetisation. Two switches
and two diodes per phase are necessary. A restoring of energy to the supply is not possible. A
further disadvantage is a high turn-on current due to the resonant circuit, which increases the
torque ripple. Moreover, the switches and diodes must be dimensioned for these high current
and voltage values.

Quasi-Resonant Converter

The selected power converter topologies hitherto discussed are known as hard-switched
topologies because during turn-on and turn-off the power switch and diode voltages and/or
currents are non-zero, thus causing significant power loss in these devices. During the
switching instant, if the current or voltage is zero, then the device loss is zero. Topologies
enabling such a condition are known as resonant circuits. In [4] and [8] 3-phase resonant
converters were investigated in great detail. Quasi-resonant converters contain a resonating
circuit which is not permanently active but initiated to oscillate by a switching signal. Target
Is to reduce the switching losses. Therefore a resonating circuit is dimensioned in that way
that the power electronic devices can operate under zero-voltage or zero-current switching
conditions. In the converter proposed by De Doncker [71] and Rim [157] the voltage over the
controllable switching devices is removed in each switching instant and after the voltage-free
turn on the voltage is increased on the dc bus voltage again. Therefore, an asymmetric bridge
converter is extended by an additional quasi-resonant circuit.
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2 Synthesis of design procedures for Switched Reluctance Machines

A specification of an electrical machine consists of requirements (e.g. torque, speed) and
constraints (e.g. dimensions or supply voltage). Furthermore the design is based on the
compliance of a number of prescriptions or agreements at the valid heating, mechanical stress,
operational safety and the compliance of electrical limits. The designer’s goal is the
determination of the main dimensions and the electric and geometric data of all
electromagnetic claimed parts from the required properties.

The design procedure for SRMs has been explored in detail in many publications. This
dissertation attempts to modify the design procedure described in [117] fitting a
manufacturer’s requirements while helping a machine manufacturer with no background in
SRM design to build and test prototypes. The actual machine design consists in the
determination of main dimensions and the iterative modification of geometry, winding and
material. There are embedded special demands like the optimal choice of the pole and phase
number for the realization of optimal torque characteristics and minimization of iron losses
due to high switching frequencies. Furthermore, a number of experience values can be
effectively used in the design of these new machines, as they could use the commonality
between these and the conventional machines to start with [4], [8], [9], [16]-[18], [43], [66],
[69], [80], [117], [120], [150], [159] and [166]. Also R. Krishnan [4] developed an output
equation similar to the output equation for induction and d.c. machines. However, this process
requires extensive prior knowledge and experience in designing SRMs.

In fact, design by analysis and simulation of SRM drive systems and the development of new
effective and reliable design software are one of the main subjects of the presented thesis.

2.1 Machine data

The design data for a SRM comprises of the required rated power output Py, rated speed n,
allowable peak phase current i, and available dc bus voltage V. for the system. Knowing the
speed and power output will automatically fix the rated torque T, to be developed:

P

T — n
S vy 2.1)

These parameters are often called as the principal designing specifications ([15], [16]) and
correspond to the rated regime. However, by themselves, these specifications are not
sufficient to determine unambiguously and quantitatively all the various motor parameters.
Therefore, secondary specifications must be provided for this purpose like:

e maximum torque ripple tipimax,
e the overall maximum machine axial length I« and outer diameter Dmax and
e the maximum working frequency of the converter power switches fsmax.
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Improving material productivity of SRM manufacturing involves optimized utilization of
machine and drives active materials, including iron and copper, drive electronics and control
aspects for cost minimization. It is achievable through design optimization within
manufacturing tolerance, where analytical and numerical analysis techniques combined with
knowledge-based techniques are applied. Therefore, a design by analysis and calculation
methods for SRMs is presented in the following chapters, leading to the development of
special design software - the program *DesignSRM’, which is described in Chapter 3.8.

2.2  Sizing of main dimensions

The size of the active part of an electrical machine depends on two factors: the required
torque and the effectiveness of the cooling system. For a given torque, the machine size may
be reduced to some extend by improving the cooling effectiveness. But such improvement
would increase the machine manufacturing cost. Once a means of cooling compatible with the
fabrication cost has been chosen, the only parameter that determines the motor size is the
magnitude of torque. In general, electrical machines are designed starting from the output
equation, introduced in [8] and [16], which relates the bore diameter D (inner stator diameter),
rotor length I, rated speed n, and magnetic and electric loadings to the rated output power P:

Pot-c.p?. 2.2)
n

C is the output coefficient and essentially depends on the machine dimensions and the cooling
system. To determine the main dimensions, it is necessary to keep the rotor length | as a
multiple or submultiples k of bore diameter.

l=k-D (2.3)
The substitution of | in the output power equation results in P~D®. The ratio k is decided by
the nature of application and space constrains. For non-servo applications, the range of k can
be 0.25<k <0.7 and for servo applications it is usually in the range of 1<k <3 [4], [117].
However, no unique solution for the choice of these parameters exists. After several trials,

convenient values of these parameters, compatible with the overall maximum motor axial
length and diameter, as imposes in the machine specifications, may be found.

2.3 Pole selection

Usually, the designer determines a common number of stator and rotor poles Ns and N, and
deviates from this fixed value only for very special applications because then converter
configurations and feedback devices can be standardized. There are many possible
combinations for the number of poles resulting in different phase numbers. The choice of the
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number of phases mainly depends on the desired application and their required properties how
it has been explored in detail by Miller [8]. Generally, it is preferred to have the ratio between
Ns and N is a noninteger. Even thought some at integer values have been attempted [117].
Based on this guideline, the stator and rotor pole combinations common in industrial designs
are given below:

Table 2.1 Typical stator and rotor pole combinations

Poles
Stator N 4 6 12 8 12 10
Rotor N, 2 4 8 6 10 8

This thesis primarily focuses on the popular combinations of two 3-phase prototypes with 6
stator and 4 rotor poles and one 4-phase motor with 8 stator and 6 rotor poles. The 8/6-
machine has the advantage of smaller torque ripple than the 6/4 machine while having the
disadvantage of using more switches in the converter, two extra terminals and higher core
losses (assuming the same rotor speed) because of higher remagnetization frequency.

2.4 Airgap

To maintain balanced phase currents and minimize acoustic noise, the SRM needs a uniform
air gap. The machine also requires a small air gap to maximize specific torque output and
minimize the volt-ampere requirement in the converter. A small air gap decreases the
minimum reluctance in the zone of stator-rotor-pole-overlapping and therefore increases the
achievable torque, as described in Chapter 1.4. Nevertheless, the bending of the shaft and the
expansion of the material with increasing temperature must be considered during design in
addition to manufacturing tolerances. So the air gap should be chosen in such a way that the
machine works reliable under common operating conditions in every operating point.

The air gap length g has strong influence on the maximum torque value as well as the flat
torque range on the T(i,®)-characteristics as it will be shown in Chapter 5 for industrial
machine designs. As a conclusion, the machine with smaller air gap length, subjected to
acceptable manufacturing tolerances, will produce higher average torque.

Miller [8] gives a rough guide to choose the air gap length about 0.5% of the rotor diameter if
the ratio of stator stack length/rotor diameter ls/D; is 1, increasing in proportion to lsu/D;.
Chang [124] advises a ratio of rotor pole pitch to air gap length =, /g between 50 and 120. This
agrees closely with the results in [80] and [84] that a maximum of torque is obtained with a
high ratio of t/g. In praxis, typical values of the air gap length are in the range of
0.2 < g <0.6mm, depending on the machine size and the properties of the application.
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2.5 Stator and rotor pole angle selection

The pole arcs of stator and rotor s and 3, define the width of stator and rotor poles t; and t;:

ts=D -sin& (2.4)
2
t, :(D—Zg)-sin% (2.5)

The choice of the pole arcs basically depends on two criteria:

1. Self-starting requirement

2. Shaping of static torque vs. rotor position characteristics
These requirements can be included into the machine design by computing the minimum rotor
and stator pole arcs 3, and fs to achieve self starting [8]:

27
q'Nr

min(g, B, ) > (2.6)

The minimum pole arcs are equal to the stroke angle @, ensuring that in the ideal case with
no fringing flux, torque can be produced at all rotor positions. An upper limit is placed on the
overlap of stator and rotor teeth:

ﬂs <i|_ﬂ_ﬂr (27)

That ensures that in the unaligned position there is a clearance between rotor and stator poles.

In practice S, > p is preferred since it provides a slightly larger slot area without sacrificing

aligned inductance [4], [8], [117]. It was shown in many publications ([18], [52], [53], [66],
[80], [136], [139], [143], [166]) that increasing the rotor pole arc causes only changing of
maximum torque with rotor position and influences the width of the torque impulse. The
maximum value of torque is practically constant. There is an optimum value of rotor pole
wide when the torque integral (area under characteristic) has its maximum [52], [53].
Investigations in Chapter 5 for practical industrial designs of SRM prototypes agree with
theses statements. Increasing the stator pole arc leads to a smaller slot area and limits the
maximum magneto motive force (mmf) and therefore the maximum torque. On the other hand
it must be considered from the mechanical aspect that a narrower stator pole can be easier
stimulated to oscillate, what influences acoustic noise negatively. The optimum stator and
rotor pole arc is therefore a compromise between various conflicting requirements, and there
is no single value that is appropriate for all applications. For very high efficiency designs the
slot area needs to be maximized to minimize copper losses, leading to a narrow pole arc. But
the starting capability may be compromised because of torque dips and extreme torque ripple.
Wider pole arcs can avoid these problems, but the price paid is a smaller slot area and higher
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copper losses. The choices depend on the entire torque/speed range and on the number of
poles and phases. A good guide for the choice of suitable stator and rotor angle is
LAWRENSON’s feasible triangle [8], [121] which determines the possible 3, and s values.
Worth mentioning is the fact that making B,>ps has many positive effects on operational
behaviour considering the usual angle control strategy. With a wider rotor pole force
production starts earlier but also ends earlier because of the wider overlapping zone of stator
and rotor pole where dL/d®=0 close around the aligned position. That “dead zone” around the
aligned position is given by (B-Ps) (see Fig. 2.1a). The flux linkage and therefore inductance
remains constant for that moment with the consequence that force- and induction effect are
breaking down. Thus no torque can be produced. It seems that variation of rotor pole width
does not have a great influence on the average torque [53]. But if the operational behaviour
with the common angle control strategy is considered, she shift of torque characteristics with
increasing [ characterized by higher torque towards the unaligned region and lower torque
near the aligned position (Fig. 2.1b) is beneficial because is reduces generating of negative
torque. Note, normally the commutated phase current continuous to flow for a short instant
after the rotor passed the aligned position leading to negative and therefore breaking torque!
Hence, many of practical SRMs have rotor pole arcs slightly greater or equal to stator pole.

a) 'Dead-zone' in inductance characteristic by Shift of torque-characteristic

Inductance L

-
; , 4 K
dead zone = e
g .
/ : -
Hr=hs * Brincreases
Rator position angle @ Rotor position angle &

Fig. 2.1  Effect of making ,>f on a) inductance characteristic and b) torque characteristic

2.6  Ratio of pole width to pole pitch

Guidelines for the selection of stator and rotor pole arcs can be found e.g. in [80], [84], [124],
[139] and [166]. In Krishnan ([4], [117]) both angles were varied for a given current and their
effect on the average torque and aligned respectively unaligned inductance was studied to
give a clearly identifiable range of practical pole arc values. A characteristic value for the pole
geometry is the ratio of pole width to pole pitch t/z. It can be written with the pole arcs for the
stator and rotor and the air gap radius r, = D/2—g as follows:

2-(rg + g)-sin(ﬁzsj N -(rg + g)-sin(ﬁzsj
= 2 = . (2.8)
N

S

t

s
T

S

23



Chapter 2: Synthesis of design procedures for Switched Reluctance Machines

2:14 -sin br N, -rg -sin br
L 2/ 2 (2.9)
£ 2z x |
N

r

Guidelines that follow from Krishnan’s observations for practical t/z ratios are in the range of

03< <045 and 035<% <05 (2.10)

o
Z-I' Z-S

Those results agree well with the work of J. Faiz [80] where an optimal range for the t/t,-
ratio between 0.33 and 0.4 has been found. Any further increase results in more iron volume
and higher moment of inertia. A higher ts/ts- ratio reduces the space for the stator windings

and increases the stator weight, thus a poorer utilization of the material.

2.7 Determination of other internal dimensions

Once the main dimensions, pole numbers and preliminary pole arcs are fixed, the design of
rotor and stator pole length, stator and rotor yoke thickness and shaft diameter finishes the
first roughly design step. That parameter can be obtained as follows.

Rotor pole height h,

Generally, a short rotor pole leads to a small inductance ratio La/L, but allows a longer stator
pole if the envelope dimensions of the magnetic core remain unchanged (e.g. diameter of
stator and rotor yoke, shaft diameter and stator outer diameter). The bore diameter varies in
this case. Hence more space for the stator windings is available. A larger rotor pole increases
the air gap radius rq, but at the same time the stator poles must be shorter. Therefore less space
for the stator winding is available. On the other hand, for the same mmf the torque increases
with h; due to the larger bore diameter, referring to the output equation (2.2). The price paid
are higher copper losses. Nevertheless, making the rotor poles to large has no benefit. In the
unaligned position the stator pole flux tends to fringe into the sides of the rotor poles. If the
angular clearance between the corners of the rotor and stator poles in the unaligned position is
too small, the decrease in the unaligned inductance is marginal, and also the aligned
inductance decreases. As a conclusion, there exists an optimum value for the rotor pole height
in terms of induction ratio and torque production capability. Therefore, Chang [124] proposes
a ratio of the rotor pole height to the rotor interpolar gap between 0.55 and 0.75. If the bore
diameter D remains unchanged, the rotor pole height is constrained by the need to make the
rotor yoke thick enough to carry the peak flux without saturating, and also by the requirement
to make the shaft diameter as large as possible. In order to obtain a low unaligned inductance,
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the rotor pole height should be at least 20-30 times the air gap length, as advised in [8]. K.
Bienkowski [53] proposes a similar rotor pole height in the range of

h =k,g with 15<k, <35 (2.11)

Rotor yoke thickness y,

The rotor yoke thickness y; is determined by the need of mechanical stiffness and the
operating flux density. In a SRM with a two-pole flux pattern the main flux divides into two
equal parts when it leaves the rotor pole and enters the rotor yoke. Therefore, y; should be at
least half of the stator pole width in order to carry the peak rotor flux without saturating.
Regarding the fact that sections of the rotor yoke are shared between different phases which
may overlap, it is submitted in [8] to choose the rotor yoke thickness about 20-40% more than
t/2. Chang [124] gives a similar expression for the choice of y;:

t .
Y, =k, Er with 1.1<k, <13 (2.12)

The range of values to be chosen from has to account for the interpolar air gap to provide a
sufficient high inductance ratio La/L,, but also sufficient mechanical stiffness.

Shaft diameter Dy

In order to maximise the lateral stiffness a large shaft diameter Dg, is favourable. This also
contributes to the minimization of acoustic noise and raises the first critical speed ([2], [8],
[23]). If the height and width of the rotor poles and the rotor yoke thickness are fixed, then the
shaft diameter can be obtained with the outer rotor diameter D, as follows:

Dsp = Dy _Z(hr + yr) (2.13)

Stator yoke thickness ys

The stator yoke thickness ys is determined on the basis of maximum flux density and by the
addition factor of vibration minimization and reducing acoustic noise. These mechanical
problems are caused mainly by the effect of ovalisation, which is explained in more detail in
[33]. The stator yoke flux density is approximately half of that of the stator poles. Concerning
that sections of the yoke are shared between different phases which may overlap, it is
proposed to choose the stator yoke thickness about 20-40% greater than half of the stator pole
width [8], similarly to the rotor yoke thickness. Due to considerations of mechanical
robustness and minimization of vibrations, ys could have in practice a value in the range of

0.5t, <y, <t, [4]. I’s recommended to choose a higher value for ys than its minimum,

regarding that stator yoke sections are longer than rotor yoke sections. In agreement with
these statement, [124] proposes
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L, with 1.1<k, <13 (2.14)

Yo = kys E

Stator pole height hs

The stator pole height hs should be as large as possible in order to maximise the winding area
and to make it easy to insert enough copper for minimized copper losses. One note that the
stator coil has to be held in place and therefore small space is required near the pole face. The
coil seating at the pole root is not usually tight fitting, so some additional space is lost which
must be accounted for the dimensioning of the stator pole height. If the outer diameter of
stator lamination Ds is determined by choosing all the other electromagnetic dimensions of the
stator, then hs can be calculated as

hs =%(Ds - Dy _2(9 +Ys )) (2.15)

At this point of the design stage, a first preliminary machine design is achieved by
determining all its electromagnetic parts, found by empirical formulas which are obtained
from previous design experiences and extracted from the technical publications. Fig. 2.2
presents the determined geometric dimensions for the example of a four-phase 8/6-SRM.

Fig. 2.2 Cross section of an 8/6-SRM showing stator and rotor dimensioning parameters

The presented design procedure involves the selection of various coefficients related to the
motor geometry, magnetic and electric properties. The calculations are generally simple and
can therefore be implemented in design software. The result is on the one hand a well
working machine geometry to start with, but on the other hand the design is relatively
inaccurate unless adequate design experience is accumulated. The final machine design is
achieved through an iterative process of analytical steady-state and dynamic performance
calculations, numerical FEM calculations and simulations as it will be pointed out in detail in
the following chapters of this thesis.
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2.8 Winding design

The slot area can be calculated by subdividing the stator slot into two geometric sections, as
shown in Fig. 2.3a. Section (a) has a trapezoidal cross section; the cross section of section (b)
is a segment of circle.

a) 9] i
section (b)
i Vg
/S PR

Y3 I

section (&) | |
9 ¢ LN
Fig. 2.3 Calculation of stator slot area
The cross section of the trapezoidal section A can be calculated with:
1
A, :;(a+b)~hS (2.16)
_ D-z
with &= -1 (2.17)
D,-2-y,)rn

and b =%—ts,y (2.18)

S

The parameter ts, is the stator pole width at the pole base regarding tapered (trapezoidal) pole
shapes. With respect to Fig. 2.3b it can be calculated with the tapering angle of the stator pole
side ys as follows:

t,, =t +2-h, -tan(y,) (2.19)

The cross section of the segment of circle Ay, in the stator slot is calculated with the angle o
(in radian) which describes the free-space between two adjacent stator poles at the yoke, and
the corresponding stator yoke radius r (see Fig. 2.3a for reference).

2

r :

Apy =?(a—sm(a)) (2.20)

with r :%+ h, (2.21)
27 . ts,y

and a:N——Z-arcsm Dizh (2.22)

The total slot area Ao is the sum of the pre-calculated sections:

2

A, = A@) + Ab) :%- (@a+b)-h, + %(a —sin(a)) (2.23)
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Fig. 2.4 Dimensions of rectangular stator coils

The maximum stator coil dimensions of a common rectangular cross section shown in Fig. 2.4
are given by their width b, and height h;, assuming a round outer stator core and straight
stator poles:

t
be _Dan| 2| DB (2.24)
2 | Ng 2 \2) 2
t
b, +->
_° 2_b (2.25)
¢ tanpg 2
bc+t—S
with /8 =arcsin| ——2 (2.26)
E+hs

The number of turns per phase respectively the number of turns per pole can be roughly
estimated with the assumption that the conduction (‘dwell’) angle ®4 of the SRM at a
particular speed has a certain value, maybe the stroke angle ®, =(27)/(q- N, ). Under the

condition of single pulse operation with no current chopping the maximum flux value is given
by the law of induction (recessive voltage drops are neglected) with the dc supply voltage Vs:

Vs'®d
Vinax =

(2.27)
(4]

Assuming that at the angular velocity o the ampere-turns are sufficient to bring the stator pole
to the flux density Bs, across the entire width at its base, the maximum flux-linkage is

l//max:Zp'Np'¢max:Zp'Np'Bsp'IStk'ts (228)

N, is the number of turns per pole and 2p is pole-pair number, given by
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2p=—2 (2.29)

The maximum flux-linkage occurs typically when the overlap between the stator and rotor
poles is about 2/3 of the stator pole arc s [8]. In this point Bs is usually between 1.35 and
1.8T. Combining the above equations gives an expression for the number of turns per pole

and phase:
V, -0 1
N =-s —d. turns per pole
= 2B, Ay L (turns per pole) (2.30)
V-0
N,,=2p-N, = s —d (turns per phase) (2.31)

- Bsp ’ Istk 'ts

The decisive parameter which describes the electrical load of a conductor is the current
density J. Its maximum allowable value determines the minimal conductor bare diameter Dy:

D, =2, |Lm: (2.32)
7-J

where Ims is the r.m.s phase current. Reference values of maximum current densities for
electrical machines in dependence of the cooling system can be found among others in [8],
[12], [13], [14], [17] and [18]. The winding cross sectional area of one coil Ay is

A =N, -%(1.08DW)2 (2.33)

The factor 1.08 accounts the wider wired diameter of an enamelled round wire [124]. With
two coil sides per slot, the maximum available cross sectional area of one coil side (N, turns)
is half of that calculated with (2.33). Finally, with the fill factor of the stator slot ¢go: by the
windings the total stator slot area is determined:

A\N,slot = M (234)

slot

Usually, the slot fill factor g0 is in the range between 0.4 and 0.6 ([8], [16], [18], [33],
[124]).
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3 Calculation algorithms and programs

3.1 Generals

The AMPERE’S law forms the starting point for the computation of the magnetic circuit of

electrical machines. It is given by
mmf =§H -ds=> [H-ds=N i (3.1)

For the mmf calculation of an excitation winding it is favourable to choose the integration
path in such a way that it totally encloses the winding and allows an easy determination of the
mmf drop. The SRM is a doubly salient machine with concentrated coils around the stator
poles. The magnetic circuit can be divided into five parts, as shown in Fig. 3.1a for the
example of a simple ‘2-pole’ pattern in the aligned position: (1) stator pole (index sp); (2)
rotor pole (index rp); (3) stator yoke (index Sy); (4) rotor yoke (index ry); (5) air gap (index
g). Derived from (3.1) the mmf-equation for the main flux-path in Fig. 3.1a is

mmf =V, +V, +V, +V, +V, (3.2)

where V represents the mmf-drops in the various parts of the magnetic circuit.

a) Main intearation part by Typical magnetization curve
main integration PRCL b T statar yoke hd00 BiH)
path \ 1y f 25
i’l o / . : i LI‘I."\- '
g gewctation || Lo

winding ) L pale

o i y 0 10000 20000 30000 40000 50000 60000
R A Hin Afm

Fig. 3.1 a) Sections of the magnetic part for flux path (aligned position); b) typical B-H curve

The magnetic filed strength for calculation of V is obtained from the magnetic flux density:
B=u-H with u=pg,=1256-10°Vs/Am (in vacuum) (3.3)

The relative permeability . of ferromagnetic materials is significant greater than py and a
function of the magnetic field strength. It is common to describe the relationship B(H) in form
of the magnetization curve of the particular ferromagnetic material as shown in Fig. 3.1b.

The relationship between the magnetic flux @ and magnetic flux density B is given by

d=B-A (3.4)
assuming that the flux density is constantly distributed across the integration area A. The

relationship B(H) cannot be written in an enclosed analytical form. Therefore (3.3) can not be
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solved for each particular mmf-drop for a given mmf. Hence, the magnetization curve can

only be determined by the iterative way

®, >B—>H->V ->mmf respectively B, —>®, ->B—>H >V —>mmf

max

If the poles of the SRM are tapered, i.e. they have a trapezoidal profile, the cross section area
changes with the pole high h,. The entire mmf-drop V, of such a pole can be calculated by
using SIMPSON’S law which advises to consider the mmf drops at the pole base (hy,=0), at the
middle of the pole (h,/2) and at the pole tip (hy) as follows:

Vv =%-[Hp(0)+4-Hp(hp/2)+Hp(hp)]-hp (3.5)

p

Magnetic disburdening of poles

In the case when the flux density in the stator or rotor poles exceeds 1.7T, the magnetic field
in the adjacent slot (or other non-ferromagnetic parts), shown in Fig. 3.2, is considerable and
cannot be neglected [16]. In this case, some pole flux lines also pass the slot area. Therefore
partial magnetic fields or sections with different magnetization characteristics are situated side
by side with respect to the field course. These sections are influencing each other. A
relationship between the pole flux density By(s) and the magnetic field strength H,(s) along
the main integration path s shown in Fig. 3.2 is determined by [16]:

_P,(5) _ o _AI(S)
B,(s)= NG =B, (s)—s'H ,(s) A ) (3.6)

.ll -.

Tg(s)

Fig. 3.2 Magnetic disburdening of the pole (here: stator pole) for B>1.7T

The difference between the slot pitch cross section 74(S)-ly, and the pole cross section
A, (S) =1,(8) @r - Iy represents the cross section Ai(s) of the parallel air paths. That area
not only contains the slot cross section t (s)-ly, but also the cross section of the n,
with their length 1, and the cross section of the

ventilating channels (if existing) t (s)-n, -1

\

lamination insulation t(s) - (1 - ¢g, )l . Hence,
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Al (S) = tsI (S)Istk + tp (S)nvlv + tp (S)(l ~ Pre )Istk (37)
g (S)
ith i~ 3.8
w1 p Ap(s) (3.8)

The ’imaginary’ pole flux density B, would occur if the entire flux @y crosses the pole,
which implies p,;=0. However, the flux part through the parallel air paths reduces the pole
flux density compared to the ideal case for the factor u,-H (s)- A (S) / A,(s). That effect is

often called magnetic disburdening’ in bibliography [16].

START: Bps, Ax(S), A(s), €

Bp A
\ -

By Bo=f(Hy)
_______ A

Bp1 -

)

Fig. 3.3 Iterative calculation of the pole field strength H, in the case of magnetic pole disburdening

In order to obtain a numerical solution for the effect of magnetic disburdening, [14] and [16]
propose an iterative method. At first one chooses a certain value for B, e.g. the imaginary
flux density By, for which a first (too large) value for the corresponding field strength Hy,; can
be determined from the B(H)-characteristic. With Hy,; a corrected (firstly too small) value By,
can be obtained by means of (3.6). Now, with B, a new (now too small) H,, and a corrected
(too large) By, can be obtained by the same way. That iterative method is continued until the
difference between the Bpc-value of the previous (k-1) and actual (k) iteration step is
sufficient small. By studying the calculation algorithm in Fig. 3.3 it becomes clear that this

algorithm does not converge for all cases. For example, if the absolute gradient of the straight
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line in the point of intersection with the B(H)-curve is greater that the gradient of this
magnetization curve, or if the first iteration step yields to a negative B,,;. Therefore, the field
strength H, ) 1s calculated for an intermediate value of B, , for example the average value of

By« ) and Bp.1) for further calculation.

3.2 Inductance calculation

The Finite Element Analysis offers a possibility for the performance computation of SRMs
([79], [112], [137], [144], [177] and [180]). Though FEM calculations are generally more
accurate than analytical methods, they require much more set-up and execution time on a
computer. Note that a change in one or many of the motor and control parameters requires an
entire new FEM computation, either in two or three dimensions with a considerable amount
of time. This is impractical in a typical industrial situation. It is advantageous for a machine
designer to know of the quantitative relationships between parameters, however inaccurate
they may be. Therefore, the need for an improved analytical calculation method, capable of
predicting the machine inductance at every rotor position and excitation level exists. The
procedure outlined in this thesis bases on a method firstly proposed in [4] and [38].
Additionally, an approximative procedure for estimating the inductance of intermediate rotor
positions is presented, using a ‘gage-curves’ method proposed by [97] and [134]. The
developed procedure includes:

» the prediction of inductance at any rotor position,

* investigation of straight and tapered stator and rotor pole profiles,

» magnetic disburdening of the stator and rotor poles for B>1.7T in aligned position,

* an allowance for fringe flux at the ends of core and

» the mmf-drop in the iron core and saturation effects in all rotor positions.
The following calculation approach uses analytical iterations to obtain inductance vs. current
characteristics from the machine variables that are used to predict the torque and power
output. For various positions of the rotor, a fixed number of flux paths is assumed. These flux
paths are obtained from flux maps derived by two-dimensional FEM calculations. The
equations derived apply to all levels of excitation under the following assumptions:

(1) The flux lines enter and leave the iron surface perpendicularly.

(2) The flux lines in the stator and rotor poles are parallel to the pole axis.

(3) The windings are assumed to be rectangular blocks; the stator inter polar space is only

partially filled with windings.
(4) The flux lines in the stator and rotor yoke are concentric.
(5) The air gap flux lines consist of concentric arcs and straight-line segments.

(6) The shaft consists of purely non-magnetic material.
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(7) The calculations are done for the complete g-phase machine with p =|NS - Nr|/ 2

pole pairs in order to achieve high universality and flexibility of the derivations.

(8) Tapered (trapezoidal) pole profiles are considered.

Calculation of aligned inductance

For determining the maximum inductance at the aligned position, an 8/6- SRM is considered
for example. A certain stator pole flux density is assumed, giving a stator pole flux by
multiplying with the stator pole cross section area. The flux densities in other machine parts
(rotor pole, stator and rotor yoke and air gap) are derived from the machine geometry and the
assumed stator pole flux density. From the flux densities in various machine parts and the
B(H) characteristic of the lamination material, the corresponding magnetic field strengths are
obtained. Given the magnetic field strengths and the length of the flux path in each part, their
product gives the magnetomotive force mmf. The mmf’s for various parts are likewise
obtained, and for the magnetic equivalent circuit and stator excitation the AMPERE’S circuital
law is applied. The error between the applied stator mmf and that given equivalently by
various machine parts is used to adjust the assumed flux density in the stator pole. The entire
iteration continuous until the error is reduced to a fixed tolerance value.

Considering the complete aligned position, two main flux paths are shown in Fig. 3.4. The
presented flux map is obtained by a previous two-dimensional FEM calculation. It was found
that about 90% to 98% of the flux lines pass the air gap between the stator and rotor,
identified as flux path 1. There is only a small flux due to leakage between adjacent poles,

identified as flux path 2. The derivations for these two flux paths are given separately.

Fig. 3.4 Two flux path for calculation of aligned inductance, obtained by FEM computation

Aligned inductance - flux path 1

The flux distribution is symmetric with respect to the centre line of the excited stator pole.
The magnetic equivalent circuit of one phase is shown in Fig. 3.5a in terms of reluctances ‘R
and stator-mmf F;. From F,, the flux @, in each segment of the magnetic circuit is known and
accordingly the flux densities for these segments are evaluated. In the maximum inductance

position the field pattern is symmetrically about the axis of the excited phase and therefore
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only one half of the magnetic circuit which carries one half of the magnetic flux, need to be

considered, resulting in the magnetic equivalent circuit in Fig. 3.5b.

(a) 1CD1f2 . CD1I2-— b
1%
T—=F
2Rsml
2Ryl
R=y1
] [J ey | eyt
2Rrpl
Ryl Rry1

Fig. 3.5  Magnetic equivalent circuit for flux path 1 a) one pole pair; b) half of magnetic circuit

The stator and rotor poles are assumed to be tapered (trapezoidal) as shown in Fig. 3.6a. The
‘degree’ of tapering is defined by the pole shape angle ys and v, respectively. Therefore,
concerning SIMPSON’S law (3.5), the cross section area must be calculated at the pole base

(index b), the middle of the pole height (index m) and at the pole tip (index t):

Pole base: A, = [(D sin(%) +2h, tan(ys )J . IFe] % = %tsm,blFe (3.9)

Pole middle: A, = [(D sin[%j +h, tan(ys )j . IFEJ . % = %tspl,mhe (3.10)
Poletip: Ay, = (Dsin(%j . IFEJ % _ %tspulFe G.11)
Pole length: lg,, =2p-h (3.12)
Reluctance: Ry, = %[ Bs::pAlfpl,b +4 BS::KZM B:jxpm ]Ispl (3.13)

where Ig. is the iron length which is assumed with the stack length lsx and the lamination fill

factor @r. to be |, =1 @ . In order to concern the magnetic disburdening of the stator pole

in the aligned position for flux density values B>1.7T with reference to (3.6), the cross section
area of the air parallel to the main flux path (A;) must be calculated by applying (3.7),
assuming that it is equal to half of the cross section area of the stator interpolar space plus half
of the cross section of the lamination insulation. There are no ventilation channels supposed.
The same is true for the rotor poles. Their reluctance can be similarly calculated with:

Pole base: A, = [((D - 29)‘ sin(%) +2h, tam(;/r )j . IFe] . % = %trpl,blFe (3.14)
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(. 11
Pole middle: Arpl,m = (((D - 29) sm[%) + hr tan(yr )j ’ IFe] ’ E = Etrpl,mIFe (315)
) . (B, 1 1
Pole tip: Arpl,t = ((D o 2g) Sln(? ’ IFe 5 = Etrpl,tIFe (316)
Pole length: |, =2p-h, (3.17)
1 H rpl,b H rpl,m H rpLt
Reluctance: R, =— P +4 R e (3.18)
: 6 ( Brpl,b Arpl,b Brpl,m Arpl,m Brpl,t Arpl,t !

The flux path in the air gap is considered now. Its length is assumed to be:
I, =2p-9 (3.19)
Due to fringing effects the effective cross section in the air gap is bigger than the stator pole

cross section area. In order to make some allowance for this the air gap cross section Ay is

increased by introducing CARTER’s coefficient ¢ [64]:

p-[tos A1 0-014].

1(D ) -
with U= E(E - gjsm(%} (3.21)
2 u g u ’
and o= ;[arctan[aJ - Eln{l + (aj H (3.22)
o, = 3.23
. HoAyg1 (29

The cross section, length of the flux path and resulting reluctance in the stator yoke (half of

the magnetic circuit) is obtained by assuming the flux path in the middle of the yoke:

T
1y == (D= ¥:) (3.24)
Asyl = ylee (325)
H -l
N = syl ~ syl
"B A (3.26)

Similarly, the length of the flux path in the rotor yoke and its cross section are determined:

. :%(D—Zg ~2h -y,) (3.27)
Ay =Yelee (3.28)
H,, -
_ yl "yl
"B A, (3.29)
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From the final flux densities in the various segments of the flux path and the magnetic field
strengths, the reluctances are calculated. With them the Ampere circuital equation for one side

of the magnetic circuit can be written as

Fl = Nphi = ¢1 '(mgl +SRsp1 +5Rrp1 +R +SRsy1) (330)

If the calculated right-hand mmf is not equal to the applied mmf, F;, the error between them

ryl

can be reduced by an iterative adjustment of the stator pole flux density B, and then

recalculating all other parameters. The error mmf is defined as
AR =F =Y HI=N_i-> HI

Finally, the phase inductance contributed by the flux path 1 at aligned position is determined.

(3.31)

For both sides of the magnetic circuit flux path 1 contributes to the inductance L;:

N ph¢1
[

L, =2 (3.32)

Aligned inductance - flux path 2

Flux path 2 in Fig. 3.6a represents the leakage flux in the aligned position. The flux-linkage of
path 2 is small in comparison to path 1 because the linked amp-turns become smaller. The

magnetic equivalent circuit of path 2 is presented in Fig. 3.6b.

. (b) fi’z
(a) j’ =3
i 4
A h Rep
st~f ) I |:| Rayz
AN B Rez

Fig. 3.6 a) Detail with flux path 2 in aligned position; b) magnetic equivalent circuit for a half pole

The flux lines are assumed to be linked with 3/4 of the stator turns. Thus, the mmf equation is

3

F, :ZNphi:gzﬁz-(iR R, +R,,) (3.33)

sp2

For the calculation of flux path length, the flux path is assumed to be centred at point A in

Fig. 3.6a, with a radius of 3/4hs and an angle of n/2. The various lengths and cross section

areas of the segments are then:

30 .Y
Stator pole: |, :(Zh3+?j (3.34)
13
Aspz =5(Zhsj IFe (335)
) . L= 3h T
Air gap: 2= | 3 (3.36)
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3
Ay, = Zhslpe (3.37)
Stator yoke: I, ~ |, (3.38)
Asyz = ylee (339)

The inductance contributed by the 2(2p) flux paths 2 is calculated as

3
ZNph¢2 3N, 4,

L, =202p) F——=p (.40)
1 I
The total aligned inductance L, is the sum of the inductance of flux path 1 and 2:
L, =L, +L. (3.41)

Calculation of unaligned inductance

Although [29], [30], [64], [135] and [150]-[152] give equations for calculating minimum
inductance, the equations cannot be easily verified. The best way to determine the minimum
inductance is to plot the equiflux lines for a test machine in the completely unaligned position
and calculate the lengths of the equiflux lines in the air gap and then account for the paths in
the iron sections, as proposed in [4] and [128]. Fig. 3.7 shows the equiflux lines in the

unaligned position for the example of a 4-phase 8/6-machine, obtained by FEM computation.

Fig. 3.7 Identification of 7 flux paths for analytical calculation of unaligned inductance

Unaligned inductance — Flux path 1

The field lines of path 1 in Fig. 3.8a lead from the stator pole face to the rotor interpolar face.
They are assumed to be linked with all turns. Path 1 encloses one quarter of the stator pole
arc, as proposed in [64]. Note, for the case of trapezoidal poles, the cross section area of the
poles is calculated at the base, the middle and the tip to obtain the mmf drop in this sections
according to SIMPSON’S law. In order to calculate easily the inductance for machines with a

pole pair number p>1 it is favourable to calculate firstly one half of the magnetic circuit for
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the flux path. That is justified if it is assumed that the field pattern is symmetrical about the

axis of the excited phase. Hence, the cross section of path 1 in the stator pole is halved.

b)

F1

—

— F1

Rzpl  Rgl  Rept

1

I
gyl

Fig. 3.8 a) Detail with flux path 1 in unaligned position; b) magnetic equivalent circuit

The reluctance for path 1 in the stator pole is derived as follows:

1 .
Pole base: Ay, = (Z[D sm(%j +2h, tan(y, )J : IFeJ =

2

1 ) 1
Pole middle: Aspl,m = [Z[D sm(%) +hg tan(;/s )j ‘ IFe]'_

2

. 1. (pB 1
Pole tip: Apir = (Z D Sm(?j ) IFeJ Y

Pole length: |, =2p-h; (where p=|NS—Nr|/2)

Reluctance: Ry, =g

The length of the flux path in the air gap 1, 1s
l, =2p(h, +9)

1 H spl,b H spl,m H spl,t
pl, +4 pl, + pl,
Bspl,b Aspl,b Bspl,m Aspl,m Bspl,t Aspl,t

i

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

The area of cross section of path 1 in the air gap varies throughout the air gap, therefore its

mean is considered for calculation. It is obtained with respect to Fig. 3.8a:

A =(2@—g —hrjsin(az)-lFeJ%

1(([) —2g)sin(ﬂ2'j+2hr tan(y, )j

2
with @, =arcsin B_g_h
2 r
(27 T,
and sz=§ N_r —051=3—051

The average cross section area of path 1 in the air gap is

39
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Ap + A
Agl:%

(3.51)

The length of path 1 in the rotor yoke is assumed to be the average of the shaft periphery with

the shaft diameter Dy, and the inner rotor pole base periphery.

1| Dy, V4
ryl =E|:Th+(D_2g _2hr)5:| (352)
D D,
Aryl =Y, 'IFe :(3_ g _hr - 2h ]IFe (353)
N
Ry =52 (3:54)

ryl” ‘ryl

The length and cross section area of the flux path in the stator yoke completes the relevant

parameters for the reluctance calculation of path 1:

T
Isyl :E(Ds - ys) (3.55)
Ay =Yg (3.56)
H,, -l
R, =—1 N (3.57)
" Bsyl Asyl

The AMPERE’S circuital equation and the inductance contributed by flux path 1 for both sides

of the magnetic circuit can be determined from the magnetic equivalent circuit in Fig. 3.8b:
Fi=Nyi=4 '(ERSpl + Ry, +iRsy1+iRry1) (3.58)

:2Nph'¢1
i

Ly (3.59)

Unaligned inductance — Flux path 2

The details of the magnetic configuration for flux path 2 in the unaligned position are
presented in Fig. 3.9a. Fig. 3.9b shows the magnetic equivalent circuit for one side of the
machine. The flux lines are assumed to be linked with all turns. Further it is supposed that the
flux enters at h/4 from the inner rotor pole radius [4], [38]. The area of the flux path is
estimated to be one quarter of the entire stator pole cross section area. Accounting tapered
poles, the areas and length for the reluctance of the stator poles Ry, are calculated (with

reference to (3.13)) for one side of the machine similarly to path 1:

11 .
Pole base:  Ay,p = E{Z[ D sm(%j +2h, tan(y, )ﬂlFe (3.60)
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11
Pole middle: A, =5{4(D51 ﬁ}"‘ h tan( )ﬂl Fe (3.61)
- _1 ﬁ
Pole tip: Ay, = DSI Dsm 5 > e (3.62)
Pole length: g, =2p-h; (3.63)

For calculating the reluctance Ry, the length and cross section of flux path 2 are

Ay = (hﬂl (3.64)

h
m2 = 2P Tr (3.65)

Fig. 3.9 a) Detail with flux path 2 in unaligned position; b) magnetic equivalent circuit

The area of cross section of path 2 in the air gap is approximately the average of stator and
rotor pole. Attention is now turned on the estimation of the path length in the air gap by
means of Fig. 3.9a. The angle o is assumed to be /4. The length of AB is referred with x;
and the length OA with y;. Point C is found in coordinate form (x», y») with respect to point 0:

D . D
(x,y,)= {3 sin(a, )—cos(e )} (3.66)
(X, Y, )=[ODsin(a, ),OD - cos(a; )] (3.67)
cD (2 - gjsin[ﬂ;j + %:'tan(yr)
with «a, = arctan(o—Dj = arctan D 3 (3.68)
E -0- Z hr
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and  a,=/COA= % —a, (3.69)

The linear distance between the points B and C is assumed to be one side of an equilateral

triangle and represents the radius of the arc formed by path 2. The length BC is

BC = Ix2 = \/(Xz =X )2 +(yz -Y )2 (3.70)

The arc is part of the circle centered at point E. The reluctance Ry, (ref. equation (3.23)) can

be calculated with length of flux path 2 in the air gap:

T

3 (3.71)

Igz :(2p)'|x2

The length and cross section of the flux path in the stator yoke are equal to flux path 1 in the
unaligned position, thus Ag»=Ag1 and lsn=l1, respectively. The same is true for the area in
the rotor yoke, so Aro=Ayi. The length of path 2 in the rotor yoke is assumed to be 2/3 of that

from path 1 in the unaligned position, thus I, =2/31 . The corresponding reluctances are

ryl -
calculated similarly to (3.26) and (3.29). Finally, the AMPERE’S circuital equation for path 2

and the inductance can be determined from the magnetic equivalent circuit in Fig. 3.9b:
Fz = Nphi :¢2 '(ERspz +5Rg2 +iRrp2 +SRsy2+iRry2) (372)

N . -
L, = M (whole machine) (3.73)

u2
|

Unaligned inductance — Flux path 3

Details of flux path 3 in the unaligned position are shown in Fig. 3.10. The magnetic
equivalent circuit is similar to that of flux path 2 and therefore not shown here. The flux lines
are assumed to be linked with all turns. Krishnan [4] advises to assume that the flux enters the
rotor pole at h,/4 from top and leaves the stator pole at 5/643s from the tips. Further, the width
of path 3 in one side of the stator pole is assumed to be 3/32 of the stator pole width.

Concerning tapered poles, the reluctance Rg,3 of the stator pole for path 3 is determined with

Pole base:  A;, = %( D sin(%) +2h, tan(y, )jlFe (3.74)
. 3 . (B
Pole middle: A ; | = Dsin 75 +h,tan(y,) I (3.75)
: 3 .. (B
Pole tip: Apsi = 3 D s1n[7] e (3.76)
Pole length: 1,; ~h; (3.77)

The reluctance R,p3 is obtained from the length and area of cross section in the rotor pole:
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3
Irp3 ~ (2 p)z hr (378)

Aps = e (3.79)

Fig. 3.10  Detail with flux path 3 in unaligned position

The area of cross section in the air gap is assumed to be the average of stator and rotor pole.
The length of the flux path 3 in the air gap is calculated by means of a similar procedure as it
was used for path 2. The coordinates of B and C with point 0 as origin can be calculated and

the flux path length in the air gap for obtaining R is derived as follows:

B. 5 27

O =g b= aﬂs (3.80)
B=(x,,Y,)= {%sin(oz1 ),%cos(al)} (3.81)
D h,

OD:E—g—X (3.82)
CD :[g— gjsin[%)—i—%tan(%) (3.83)
a —arctan[gj

) = oD (3.84)
o, = T—r -

=5 (3.85)
C =(x,,Y,) =[OD-sin(a,),0D - cos(a;)] (3.86)
Ix3 = \/(Xz —X )2 +(yz -V )2 (3.87)
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l; =(2 p)-lxgg (3.88)

The length and cross section of the flux path in the stator yoke are equal to flux path 1 in the
unaligned position, thus As3=Ay1 and ls3=ls1, respectively. The same is valid for the area in
the rotor yoke, so An3=A.i. The length of path 3 in the rotor yoke is assumed to be equal to
that of path 2, thus ly3=ly>  AMPERE’S circuital equation and the inductance contributed by

flux path 3 for the complete machine can be written as

Fy = Ny = - (R + Ry + Ry R, 4R, ) (3.89)

sp3 rp3

=2Nph'¢3

Lu3 i

(3.90)

Unaligned inductance — Flux path 4

The magnetic equivalent circuit for flux path 4 is similar to that of flux path 2. In contrast to
path 3 the flux lines leave the stator at the pole tips and enter the rotor pole at 7/8h, from the
pole base. The width of the path in one side of the stator pole is assumed to be 1/32 of the
pole width plus one quarter of hy/4 [4]. With these assumptions, the reluctance Rgps of the

stator pole is calculated using Fig. 3.10, since the general geometric relationships are similar.

1 (B 1
Pole base: A4y = {E(D sm(%) +2h, tan(y, )J + 16 hs:|IFe (3.91)
Pole middle: A, = 1 bsin 2 |4 h tan(y, ) +Lh | 392
. p4,m 32 7 S s 16 s |'Fe ( . )
. 1 . (B 1
Pole tip: Apar = {5 Dsm{%j +Ehs}lFe (3.93)
Pole length: lg,, = (2p)-h; (3.94)

The rotor pole and air gap reluctance for path 4 are obtained with

7
Irp4 = (2 p)g hr (395)
h,
Aps = ;Ipe (3.96)
o - ﬂ? (3.97)
) . (2 - gjsin[ﬁz’rj + grtan(;/r)
a, = arcsin Dk (3.98)
2 8
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@, ="—g, =" —q

3T, 2 = N, 2 (3.99)
D. (B \D (5
B= (Xl, yl): [Emn[?}Ecos[?H (3.100)
C= (Xz,yz): [OC sin(oz3 ),OC cos(a3 )] (3.101)
D h,

where OC—?—g—E (3.102)
=2p) (6% ) +(y, -y, (3.103)
A, :w (3.104)

The magnetic equivalent circuit is similar to that of flux path 3. Hence, AMPERE’S circuital
equation and the inductance contributed by the two flux paths of each pole pair is calculated

for the whole machine similarly, assuming that the flux lines are linked with all turns:
F,=Nyi=g, (R, +98,, + R, +R
b N ph * ¢4

it R ) (3.105)

L, = (3.106)

Unaligned inductance — Flux path 5
The width of flux path 5 in the stator pole is assumed to be 3/4(h,/4) on exit at the stator

pole at 5/32h; [4]. All flux lines shown in Fig. 3.11 are assumed to be linked with all turns.

?(/

Fig. 3.11  Detail with flux path 5 in unaligned position

The magnetic equivalent circuit is similar to that of path 2 and therefore not shown here. The

cross section area and the length of flux path 5 in the stator pole are

3h

Aps =7 4S|Fe (3.107)
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27

For the rotor pole the reluctance Rys is obtained concerning the assumptions above:

1 .
Pole base:  Asp, = g((D -29 )sm(%j +2h, tan(?r )] lee (3.109)
. 1 . (B
Pole middle: AYpS,m = g (D - 2g)51n 7 + hr tan(y,) ) IFe (31 10)
1 . B
Pole tip: Apst = g(D - 29)s1n(%j e (3.111)
Pole length: s = (2p)h, (3.112)

The area of flux path 5 is the average of the cross section area in stator and rotor pole. The
reluctance R,s in the air gap for flux path 5 is obtained assuming that the length of the path is

an arc of circle with an average radius of DB and DC and subtended by o.:

B=(x,,y,)=(AB,AO) (3.113)
with AB =%sin(%j+53—gstan(7s) (3.114)
and OA:%COS(%)+% (3.115)
azzf_zr_j’% (3.116)

IVANELY
2s1n[2j+32 tan(ys)

a, = arctan(%) = arctan (D (ﬂ j o j (D j (3.117)
—cos| ==~ [+=——=|—-| =——9g—h,
2 2) 32) \2
D . D
C=(x2,Y2)= K? - gjsm(az ) (3 - ngOS(az )} (3.118)
D
D=(x3,y3)=[0,3—g—h,} (3.119)
DC =(x5 ~x2)> +(y3 - y2 )2 (3.120)
DB =+/(x; — %, )2 +(y3 - 1 )2 (3.121)
o, = ZCDE = arctan[%) = arctan[yzx—:%j (3.122)
a, =%—al —a, (3.123)
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=(2 )DB+DC a, (3.124)

The length and cross section area for flux path 5 in the stator and rotor yoke are
approximately equal to them of flux path 2. Finally, AMPERE’S circuital equation and the

inductance contributed by the two flux paths of each pole pair are calculated:

FS = Nphi :¢5 (mspS +m +mrp5 +mry5+msy5) (3125)
Nph '¢5

LU5 =2 i

(3.126)

Unaligned inductance — Flux path 6

The enlarged magnetic configuration for flux path 6 is shown in Fig. 3.12a. Fig. 3.12b shows
the magnetic equivalent circuit. The path is assumed to be an arc centered at the midpoint of
the shaft. A further assumption is a path width of hy/4. The flux leaves respectively enters the

stator pole side at 5/8hs [4]. The length and cross section area in the stator pole and yoke are:

5
loos zghs (3.127)
hS
Ag6 ~ Asp6 :TIFe (3.128)
D . (B 3h
AC =x :Esm[%j + 2 tan y, (3.129)
AO=y —Rcos(&j + 3h,
1= 5 2 (3.130)
o =arctan| — (3.131)
Y1
2
szzfs—z%zN_s_“l (3.132)
CO=| | =/ +y,) (3.133)
sin(e, ) '
lys =(CO)-a, (3.134)
D
Isy6 z(?+hs+%j'(fs_2al) (3135)
Ays ® Ay = Yilee (3.136)
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a) Detail with flux path 6 in unaligned position; b) magnetic equivalent circuit

|____-\. r,
oz

o N

Fig. 3.12

The magnetic equivalent circuit for flux path 6 is shown in Fig. 3.12b. It contains reluctances
due to the stator poles, air gap and stator yoke. Note that there are in total 2(2p) flux paths 6 in
the complete machine. It is assumed that the flux encloses only three eights of the stator turns,

hence the mmf equation and resulting inductance contributed by the 2(2p) flux paths 6 are

3 .
F6 :nghl = ¢6 ' (ZERsp6 + SRgé +§‘Rsy6) (3137)
3 3
g Nph-¢6 ZNph-¢6
|_u6:2(2p). i :(Zp)- : (3.138)

Unaligned inductance — Flux path 7

Flux path 7 in Fig. 3.13a is assumed to be an arc centered about point B with a radius of 7/2.

(a) (b)
~ f @
- il F:
,_/r’ Ren? Rey7
< aal
N,
\\\ Ry7
Fig. 3.13  a) Detail with flux path 7 in unaligned position; b) magnetic equivalent circuit

For calculating the reluctances, the length and cross section areas are

I~h

o (3.139)

h
Ag7 ® Ay =7S|Fe (3.140)
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| <7 h,

755 (3.141)
lh vy

w1 ¥ 5T (3.142)

Ayr = Ay, (3.143)

Concerning the magnetic equivalent circuit for flux path 7, there are in total 2(2p) paths in the
complete machine. It is assumed that the flux encloses only 1/4 of the stator turns; hence the

mmf equation and inductance contributed for path 7 are as follows, referring Fig. 3.13b:

1 .
I:7 :ZNphI = ¢7 '(SRSW +mg7 +2R5y7) (3144)
1 1
~N_ ¢ ~N_. ¢
ph-#7 ph- 77
%7:%2m.ﬁ_7__ :@p).;_f__ (3.145)

The total unaligned inductance is the sum of all inductances contributed by the 7 flux paths:

;
L, =D L (3.146)

Fringe flux at the end of the core

In order to consider the inductance component due to the field at the ends of core of the SRM,
a simple method for making a rough estimation of the contribution to the minimum
inductance by the fringing flux was firstly proposed by [64]. The mathematical treatment of
the fringe flux at the ends of core is very complicated, particularly for doubly salient
machines, and would normally require a 3-dimensional numerical field solution. J. Corda [64]
suggests representing the stator and rotor poles by a pair of opposing faces with flanks

extending to infinity and with a fictitious uniform air gap, gg, as shown in Fig. 3.14a.

= Ire . 2r Ire 2r -
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a) e B b) ] | 3

Fig. 3.14 a) Axial model of the fictitious air gap; b) approximated model

Its length is assumed to be equal to the mean length of the flux path 1-5 used for the

unaligned inductance calculation where the fringing is most pronounced:

1
gf:§0m+52+g3+g4+gg (3.147)
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It is supposed that the air gap flux is uniform to the end of the core and the fringe flux at the
ends of the core is linked with all turns. If the red field line in Fig. 3.14a from the stator pole
end to the rotor pole end is approximated by a semi-circle with the radius equal to r, then the
model may be approximated by the model shown in Fig. 3.14b. With it, an effective core
length is defined by [64], taking into account fringe flux:

g = (e +2r)o—2r =1, +2r(1-0) (3.148)
2
. 2 2r O+ 2r
with o =—|arctan| — |——In|1+| — (3.149)
74 g« 4r O
and r=h+h, (3.150)
D [(D 7. +p
hy :E_KT_Q)COS( 5 ﬂ (3.151)
hC
h~ > (3.152)

where h, is the height of an assumed rectangular stator coil. Using these empirically found

factors the corrected value of the unaligned inductance is

|
L,'=L, +2L, =Lu+2[e—“|_u—|_uj (3.153)

Fe

where L, is the estimated value of minimum inductance when the fringe flux is excluded; Ly is

the estimated value of inductance component due to fringe flux.

3.3  Estimation of flux-linkage characteristics for all rotor positions

To predict the performance characteristics of the SRM the knowledge about the relationship
y(1,0) is required. A very smart approach to estimate the y(i,0)-characteristics is to use a
model that bases on the magnetic characteristics in the aligned and unaligned position. The
values for intermediate rotor positions are determined by ‘gage curves’ which represent the
magnetisation curves as \y vs. © at constant current relationships, as shown in Fig. 3.15a. The
curve on the right hand side is a scaleable ‘gage’ that fits between the unaligned and aligned
curves in the left-hand graph. The gage curves are normalized in such a way that if there were
no magnetic saturation, there would be only one normalized curve for all current levels. The
gage curve changes shape with saturation and can model both pole-corner saturation and
bulk-saturation of the poles and yokes.

A machine model that works with such a set of analytical equations instead of look-up tables
(e.g. in [26], [86], [168], [171]) can offer significant improvements. By choosing an

appropriate approach, it is possible to avoid any problems with differentiability of the desired
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values. This approach can be finally used in a very flexible way for the simulation of the drive
performance as well as for real online drive control. The procedure proposed in this thesis is
based on the work of Miller at al. [134] and M. Hiller [97].

3] Modelling of magnetisation curves with gage-curves b) Narmalized gage-curve
Wi Yy i
aligned . —
r__,fEh . B! TES]
intermediate Gage
¥ — // cures F i
unaligned — R1 R2 R3
— 1<l - /"(:- - -
. . » A U
s 1 [ &N G u i k —x = la

Fig. 3.15 a) Modelling of magnetisation curves with gage-curves, b) gage curve with normalized

flux linkage g(x) vs. normalized rotor position x (i=const.)
A gage curve value represents the ratio of the distance g;(®) between the actual flux y(i;,®)
and the unaligned flux (i) at a given current i; versus the distance between the aligned and

the unaligned flux linkage ,(i;) and y,(i;) at this certain current i;:

0w i)
90)=" )=v ) (.154)

, -0, -0,

with X === (3.155)

where ©, is the unaligned position angle, corresponding to ®=0°; @, is the angle of aligned
position and ®,, is generally half of the rotor pole pitch. Thus x =1 corresponds to the aligned
position and x=0 to the unaligned position. To define the gage curve, the basic structure of the
normalized phase angle sections u, j, ¢, k, 1 and a (see Fig. 3.15b) must be determined. Region
R1 extends from unaligned position U to the ‘corner point’ j where the approaching corners of

stator and rotor poles start to overlap:

X, SXLX; (3.156)
with U=0=>X, = (3.157)

: ﬂr +ﬁs T ﬂr—'—ﬂs j_®u

1=0, —T:N——T: X = o ~0.3..0.4 (3.158)

The overlap region is divided into regions R2 and R3, with the dividing point k between the

angle of maximum stator-rotor pole overlap 1 and j:

Xj <X=X (3.159)

- I
with =0, —T:——T: X, = ~0.95...1 (3.160)
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j+| Xj+X|

~0.6...0.7 (3.161)

Hence, the width of Region R2 is equal to the smaller pole angle min(p;,s). That agrees with
the fact that torque can be produced only while the stator-rotor-pole-overlap is changing.

Region R3 extends from k to the aligned position a:

Xk <X<Xa (3.162)
with a=0, = x5 =1 (3.163)
For the red curve in Fig. 3.15b it is assumed that there are no rotor positions near the aligned

or unaligned position where the machine produces no output torque. Hence, the gage-curve in

section R1 (X, <X <X;) is a trigonometric function as proposed in [134]:

m sin(q -
gl(X)ZTP{(pu —M} (3.164)

q
with ¢, =X—X, (3.165)

T
Q—X—j (3.166)
2
Mp = (3.167)
X; +c(l+u)+ak-u/n

C=% —x, (3.168)

At the end of section R1 (point j) the first order derivate of the gage reaches its maximum
value, i.e. as well the maximum value of the output torque. In the central region R2

(X; <X <X,) it is an observed fact that the static torque curve tends not to be flat and that

there is a maximum torque/ampere arising very shortly after the j-position. After this when
the rotor moves towards the K-position, the torque/ampere declines slowly at first, and then
more rapidly as the overlap increases toward the maximum as the K-position is approached. In
order to represent this variation of torque/ampere while retaining the assumption that the
torque is proportion to dg(x)/dx, then the gage curve function g(x) in region R2 must be at

least a second-order parabolic function [134]:

9,(X) =2, +a,p, —a,p,” (3.169)
with @ =X—X, (3.170)
X;
3, =m,—- 3.171)
2
a, =M, (3.172)
Me — Mg
a,=——" 3.173
2 2 ( )
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At the transition from region R1 to region R2 the model still ensures that no discontinuity
occurs in the output torque course since dgo(x=Xx;)/dx=dg:(X=x;)/dx=m,. This is also true for
the region R3 (X, > X<X,), where the gage curve function gi(x) is given by a similar
complex trigonometric expression as for region R1 that satisfies continuity conditions at the

end points xx and X,.

2X .
9, (%) =1—7“mQ[1—sm(r-<oz ) (3.174)
with @, = X=X, (3.175)
o T
2%, (3.176)
Mg = u-mg (3.177)

The constant p= mg/mp is the ratio of the gradients at points P and Q (see Fig. 3.15b).
Generally, u<1 and a typical value might be 0.95 [134]. Finally, the flux linkage yn(i1,X,) for

the n-regions for the current 1; can be found:
Vol X,) = 9,00 (g (i)~ 17y (i) + o () (3.178)

Fig. 3.16 shows for the example the calculated y(i,0) curves and their first-order derivates for
different phase currents of the 6/4- SRM II. There are no discontinuities in these curves and
their rate of change resulting in a smooth calculated torque. As reference, data obtained by

FEM calculation are shown (dotted lines). The analytical calculation error is about 5 - 7%.
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Fig. 3.16  Flux-linkage (left) and their first-order derivates (right) for different currents

3.4 Calculation of static torque characteristics

Simulation of the SRM operational behaviour is essential for an accurate dimensioning of the
entire drive system. Following a procedure is presented which determines in a first ‘static’
step the torque characteristics T(i,0) by means of an iterative coenergy calculation using the
y(1,0)-curves. The magnetization curves, the coenergy and the obtained static torque values

are stored as discrete data points in a two-dimensional data field. For the analytical
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calculation of phase currents and -torques in a second ‘dynamic’ step these data fields are
used. Intermediate values are approximated by linear interpolation. The first ‘static’ part must
be executed only one time when a new y-i-data set hast to be prepared. The ‘dynamic’ part
must be executed for each new operating point. After the analytical calculation of the
magnetic circuit with the procedure outlined in the previous sub-chapters, the magnetization

curves are point wise available as a two-dimensional data field as shown in Fig. 3.17a.

a) Flux-linkage data filad L4 b} Calculation of coenergy e

01~ -] [-- - T80 T T ——— e
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Flux-linkage
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[Wen.m|

Im-1 Im current |

Fig. 3.17 a) Structure of the y(I,0)-data set; b) calculation of the W.(i,®) data set

The values of the rotor position angle ®, (in el. degree) must be available from the aligned
(®¢=0°) to the unaligned position (®,=180°) with an arbitrary increment, equidistance is not
required. Note, the electrical angle is the mechanical rotor position angle @y multiplied
with the number of rotor poles: ®=N;Occn. For angle values from the aligned to the next
unaligned position the data field is mirrored at ®,=180°. Also for the current data points
equidistance is not required, however it is favourable to work with a higher density of the data
point in the range of small currents and at beginning iron saturation.

The instantaneous torque T of a SRM is given by the rate of change of the coenergy W, with
the angle ® at constant phase current i, referring to equation (1.28). Therefore it is useful to

generate first of all a W(i,®) data field:

+
A\Ncn,m = W(Im - im—l ) (3 179)
ch,m = ch,m—l + Ach,m (3 1 80)

where n is the interval between the grid points and m is the index of the current. The
calculation procedure approximates the increase of the area corresponding to the coenergy
AW nm by a rectangular area. Now, a further data set can be obtained which contains for each
point of the W(i,0) data field the instantaneous torque T. For this reason (1.28) is
approximated with the difference quotient

T _Aw,
A®

(3.181)

i=konst
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With a sufficient fine resolution of the rotor position angle these approximations give accurate
results as the comparison of the calculated torque characteristic with them obtained by FEM
computation shows for the example of the three manufactured prototypes, presented in

Chapter 5. Additionally, Chapter 6 gives a comparison with measurement results.

3.5 Calculation of Switched Reluctance Motor drive losses

Since the SRM is an electromechanical energy converter it produces losses as well as the
power electronic converter belonging to the drive system. SRM losses can be subdivided into
copper-, core-, mechanical- and additional losses. Hysteresis and eddy currents in the iron
material are responsible for the core losses. Mechanical losses consist of friction losses with
the air and inside the bearings. Additional losses include mechanically and electrically caused
losses which can a priori not measured and localized exactly [16]. Finally, in the converter
occur conduction and switching losses of the diodes and switches. Additional losses in the
converter, for example in the dc-link capacitors or in the control electronics are neglected in
this thesis in the style of [33] and [34]. For both SRM and converter separate efficiencies can

be defined and multiplied to obtain system efficiency:

I:)Conv I:)mech I:)mech
Nsys = Mconv “TIsRm = ) = 3.182
i o I:)el PConv I:)el ( )

where Ppech 18 the mechanical output power, P is the electrical input power supplied by the

dc-link and Pcony 1s the output power of the converter.

3.5.1 Copper losses

Accurate calculation of SRM copper losses at all speeds is complicated by the fact that the
current waveform in the SRM is not sinusoidal. Further, the waveform is dependent on
operating conditions, particularly the excitation current, speed and the switching strategy. For
the case of flat- topped currents, the current waveform can be approximated by a rectangular
block and it has been shown among others by [120] and [117] that the r.m.s. current per
phase, assuming unity duty cycle, can be calculated with the peak value I, as

| b

=—2  (g- number of phases) (3.183)

rms \/a

However, in praxis, the phase current is usually not flat-topped, thus, for a precise prediction

of copper losses the r.m.s. current must be accurately determined by

I o,
| = \/T_ j: it (3.184)

el
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where T, is the electrical time period of the phase. The copper losses are then:
Pcu =qlrzmsth (3185)

In order to predict the dc resistance Ry, of the phase winding, the average length 1, of one

single winding around a stator pole is assumed to be approximately
Ly =21 +4-15, (3.186)

with the stack length ly and the overhang length at each end of the winding loh. It can be
roughly estimated as lop=1.2ts, where tg is the stator pole width [8]. The dc-resistance of the
winding per phase with p pole pairs is then [16]
2p-N, -l )
Ron = ——— with 2¢, = Zcu0 - (1+ g, - (9 %)) (3.187)
Xcu® AN
Ay 1s the wire cross-section area, N, is the number of turns per pole and yc, is the specific

conductivity of copper at the temperature 9. The specific conductivity of copper is

XCu,Z():S 8000S/mm at 3¢=20°C; o.c,=39- 1074 K.

A time-variable magnetic field induces eddy currents in an electric conductor which is
situated in this field [13], [16]. From the superposition of the current in an electric wire and
the eddy-current due to the time-variable magnetic field results an unevenly distributed
current density across the wire cross section. That leads to the ‘SKIN-Effect’ and an increase
of the wire resistance. The penetration depth (also ‘skin-depth’) of the magnetic field in the
wire depends on the frequency, the specific conductivity yc, and the permeability p of the
wire material. In the framework of this thesis the SKIN-effect is not considered. It is assumed
that the SKIN-depth is small compared to the wire diameter. Hence the phase resistance is
frequency-independent. SKIN-effect occurs in very high-speed motors wound with small
numbers of turns. It may be necessary in such cases to use stranded conductors or Litz wire.
Detailed investigation to the influence of the SKiN-effect on copper losses in SRMs can be
found in [33] where J. Reinert proposes a procedure transferring round wires in a first step
into equivalent rectangular wires with the same cross section. In the second step the serial

connected adjacent rectangular wires are transferred into one single strip conductor.

3.5.2 Core losses - new calculation method
Flux-linkage waveforms in various parts of the magnetic circuit

Energizing a phase winding of the SRM by a positive voltage pulse at turn-on angle ©,, leads
to the built up of flux-linkage according to FARADAY’s Law. At constant angular velocity ®

the flux-linkage is
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0, .
¢ (V. —Ri
y = j%d(awo (3.188)

®Uﬂ
The pre-existing flux-linkage y at the turn-on angle is assumed to be zero, which is usually
the case. The commutation angle ®.¢ occurs when a negative voltage applies to decay the
current and hence the flux-linkage back to zero. Above equation can be written as
_V,—Ri

o @4 -0, (3.189)

7

The angle (O - Ooy) 1s also called “dwell-angle” G4 [8]. Neglecting the voltage-drop due to
winding resistance in the fluxing and de-fluxing period, the flux-linkage varies linearly with
the rotor position angle. If the absolute value of supply voltage is the same during fluxing and
de-fluxing period and if it is further assumed that these periods have approximately the same
duration, the flux-linkage vs. angle characteristic has a triangular form. It occurs in the poles

and the yoke parts between the poles of stator and rotor when one phase is energized.
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Fig. 3.18 Current-, voltage-, and flux waveform for single pulse operation

Depending from the motor speed, turn-on and commutation angle, there is usually an
overlapping of the flux-linkage waveforms of the phases in the stator and rotor yokes. Hence
the period and form of the flux-waveform in the iron vary between the different parts of the
magnetic circuit, and can be deduced by superposition of separate waveforms. In Fig. 3.19 the
flux-linkage waveforms of a 4-phase 8/6-SRM are presented for one electrical period. The
flux-pulses are shown by closed magnetic field lines as a vector plot. One mechanical
revolution of the rotor is achieved after N; electrical pulses. Hence, the 8/6-SRM with N,=6
requires 24 current pulses per revolution. Fig. 3.20 shows the flux-density waveform as a

function of time in the different machine parts for a dwell-angle ®4=10°.
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Fig. 3.19 Vector plot of magnetic flux in an 8/6-SRM for one electrical period

The flux in the stator and rotor yoke parts is often composed of the flux of two phases
resulting in a doubled alternation speed compared to the pole flux. With a dwell less than 7.5°
no flux-overlapping occurs in the 8/6-SRM. On the other hand, a dwell greater than 15°
results in a tripled alternation speed of the flux, because in that case the flux in the yokes
consist partially of the flux of three different phases! Referring to Fig. 3.19, an unipolar flux
density waveform occurs in the stator parts I, a bipolar symmetrical flux density waveform in
the parts II. Both appear two times. An unsymmetrical waveform occurs four times in the
parts III. Especially the bipolar flux density produces high core losses due to its high
frequency. The flux-density waveform in the rotor yoke is the same in all parts. The

remagnetization frequencies in stator fs and rotor fr are

S

fo=n-N, (3.190)
N

fa=n

5 with mechanical rotor speed n in 1/s (3.191)
q
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Fig. 3.20  Flux density waveforms for one mechanical period in different parts of an 8/6-SRM

Physical principle of remagnetization losses

It is known that ferro- and ferrimagnetic materials have a domain structure. The
magnetization of this internal structure is not uniform but subdivided into more or less
saturated domains, which differ from each other by the orientation of their magnetization
vectors. Domain walls, so called ‘BLOCH-walls’, separate the magnetic domains from each
other. A magnetization of the firstly uneven organised domains is achieved by an external

magnetic field. At complete alignment the material is totally saturated. A change of total
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material magnetization can only be achieved by movement of the domain walls. Therefore,
the magnetization is discrete in terms of space. It is important to know that the magnetization
changes in a highly localized way, rather than uniformly through the material. Impurities and
imperfections inside the material hinder the domain wall movement and cause rapid
movements of the domain walls at a sufficient high field strength. That effect is also known as
BARKHAUSEN-jumps. Hence, the movement of the domains is not regular. The local velocity
of the BLOCH-walls is not equal to the change of rate of the external field. Therefore, the
magnetization change is also discrete in terms of time. The results of changes of
magnetization are local energy losses caused by eddy currents and by spin relaxation. There is
no physical difference between “hysteresis” losses and “eddy-current” losses and the only
physical origin of remagnetization losses is the damping of domain wall movement by eddy
currents and spin relaxation [18], [33], [34], [47] [51], [58].

Known calculation methods for Switched Reluctance Machines

Only a few approaches can be found in the bibliography for determining core losses during
non-sinusoidal remagnetization processes [33], [42], [47], [72], [164]. First investigations
based on a harmonic analysis of the triangular flux-density waveform in the stator poles by a
FOURIER series [34], [47], [129]. After the discretization and calculation of the absolute
coefficients also the FOURIER-coefficients for the stator- and rotor yoke parts can be
determined by the lag theorem of the discrete FOURIER transformation. A similar approach is
developed by Gradzki [91] and Severns [164]. To each single Fourier component the
empirical STEINMETZ equation from 1891 is applied:

AP
P =C, f*B (3.192)

Finally, the individual losses of the fundamental and all harmonics are superimposed and
summarized to calculate the total losses. The calculation procedure bases on material
characteristics given by the manufactures. However, the fact that the flux-density exponent of
the STEINMETZ-equation has a typical value of B=2.5 indicates that there is an extremely
nonlinear relation between losses and peak flux density. The method of superposition is
mathematically only applicable for linear or piecewise linear systems [47]. In the case of non-
linear magnetic materials its application is not valid and the results of this procedure are
invalid [41], [42], [58]. Another method to calculate core losses in SRMs is presented by
Miller [8]. He proposes to subdivide the losses corresponding to Jordan [108].

A atbhB

A2 Aa+bl§> 2
p.=C,fB +C,f>B =C,fB +2Cez(c;—?j (3.193)
T

The second right-hand term, corresponding to the eddy-current losses, shall consider the non-

sinusoidal flux-waveform. A quiet difficult problem is the estimation of the four coefficients
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for which a complicated curve-fitting procedure is necessary. This can lead to the fact that the
material constants are adapted only to one particular operating point and causes large errors in
other operating points since non-sinusoidal processes and high modulation-levels can not be
considered correctly [33]. A very detailed investigation of core losses in SRMs can be found
in Boivie [55], [56]. Also in these works the losses are subdivided into a static hysteresis and
a dynamic eddy-current part. By means of experimental verifications Boivie calculated a
maximum error of 14% and therefore a dramatic improvement in accuracy compared to
calculations with (3.193). However, Boivie concedes that a strict partitioning of the losses in
the ferromagnetic material into a hysteresis- and eddy-current part is such a difficult task that
he also needed some correction factors. As a conclusion, the results of Miller and Boivie
confirm the statement that the losses during quasi-static remagnetization are the result of eddy
currents as well as losses during high-frequency remagnetization. There is a lack of physical

foundation for the classification of core losses into hysteresis- and eddy-current losses.

New calculation method using a modified STEINMETZ-equation

Since the known methods to calculate core losses do not fulfil the specific properties and
requirements of SRMs, a new approach must be found. This can be made on the basis of the
work of [33], [34], [47], [59] and [70]. A modified STEINMETZ-equation which uses common
material characteristics given by the manufactures and determines the remagnetization losses
for any flux-density waveforms forms the starting point of this calculation method.

In this thesis the method proposed in [33] for the example of an 8/6-SRM is generalized on
various machine types with different numbers of phases and poles. Influence of geometric
machine modifications, actual operating conditions and the mode of control are regarded now
already during the design stage of the motor to be developed. The proposed calculation
procedure is more complex as presented in [33] since all required flux-density waveforms and
corresponding frequencies are calculated analytically, not as described in [33] by the
exclusive way of FEM calculations. The procedure is finally implemented in the program
“DesignSRM”, presented at the end of this chapter. Actually, the empirical STEINMETZ-
equation has proven to be the most useful tool for the calculation of remagnetization losses in
bibliography. For sinusoidal flux waveforms it provides a high accuracy and is quite simple to
use. Therefore, it should be extended to non-sinusoidal problems. The flux density rate of
change dB/dt is averaged in a first step over a complete remagnetization cycle, i.e. from

maximum flux density value Bp,x down to its minimum B, and back [59]:

-1 +dB
B=—§—dB with AB=B__ —B__
AB dT w max min (3 . 1 94)
-1 M(dBY
B=—[| =] dt (3.195)
AB 3\ dt
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It was found in [72] that (3.195) can be normalized with respect to a sinusoidal case.
Therefore, in order to find a relationship between the remagnetization frequency f and the
averaged remagnetization rate dB/dt, an equivalent frequency f.q can be calculated from the

averaged remagnetization rate, using the constant 2/(ABm)*:

_2 1 t(dB zdt 3.196
QQ_FABZJE (3.196)

For k piece wise linear waveforms in the different parts of the SRM, f.q can be simplified:

2 S
== Z( J : (3.197)
ﬂ. k=2 ax Bmm tk _tkfl

Similar to the empirical formula of STEINMETZ the specific energy losses w of every

remagnetization cycle can now be determined using this equivalent frequency [59]:

/\ﬁ A
w=C_-f “'.B with B_AzB (3.198)

If the remagnetization is repeated with the frequency fr, the specific core losses in W/kg are
@) 3"
Pee = f7r | Cp-fog” ' B (3.199)

The coefficients Cp,, o and 3 are empirically extracted from loss curves of the iron given by
manufactures with a curve fitting procedure. By means of consequent using (3.197) and
(3.199) the core losses in different parts of the SRM can be calculated as follows:

The flux-density in the stator poles has a triangular waveform, as shown above. The
equivalent specific core losses pre sp are therefore calculated as

B

(a—l) A
N 2 1 1 B
— r C o — —+— ) — 3200
pFe,SP T m {7[2 |:Atr Atf :|] 2 ( )

mech

where At and Atr are the rice and fall time of the stator pole flux density; Tyecn 1S the duration

for one rotor revolution in seconds.

B
? Aty |
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i L b I t
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Fig. 3.21  Splitting the stator- and rotor yoke flux density waveform into two basic figures

The estimation of core losses in the stator- and rotor yoke is more complicated since the flux

waveforms in these segments are a sum of stator- and rotor pole flux-density waveforms.
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They can be subdivided into two basic figures shown in Fig. 3.21, whose equivalent
frequency can be obtained with (3.197). With it the specific core losses in the other parts of

the magnetic circuit can be calculated now.

For the stator yoke segments with bipolar flux waveform the specific core losses are

(a-1)
21 1 B, )
S| — | —+— =04
2| At At 2
NrCm ) ) (e-1)
Pre.sa :T— .2 B suy +2. B s + (3.201)
mech 2( 1 J At, At, 5/
7’ ZBO 2 (Z(Bo Bsub ))2 '
At,

The parameter S describes the number of the small figures according to Fig. 3.21. A value s=1
is valid for a three-phase machine, s=2 in the case of a 4-phase machine. For the parts of the

stator yoke with unipolar flux waveform the specific core losses are

(a-1)
o= e dan (21, L) (Bw)
Fe,SJ2 Tmech m r 7[2 Atl Atz 2 (3 202)
here T = with nin 1/min (3.203)
WRETE Tmeeh =760 '

In (3.202) it is favourable to use the repeating frequency of a mechanical rotor revolution
Tmeeh Where the small basic figure occurs qN;-times. Each rotor pole passes an excited stator
pole Ns-times during one rotor revolution. Similarly to the stator poles, the flux-waveform in
the rotor poles can be assumed to be triangular during single pulse operation:

B

(a—l) A

N 211 1 B
- N 6 + = 3.204
pFe,RP T m{ﬂ_z [Atr Atf :D 2 ( )

mech

The flux in the rotor yoke is bipolar, thus core losses are obtained similarly to the stator yoke:

SE_L%L(M@mY+
22| At At 2

- B (a—l)
pC 2 2
Pross =7 " 28 5B (3.205)
mech o) ( 1 J At At, 8
S| 751755 0
7[2 280 2(2(80_Bsub))2
i At, |

The small sub-figure in Fig. 3.21 occurs s;-times and the large figure s,-times. If p is the

number of pole pairs, values for s; and s; are given in Table 3.1 for common SRM designs.
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Table 3.1 Number of basic figures in the rotor yoke flux waveform for different SRM geometries

Nop | Ni/p S Sy
4 6 3

8 14 5

6 14 5

10 8 24 8

Once the specific iron losses prex and the iron weights my for each part k of the magnetic
circuit are known, the total core losses P are calculated according to
2p 2p
Pee = Ng -Mgy - Presp +(1__JmSJ "Presit 77 Msy - Pressz t+
N Ny (3.206)

Ny -Mgp - Prerp + MRy * Prery

In (3.206) it is assumed with respect to Fig. 3.20 that the unipolar flux-waveform occurs in

approximately 2p/N; of the entire stator yoke volume.

The investigations so far are valid only for the case that the conduction (dwell-) angle of the
energized phase is less or equal to the stroke angle ®y when the flux of maximum two phases
overlaps during the commutation. However, for 3- or 4-phase machines (and higher phase
numbers) it is usual to choose a dwell angle ®4>0®. For the 4-phase machine it leads to the
effect that for some short instants the flux in the stator yoke consist of three different pole
fluxes which overlap during the commutation, hence the remagnetization frequency is three-
times of that in the poles. This is shown in Fig. 3.22a for the example of the 8/6-SRM III. The
stroke angle is ®gx=15°, the turn-on angle ®,,=0° and the turn-off angle ®.=20° (mech.
deg.). It is very impressive to see that the bipolar flux-density waveform in the stator yoke has

now a significant steady component which increases with the conduction angle.

a) Single pulse mode (high speed) b} Chopping mode (low speed)
. Statoryoke |l i _ ORI 2 G LA R T—

T i , !
= | ; b _ o - !
5 | | ' | | = W |
= b 4 o | |
o | | = F i
- | | | i) e
5 . u B N
Ll_:l_ I| | ! L I| § | i | |

i . I A S S = =

....... . N U SO S S . -, il il

Tirne t

Time t
Fig. 3.22 Flux-density in the stator yoke of 8/6-SRM for ®:=20° a) single pulse, b) chopping mode

Approaches for calculation SRM core losses which can be found in the bibliography mostly
concern the single pulse operation at higher speed since it results in a triangular flux-density
waveform. The proposed method in this thesis can also be used for a low-speed current

control mode by means of a hysteresis band controller. In comparison to the single pulse
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mode, Fig. 3.22b shows the bipolar flux-density waveform in one part of the stator yoke for
chopping mode. It can be clearly seen from the flux-density waveforms for ®4>0g with
chopping- and single pulse control mode, that for operating points with two or more phases
simultaneously conducting or with an active tolerance band current control mode the flux-
density waveform cannot be subdivided into some few basic figures. Therefore, the

determination of the equivalent frequency occurs for constant time-steps At:

c_2 1 .EM(B(t +At)-B(t))’

i 7[2 (Bmax - Bmin )2 t=0 At

(3.207)

3.5.3 Mechanical and additional losses

The mechanical losses in the SRM consist of friction and windage losses which are
independent of the load. Friction losses occur in the machine bearings. If the bearings are
anti-friction bearings, then this component is very small [2], [60], [153]. Windage losses
represent the power dissipated in the machine due to friction with air. They depend on the

rotor speed, air gap- and the stack length. A general formulation is given by V. Raulin [155]:
Pfr = a‘WVaira)m (3208)

where ay, is called a windage coefficient, V,;; is the volume of air in the motor considering that
the stator is full, and m is a curve-fitting parameter. The coefficients of the equation are
usually derived from experiments with the motor. The analytical calculation is quiet difficult
and due to complex laminar airflow-conditions or lubricant friction in the bearings relatively
unreliable. An empirically expression for determining friction and windage losses Pg in [kW]

for rotating electrical machines with salient poles is given by Wiedmann [17]:

2.3

Pf D 3.6 | 0.6 n .
: =k-106-(—fj [—j ( 1) (kW — kilo Watt) (3.209)

kw m m min~

with the rotor length I; and the outer rotor diameter D,. The constant k=1.8 for n<200rpm and

k=2.0 for n>200rpm. Another empirically formula is given in [16] for the friction losses:
P, =k, -D, -(Ir +0.6- z'p)-vr2 (for kr see in Table 3.2) (3.210)
where v, = D, - 7 -n is the circumferential speed of the rotor and 1, is the stator pole pitch.

Table 3.2 Friction coefficient for electrical machines with different cooling systems

Cooling system K [Ws*/m*]
Surface-cooled machines 15
Open-circuit ventilated machines 8...10
Turbo generators with air-cooling 5
Turbo generators with water-cooling <3
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Additional losses (often called ‘stray load losses’) in electrical machines are very difficult to
measure and to localize. They vary with the load and are approximately proportional to the
square of the machine’s r.m.s. current. Additional losses are for example losses produced by
harmonics of the magnetic field or remagnetization losses in constructional parts of the stator
(e.g. housing) due to end winding effects [13], [16], [34]. The amount of additional losses in
electrical machines can be assumed to be 1% of the effective input power [16], which will be

taken over in this thesis.

354 Converter losses
Forward losses

If one phase in the converter is in the conducting state, a forward voltage drop occurs due to
the finitely resistance of the power electronic devices. The resulting losses depend on the
forward voltage Vr and the junction temperature of the semiconductors, represented by the

bulk resistance rp. The average conducting losses Pg, of diodes and transistors are [5]

1Y
P, :EJ pe (t)dt 3.211)
Pe () =Ve -i(t) + 1z -i%() (3.212)
Pea =V el + 17 (3.213)

The time At=t;-t is the conducting time, I,, is the mean value of the current and I,y the r.m.s
current through the semiconductor. Three different switching states can be distinguished for
the power electronic devices assuming an asymmetric half bridge supplying the SRM:

(1) energizing a phase means two switches conducting;

(2) during de-energizing two diodes are conducting;

(3) with soft-chopping, one diode and one switch are conducting at the same time.

It is assumed that always one diode and one switch are conducting at the same time. Then, the

conducting losses produced in all g-phases of the converter are

PFa,Conv =q- (PFa,switch + PFa,diode) (3214)

Switching losses

In praxis, current and voltage edges during a switching process of a semiconductor have a
finitely slope. For example, during a turn-on, current increases firstly from zero to the final
value before the voltage falls from the cut-off voltage down to the forward voltage. During
this time switching losses are produced. The voltage to switch by a power electronic device
V,w 1s usually the dc-supply voltage reduced by the voltage drop over the phase resistance.

Assuming IGBTs for switching devices, their turn-on power losses P on 1T are
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tr
Poonicer = | ic(D)-V(t)-dt (3.215)

t=0
where i(t) is the collector current and t; is the current rise time [5]. If a linear current rise-up

is assumed then the average turn-on power losses are approximately:

1
I:)s,on,IGBT ~ g fsw 'sz ’ Ic 'tr (3216)
where fi,, is the average switching frequency. Considerable turn-on power losses occur almost
exclusive in IGBTs. Measurements have shown that turn-on processes with diodes are
finished extremely fast so that turn-on power losses are negligible [5], [33]. Similarly to the
turn on, the turn-off power losses for an IGBT can be calculated with the fall-time t¢ of the

current from the maximum value I¢ to zero:
1
I:)s,off,IGBT ~ g fsw 'sz ’ Ic 'tf (3217)

The turn-off power losses of a diode dominate its turn-on losses [5]. They are calculated by

Ps,off ,diode = fsw ' v[VSW (t) ’ I(t)dt (3218)
(te)

The reverse recovery time t, is the time which is necessary to remove the recovery charge Q.

until the diode can overtake the cut-off voltage Vy, again. Solving (3.218) gives [5], [163]:

Ps,off Jdiode — fsw 'sz ) er (3219)
Finally, the total switching losses of the g-phase-converter can be determined assuming one
diode and one IGBT take part in the commutation:

I:,s,Conv = q ' (Ps,on,IGBT + Ps,off,IGBT + I:>s,off ,diode) (3220)

The total converter losses Pcony consist of conducting and switching losses:

P, =P

Conv Fa,Conv

+ I:,s,Conv (3221)

3.6 Dynamic calculations

Following the instantaneous current and torque values will be calculated for one phase. In
order to obtain the resulting torque of all phases, the calculated torque waveform of one phase

is shifted and added to the next phase with respect to the phase number.

Calculation of current waveform

The starting point for the calculation of the current waveform of one phase forms the voltage

equation, given in the form

v=Ri+ a)% with dO=w-dt (3.222)
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where 1 is the instantaneous phase current and v is the actual phase voltage neglecting the
voltage drop over the power electronic devices. It is assumed to be either +V,, 0 or -V when

V; is the dc-supply voltage. Rearranging of the voltage equation gives

v _1y_ir) (3.223)

v =~ [(v-iR}O+y, (3.224)
w

with the initial flux-linkage yo. For the i-th integration step with the finite step width Ay the
change of flux-linkage is given by

1 .
Ay, == ~iR)AY, (3.225)
hence ¥ =y, +Ay;. (3.226)

For each angle step the corresponding phase current is determined from the y-i-characteristics
by searching the calculated flux w; for the actual rotor position ®; and selecting the
corresponding current i;. For intermediate rotor positions between the grid points ®, and @y
the line index m for the phase current is interpolated firstly. After that the corresponding
current value is determined by a further linear interpolation between i, and in+;. This

procedure is graphically shown in the y—®-plane in Fig. 3.23.

Fig. 3.23  Determination of the phase current in the y—®-plane

As initial condition the flux linkage y, and the current iy is assumed to be 0 at ®=0,,. The
iteration is finished when the current is reduced to 0 again at ®cyq. Fig. 3.24 shows the
calculated current waveform of SRM II for two operating points with ®,,=0° and O,s=160°
(electrical degree): chopping mode at low speed (n=1000rpm) and single pulse mode during
high speed (n=6000rpm). Note, at high speed operation the motor back-emf is such as high

that the current cannot achieve its reference value of I,.;=6A.
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Chapter 3:

High-speed: sindgle-pulse mode

Low speed: chopping mode

CTOTAT T T T T

Rotor position angle in electrical degree

Rotor position angle in electrical degree

Fig. 3.24  Calculated phase current waveforms for typical operating points of SRM 11

Calculation of instantaneous and average torque

The instantaneous torque value for each (i;,®;)-data pair is calculated by finding the

®) data field, determined by static calculations before.

>

corresponding value from the T(i

Intermediate values are obtained by linear interpolation. Fig. 3.25 shows the calculated torque

waveforms for the two operating points presented in Fig. 3.24. At high-speed operation, the

motor produces remarkable negative torque due to the large turn-off angle. The commutated

current is not reduced to zero when the rotor passes the aligned position.

High-speed: single-pulse mode

Low speed: chopping mode

[wp] 1 mﬂ_n:n;.

289 404 220 G35

174
Rotor position angle in electrical degree

404 220 B35

Fotor position angle in electrical degree

Fig. 3.25

2849

174

G5

Calculated phase torque waveforms for typical operating points of SRM II

The average torque can be calculated in two different ways. The first one deals with the

of the magnetisation curve which the phase current

determination of the enclosed area AW*

circles during one electrical period in the y-i-plane. It is

(3.227)
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Such area is shown in Fig. 3.26 for the case of a) chopping mode and b) single pulse mode. In
order to calculate the area AW*, for each angle step A®; between ®,, and O.,g (When the

commutated phase current is reduced to zero) the change of current Ai, =i, —i._, is multiplied

with the average value of the corresponding flux-linkages i.; and y; and subsequent added

up. Under the condition of chopping mode the area AW* is calculated as follows:

* 9, . . 1
AW = % (i, i) —wi, +w) (3.228)
0=0,, 2
« Qg |
AW, = 3 (i =i ) =i +wi) (3.229)
0=0y 2
* 1 -
AW; ~ E(Alhys ('//off ¥ )) (3.230)
AW* = AW, — AW, — AW, (3.231)

where Aiyys is the wide of the hysteresis band and ®; is the angle when current achieves the

first time its reference value and y=vy,. For single pulse mode, the area AW* is

* 9 . . 1
AW = 3 (i =) =iy +v) (3.232)
0=0,, 2
* Oeng . 1
AW, = 3 (i, =i )~y +y) (3.233)
0-0, 2
AW* = AW, — AW, (3.234)

The average torque per phase is than

. N
T, =AW 2 : (3.235)
VA
a) Chopping mode . b) Single pulse mode =8¢
Ao le=gy Y ai
Wed W2 T 7\
o el i R N s o l
= ~ z £
= = =
E P = E AW .
AW = B=8,
(7] - e . T Y .
el — — S a— i L = —
Phase current i g Fhase current i iy

Fig. 3.26 Magnetisation curve during a) current regulation and b) single pulse mode

The second possibility for calculation the average torque of one phase during one electrical
period (O,=360°) is the direct calculation of the average value of the torque waveform. Since
the first calculation method determines the average torque in terms of the y-i-trajectory and

the second one uses the torque waveform T(i,®), the comparison of the results obtained by

70



Chapter 3: Calculation algorithms and programs

both methods can give a statement about the quality of the approximation. For the operational
points shown in Fig. 3.25 the average torque (one phase) determined from the -i-plane is
T.~=0.56Nm for chopping mode and T,,=0.287Nm for single pulse mode. The average torque
directly determined from the torque waveform shows a good agreement with T,,=0.61Nm for

chopping mode and T,,=0.299Nm for single pulse mode, respectively.

3.7 Influence of saturation
Actually, SRMs can perform well only when they work in saturated regime. The flux density
in the area where the stator and rotor poles overlap commonly approaches two teslas. To
understand the electromagnetical energy conversion properly, a nonlinear analysis is needed
that takes account of the saturation of the magnetic circuit. Such an analysis is based on
magnetization curves. Fig. 3.27 shows a set of these curves for a typical machine constructed
from real iron, together with a y(i) trajectory at different rotor position angles for an idealised

‘flat topped’ current i as shown in Fig. 3.28.

W (a) real SR Motor g (b} idealized saturating SR Motor
¥ | o= C
r’/d—--__,-“' — e
s W - //// ,ﬁff_f — $
Iy — ]
g S v
S A —_‘_,_-d-"' Py
= s = ] W
5 ,.-"' /S /"f Wi B ——
i lll.l o ‘_‘___,ff" %
}f! / / _.—-—“’-F - A §
;,n' /f _‘___d_,_——-’ -__;____#_J___-_-:: — 1 g
L i =
J/ /f)f - I u_j_
0 i il i X = -
5 ek el : ! u iz Phase current | i

Fig. 3.27  Energy conversion loop: a) real saturating motor; b) idealized (i) trajectory

A constant current is established very quickly after the turn-on angle near the minimum
inductance position A, and remains constant until the turn-off angle at position C is reached,
when the commutation occurs. Due to the larger inductance around the aligned position the
de-energizing of the commutated current takes a certain time and the rotor moves some
degree before the current is dropped off. Thus, a part of magnetic energy is additionally

converted into mechanical work.

L.

[
»

d ®an =0 g =
Fig. 3.28 Flat-topped current waveform of SR Motor
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The energy supplied by the inverter (area 0abco) can be divided into two parts: the stored
field energy We (area obco) which is returned except hysteresis losses to the supply during
commutation, and the coenergy Wc (area 0abo) that is available to be converted into
mechanical work. Following assumptions are embodied in the structure of Fig. 3.27:

* The minimum inductance L, occurs in the unaligned position and remains constant.

* The magnetization curve for the aligned position is linear up to point D with unsaturated
aligned inductance L; . Thereafter it continues with the slope Ly, so DC is parallel to 0A and
separated from it by the flux linkage ;.

* The saturated inductance in the aligned position is L} , which is a function of current.

» The operation point trajectory reaches the end of its flat topped current i interval at the
commutation point C such that AC =k - AB =k -y, where k<1 (early commutation before

reaching the aligned position in order to avoid negative torque generation).

An aligned saturation factor o, and an unsaturated inductance ratio A, is defined [132] as

o _L_; and o. <1
a L a (3.236)
LU
A, :L—a and A, >1 (3.237)

Studying simplified -i-trajectories in Fig. 3.27b gives after some simple derivations an

analytical expression for the coenergy and the average electromagnetic power P:

B { 1 k}
w, =V, 25 ki 1- =2
o=V x (3.238)
g A
wit R (3.239)
p—w, N :vsi&-l{z—q:vsi&q (3.240)
2 4 S iy

Linear (non-saturated) motor
A SRM constructed of infinitely permeable iron will be referred to as a linear machine. The
aligned and unaligned w-i-curves are straight lines without saturation. In the case of no

saturation o,=1, hence s=1. If also k=1, the expressions for Wy Wr and EC are

1 .
W, =1, %, (3.241)
1 u 2
We = 5 Ly -1 (3.242)
W, A, -1
EC c u (3.243)

TWotW, 24, -1
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Saturated Motor

The introduction of saturating material (real steel) in the magnetic circuit of the linear
machine will produce a saturating SRM. That machine is identical to the linear one in all
geometric aspects and in the linear zone of the B(H) magnetisation curve of the iron up to the
saturation flux density. Fig. 3.29b presents the linearized y-i-characteristic of such a saturated
motor with the same unsaturated inductance ratio A, and energy conversion W, (hence the
same torque output) compared to the linear non-saturating SRM. Saturation now limits the
maximum flux-linkage to a smaller value (y,<yy). If the rotor displacement between A and C
is unchanged, then the supply voltage must be reduced to the unsaturated case. In other words,
the saturated motor cannot accept as large as voltage impulse (volt-time integral) as the non-
saturated motor. However, for the same energy conversion W,, the maximum current must
now be greater for the same output torque. On the other hand, it is easy to see in Fig. 3.30a
that for the same current the linear machine has much more output torque capability by
allowing the linear machine to exploit its true nature and carry higher flux densities. The
graphic shows the aligned and unaligned flux-linkage curves for both linear and saturated
machine having the same air gap length, same number of turns, and identical geometry. Note
that the output torque of both machines increases if the air gap is reduced, but the linear
machine by much more (Fig. 3.30Db).

'|+[ L.

yrd
Yp prmmmmmmm i

(a1 Linear motor (b) Saturating motar

_._'_._._______,___._._-—-—-—A

Fig. 3.29 Idealized y-i-curves: a) linear and b) saturating SRM for the same torque

L
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Fig. 3.30 a) idealized y-i-curves of linear saturating SRM with the same maximum current;
b) influence of the air gap on torque output for constant current
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Volt-ampere requirement and energy ratio for ideal current feeding
The ratio of the maximum current i and voltage v for the saturated (subscript a) and
unsaturated (subscript b) motor can be obtained from Fig. 3.27b for the case of the same

enclosed area of the y-i-curves and hence the same output torque [132]:

I, S-v2-Kk
2= 244
AT (3:244)
£:2——k (3245)
A 2s—k

Fig. 3.31a presents the current and voltage ratio as a function of the aligned saturation factor,
starting with 6,=0.3 for the example of a real (saturating) motor, increasing up to 6,=1 for the
ideal non-saturating motor. Both machines operate with the same torque and speed and have
an unsaturated inductance ratio A,=12.5. Further it is assumed that the phase inductance is
restricted to an angular rotation of the stator pole arc [3s, hence, k=1. It is found that the real
saturating motor SRM II (k=1, 5,=0.6, A,=11.6, s=1.83 for [=6A) requires a maximum current
of 1.12 times that of the ideal non-saturating motor. However, its voltage requirement is lower
by a greater factor. In the example with s=1.83, v,/v;,=0.61. The vi-products, which are
particularly meaningful for transistor inverters since they are sensitive to peak currents, are in
the ratio 1.12*0.61=0.74, i.e. the saturating motor requires only 74% of the volt-ampere
compared to the linear machine for the same enclosed area W,! In the general case the ratio of

the volt-ampere requirements can be determined from (3.244) and (3.245):

‘e (vi), s(2-k)

=N T 3.246
(vi), 2s-k (3.246)
a) Current- and woltage ratio b} Energy ratio
] H : 4 " 3 na ] T ;
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= serggdeeenienapensenns fosfos Ingar machines —_ .. i
N ‘“‘*Q;_ / 7 lingar machine(l |Fity
m : [ w
= s e 2
0.8 ; ' w06
- g a,
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Fig. 3.31 a) Current and voltage ratio and b) energy ratio vs. saturation factor

Note that these results say nothing about the motor size. They only mention that the vi

product of a saturating motor will be smaller than for a non-saturating motor with the same

values of L, and L, for a given output torque and speed. Saturation is beneficial from this
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point of view. Fig. 3.31b shows the corresponding energy ratio, which is with EC=0.66 much
higher for the saturated SRM II compared to the linear motor with EC=0.48. Generally, the
energy ratio for the saturating motor can be written as

EC - c(2s-c) A0, —1)
s+2c(4, 1)

(3.247)

Practical current feeding

a) Chopping mode

The analyses so far were made under the condition of an idealized flat-topped current. In
practice, a chopper is usually used to realize the current-fed excitation at low speed. Since the

incremental inductance of the real saturating SRM is very small compared to the linear SRM,

the average chopping frequency is much higher for the same tolerance band wide.

It is important to know that the energy conversion capability (EC) of a SRM under hysteresis
current control is essentially influenced by the mode of control. It must be distinguished
between hard- and soft- shopping mode. Assuming an asymmetric bridge converter as shown
in Fig. 1.7a, both transistors T1 and T2 are opened and closed together in hard chopping
mode. When they are opened, the stored magnetic energy causes the current to flow through
the diodes, thus negative supply voltage is applied to the winding. The flux ramps down and
energy is returned to the supply. During soft-chopping mode, freewheeling is employed, i.e.
only one transistor is opened (except at the end of a phase period) and the current circulates
with zero applied voltage through one diode and the closed switch. The flux only decays due
to winding resistance and device voltage drops, which are usually small. When the supply
voltage is off, most of the stored magnetic energy is converted into mechanical work, instead
of being returned to the supply, which increases the EC. The current rise time is the same with
or without freewheeling, but the decay rate is slower with freewheeling, reducing switching
frequency of the converter and therefore switching losses of the power electronic devices. In
Fig. 3.32 the y-i- trajectories are shown for a real saturating machine with a) hard chopping
and b) soft chopping mode. The switch-on occurs in the unaligned position, whereas the
switch-off occurs before the aligned position so that zero current is reached at the maximum
inductance. In Fig. 3.32a, the coloured area represents the amount of energy circulated by the
chopper action and therefore reducing the EC. With soft chopping introducing freewheeling,
this energy circulation does not occur, as shown in Fig. 3.32b. Hence, the EC will be higher
for soft chopping mode. It is very interesting to see that the EC for both operation modes can

be made higher than 0.5, even for the non-saturating machine, if the following condition is

satisfied: W, >W, +Z:‘:l AW, , where N, is the number of chops per working stroke. That

can be achieved by
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(1) amachine design with small unaligned inductance L,,
(2) wusing a small tolerance band width Ai,
(3) switching off earlier than the aligned position in order to enable the stored magnetic

energy at the turn-off angle to be removed as mechanical output

(a) Hard chopping mode -y (b) Soft chopping mode N
31 fwitaut freewheeling) ___+—iB ¥ 1 fwith freewheeling) B
— 7 @
L H [}
Y.
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u Fhase current lref i Fhase current lref i

Fig. 3.32 y-i- trajectory for saturating machine: a) hard chopping, b) soft chopping mode

A computer study has been carried out based on the original saturated motor SRM I desired
for vacuum cleaner application with 3000rpm. Iron losses are neglected throughout. The
linear non-saturation machine was modelled by replacing the real steel with infinity
permeable iron. The aligned unsaturated inductance is the same for both SRMs as well as the
geometric dimensions. The reference current was adjusted firstly such that the average torque
and therefore the output power was the same for both machines; secondly the reference

current was the same for both machines. Table 3.3 summarises the results.

Table 3.3 Comparison of chopping parameters for saturated and non-saturated motor SRM 1

SRM type chopping mode | I.f[A] Ai[A] Tims [A] EC f; [kHz] Pou [W]
saturated soft 8.0 0.5 53 0.787 13.5 940
saturated hard 8.0 0.5 5.2 0.254 22.8 940
non-saturated soft 6.6 0.5 4.4 0.576 5.1 940
non-saturated hard 6.3 0.5 4.3 0.286 7.7 940
non-saturated soft 8.0 0.5 5.2 0.563 3.1 1460
non-saturated hard 8.0 0.5 5.2 0.383 5.7 1460

It was found that

e for the same output power of approx. P,,=940W the non-saturated machine has significant
lower peak and r.m.s current values than the real saturating machine;

e the linear machine has approx. 55% more output power for the same r.m.s current of
Lms=5.2A, i.e. the same temperature rise;

o the energy conversion capability EC is much higher for both machines for the soft-chopping
mode employing freewheeling; the saturating motor has highest EC;

e by satistying the early turn-off condition (®,s=150° electric degree) the EC of the non-

saturated motor can be higher than 0.5 in soft chopping mode at low speed.
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b) Single pulse mode

At higher speeds, a practical SRM drive is operated in the single pulse mode, i.e. the two
transistors T1 and T2 in Fig. 1.7a are closed together at a particular rotor position angle @,
and opened together at the end of conduction period at the turn-off angle ®.g. Unlike the
chopping mode this occurs only once in each phase induction cycle. Each phase is energized
with a constant positive voltage pulse through its conduction period. The stored magnetic
field energy causes current to flow through the diodes at turn-off, applying the dc supply
voltage to the winding with opposite polarity. The actual current value at any rotor position
angle is that which is necessary to establish the impressed flux through the reluctance of the
magnetic circuit at the particular angle. The current waveform can be determined by solving
the voltage equation during both the conduction period, and the turn-off period. At a given
speed and torque, different current waveforms can be produced by varying both the turn-on
angle and the turn-off angle. Switching angles are therefore the main control parameters in
single pulse operation, and good design practice of SR motor drives is very much concerned
with the optimum choice of these angles. A computer study for the same machines introduced
in the previous section for chopping mode operation has been made. The control parameters
of the non-linear machine were first moditied to produce the same rated output power of 2kW
at the same r.m.s. current. The calculation results are summarized in Table 3.4. Note that the
linear motor can match the output of the saturating motor on a thermal basis only, at the
expense of a 1.5-times higher peak volt-ampere product. The very high rate of rise of
inductance in the linear machine causes the current to fall very rapidly. Hence, to develop the

required torque, a high peak current must be established before the poles start to overlap.

Table 3.4 Comparison between saturated and linear motor for the same r.m.s. current with 6000rpm

MOtOI‘ type Pout [kW] Imax [A] Irms [A] ®on [el‘o] ®off [61.0] Vs [V] EC lmax*\/dc [kVA]

saturated 2.0 9.5 5.30 0 140 310 0.74 2.95
non-saturated 2.0 9.6 5.26 0 160 470 0.45 451

Conclusions for the machine design

The object of the previous studies was to compare a real saturating with an idealized non-
saturating (linear) SR motor. Starting from a first linear approach, expressions for the energy
conversion capability and volt-ampere demand respectively the ratio of these values for
saturating and unsaturating machine were derived for the case of ideal current feeding. It was
shown that the effect of saturation is to reduce the torque generating capability of a motor of
given dimensions, but at the same time it reduces the inverter volt-ampere-requirement for a
given torque and speed. Thus, the degree of saturation will influence the balance between
motor and inverter size. Saturation is desirable from this point of view, but must be localized

on the pole tips, for instance by a trapezoidal shape of the teeth, since the electromagnetic
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energy conversion occurs in the air gap [18], [33], [39], [170]. Consequently, the demand to
operate the SRM partially in the range of saturation is not in the contradiction to the common

procedure to avoid the nonlinear operation at electrical machines.

In a second analysis the machine properties were investigated under practical operation
conditions. Chopping control mode is used at low-speed with and without freewheeling, and
single-pulse operation is used for high speed. The conclusions must distinguish between the
goal of maximum output power from a given machine size, volt-ampere requirement and
energy conversion capability EC. In order to achieve a maximum output power from a given
machine size, it is desirable to use infinitely permeable, non-saturating iron for the machine
design and to make the air gap as small as practicable. Such a linear machine can have many
times the output power of a real saturating motor, for the same r.m.s current in low-speed
chopping or high-speed single pulse operation. The penalty is a much higher voltage which is
necessary to achieve the same r.m.s current; hence the volt-ampere requirement increases

rapidly. It was found that:

e With single-pulse operation mode at high speed the EC of the linear machine can
significantly increase the value of 0.5 under the condition of an early current turn off.

e Generally, switching off earlier than the maximum inductance at aligned position
increases the EC since stored magnetic energy is converted into mechanical output.

e Operating of the linear motor with single pulse mode at the same output power and r.m.s
current as the saturated motor with the same dimensions requires much more converter
peak volt-ampere demand, leading to a larger inverter size.

e Introducing a freewheeling period at chopping mode (soft chopping) dramatically
increases the EC compared to the hard chopping mode without freewheeling.

Finally, to achieve maximum specific output power, ideal iron is beneficial. The price paid is
a high volt-ampere requirement from the electronic converter. In praxis, the machine design
should have magnetic circuits of low reluctance in order to have a high ratio of maximum to
minimum inductance. To minimize the size of both the motor and the inverter, the coenergy
W; should be maximized and the magnetic field energy Wr minimized. This requires a small

air gap and iron with very high permeability.

3.8 Hybrid Design Program
3.8.1 Structure of hybrid design method

The complex design procedures of the SRM’s taking into account the another elements of the
whole drive system as supply device, electronics and control are the subject of the presented

dissertation. Therefore, this thesis is proposed to make a contribution to the hybrid design of
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complete SRM drive systems. Actually, it is beyond controversy that the design of SRMs by
numeric methods with FEM-programs provides the most precise and proof results. However,
FEM calculations require expensive software tools, are relatively complicated and time
consuming in spite of modern and fast computer systems. Consequently, for a complete
design of new type series of machines with different dimension’s variants the way of using
only FEM is not practicable in an industrial situation. Therefore software is necessary that can
e abbreviate considerably the preparation time for the following FEM-calculation and
o research the dynamic operational behaviour and the combination of the electric machine
with other electrical and mechanical components of the complex drive system.
Meeting these requirements for an effective machine design requires a new hybrid time-
economic design-, calculation- and simulation procedure which is presented in this thesis. The
structure is presented on Fig. 3.33, including at first analytical and then numerical calculation

methods and finally dynamic simulations.

A Analytical program
DesignSRM

Motar performance reguirements
and machine data

[ Design parameters ]47

¥

[ Material dataset for steel ]

¥

Perfarmance calculation
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repetition
Fodis dohieved? L
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Design sheet & graphs

B Finite Element Software FEM C Simulation software
FENIV 4.1, FLUX 2D SIMPLORER 4.2

[ Mumerical calculation of chosen design

conceptions by field method [ Simulation SRM's models ]

Destination: | [ Perform:
« construction modifications —V » nonlinear,
= steady-state and
« verification of conventional design methnds| « dynamic problems

Fig. 3.33 Structure of the hybrid design program
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The algorithms and the structure of the Finite Element Method (see Fig. 3.33-Block B) are
known very well in the large bibliography (e.g. [79], [112], [137], [140], [177]) and thus will
be not presented in this thesis. Some informations are given in the sub-chapter 5.1.2.
Simulation SRM’s models with application of SIMPLORER 4.2 software (see Fig. 3.33-
Bloch C) are the subject of the next chapter.

3.8.2 Analytical program DesignSRM

In order to fulfil the requirements in a time-effective machine design the analytical computer
program “DesignSRM” was developed by author as an very important result of this
dissertation. That is a special software tool for designing SRMs of various constructions,
basing on analytical calculation and design methods proposed in the previous sections of this
work. It is developed with the programming language Delphi/Pascal. The program is designed
to be fast in operation, with an efficient user interface. Its main use is
e a totally free new machine design or a similar machine design with the same
construction starting with a standard geometry proposed by the program,;
o winding design;
o calculation of the magnetic circuit, considering non-linear magnetization characteristics
and saturation effects;
o calculation of motor and converter losses as well as system efficiency in dependence of
different control modes and control parameters;
e calculation and sizing of various steady-state characteristics, e.g. y(i,®), L(1,0), T(i,0)
e dynamic calculations like instantaneous current and torque waveforms;
e studying and learning SRM drives.
Fig. 3.34 shows a desktop view of the program. Starting from a performance requirement or
after loading machine data the computation of all results follows in seconds. A control

window shows the program progress and guides the user through the design.

-+ Drngrife - Gonigs s sk mlaties of St o bnfu S e biren

Fig. 3.34 Program “DesignSRM”
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The general calculating procedure shows Fig. 3.33-block A. The motor design is found by
calculating its various performance parameters using the calculation methods developed in
this thesis. The process is repeated manually until the design objectives like efficiency,
torque-speed-characteristics etc. are achieved. The program provides an outline editor for
modifying the cross section. Electrical parameters, control values and many other inputs can
be made in further tab sheets of the program panel. A material data base includes
magnetization and loss characteristics of various steels and also a linear non-saturating (ideal)
material. Analysis and performance calculations can be either at a specific operating point or
over a whole speed-, current-, or torque range to obtain typical machine characteristics.
Further, the program contains a discrete time-stepping model to obtain current and torque
waveforms with different modes of control. Finally, at the end of the design stage a design
sheet and all graphs of interest can be printed and stored in separate data-files.

The design procedure with “DesignSRM™ occurs step-by-step using several tab sheets. These

tab sheets are shortly introduced below in their logical order for an accurate motor design.

Tab sheet 1: Performance requirement

In this first tab sheet shown in Fig. A.1 in the Appendix, the user defines the performance
requirements of the motor by typing the desired speed, torque and torque density from which
the motor main dimensions can be determined using equation (2.2). Further, the general
geometric structure can be specified by choosing the number of rotor and stator poles with
their corresponding angles 35 and B, respectively. Useful values for s and 3, will be proposed
by the program to start with. The user has the choice between standard Ny/N,-ratios multiplied
with the number of pole pairs or a totally new N¢/N; ratio which will be checked automatically
for validity. Another important option is the choice of the core material for the stator and rotor
laminations. After pushing the button “Determine new design” a first rough motor geometry

will be calculated using special design ratios for the internal motor geometry.

Tab sheet 2: Design ratios

Beside the air gap length the user can choose here suitable design ratios for sizing the internal
motor geometry like

(a) core length/rotor diameter lge/Dy;

(b) outer rotor diameter/outer stator diameter D,/Ds;

(c) length of the overhang winding/stator pole width lop/ts;

(d) rotor yoke thickness/rotor pole width y/t;;

(e) stator yoke thickness/stator pole width ys/ts and

(f) the rotor pole height/air gap length h,/g.

81



Chapter 3: Calculation algorithms and programs

There is the choice between some different pre-defined datasets obtained from various well
working SRMs published in bibliography or of course self defined values. The desktop of tab
sheet 2 can be found in Fig. A.2 in the Appendix.

Tab sheet 3: Outline editor

The outline editor presented in Fig. A.3 in the Appendix is for editing the motor cross section
which is graphically shown to the user. It is advisable to proceed cautiously with careful

changes, starting with a valid design. The motor cross section can be stored and printed out.

Tab sheet 4: Control parameter

This tab sheet (see Fig. A.4 in the Appendix) has two important tasks. The first is to give
suitable advises for the user concerning switching angles for the current (useful for a
following simulation program or prototype tests to start with). The second is to type electrical

parameter of the power electronic devices which are necessary to calculate converter losses.

Tab sheet 5: Electric parameters

The winding design is made in this sheet (see Fig. A.5 in the Appendix) as well as the
calculation of copper losses, current density and the average electromagnetic torque. The
number of turns per phase can be chosen either manually (option “choose number of turns per
phase”) or determined automatically (option “determine number of phases™) using equations
(2.30) and (2.31). In the first case, the necessary dc supply voltage for achieving the required
current at given speed and saturating flux density will be calculated by rearranging equation
(2.31). In the latter case, the input parameters are the dc supply voltage and the saturation flux
density in the stator pole. The wire diameter of the winding depends on the available slot area
and the slot fill factor which must be chosen with respect to manufacturing capabilities.
Determining copper losses, current density and electromagnetic torque requires the current
value to be known. By choosing the option “use current for rated torque” an idealised flat-
topped phase current will be calculated iteratively which produces the required rated main
torque. The other (faster) possibility is to preset a flat topped current value and calculate the
resulting average electromagnetic torque (option “choose current”). The copper losses are
determined by using the temperature dependent phase resistance and the r.m.s. value of the

current, estimated with equation (3.183). Also current density is calculated with r.m.s. current.

Tab sheet 6: Magnetic circuit

After determining the electrical parameters and winding design, the calculation of core losses
can occur. Tab sheet 6 in Fig. A6 in the Appendix shows the results for calculating the

magnetic circuit and core losses. Important values like aligned and unaligned inductance or
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flux-density, magnetic field strength and specific core losses in each part of the magnetic

circuit are given to the user. All results can be printed out and stored in a separate data file.

Tab sheet 7: Characteristics

Tab sheet 7 is desired for the graphical output of motor characteristics and waveforms. The
corresponding desktop is presented in Fig. A7 in the Appendix. By means of the developed
machine design and calculation methods, the program “DesignSRM” is able to calculate and
size the most important SRM characteristics like

o flux-linkage y(i,®) and inductance L(i,®),

e coenergy W.(i,0) and back-emf e(i,®),

e electromagnetic torque T(i,0)
Further, dynamic current-, flux- and torque waveforms can be calculated for different modes

of control by a discrete time-stepping model proposed in Chapter 3.6. The user can adjust

single pulse mode or chopping mode with hard or soft chopping,

e turn-on and turn-off angle of phase current,

e rotor speed and dc supply voltage,

e hysteresis band width of the current controller and

e current- and angle resolution of the calculation.
Additionally to the calculation with “idealized” flat-topped current the converter-, core- and
copper losses can be calculated as well as the energy ratio with the “real” current waveform
and corresponding r.m.s. value (3.184) for the sake of comparison with the idealized case.
Also current rise- and fall times and the average switching frequency of the hysteresis current
controller are calculated. Each waveform or motor characteristic is graphically shown on the

desktop, can be printed out and of course stored in a separate data file.

Tab sheet 8: Results

All calculation results for the investigated operating point and the motor geometry parameter
are summarized here (see Fig. A.8 in the Appendix for the desktop print). The sheet includes
motor and converter losses, efficiencies, iron and copper weight, winding parameter and
electrical operating conditions. All results can be printed and stored in a design sheet. Fig. A.9
in the Appendix shows a typical output of a designed SRM for the example of SRM II for the
use as textile spindle drive. Further, a motor data file can be applied from which the program
can load all informations of the machine to start calculations again after closing and restarting

the software.

83



Chapter 4: Simulation model of the SRM with SIMPLORER

4 Simulation model of the SRM with SIMPLORER®

4.1 General remarks

This chapter describes a simulation model of a 6/4 - SR Motor for the example of SRM I for
vacuum cleaner. With only a few extensions which will be shown it is suitable for SRMs of
any phase numbers. The model is developed in the framework of the presented thesis by
means of the simulation software SIMPLORER™ 4.2 from ANSOFT Corporation. It considers
the non-linear characteristics of the SRM as well as the steady-state and dynamic behaviour
with different modes of control. Also a sensorless control scheme is presented. The entire
drive, including power converter, SRM, mechanical load and control are included in one

complex simulation model using electric networks, block diagrams and Petri-nets.

4.2 Non-linear SRM model

The mathematical model of a SRM is highly nonlinear due to magnetic saturation. Assuming
that there is no mutual coupling to other phases, the instantaneous voltage of one phase of the
SRM windings is given in equation (1.12). Theoretically the electromagnetic torque Te

produced by each particular phase can be calculated using the well known relationship

between flux-linkage y, current i and rotor position angle ®:

. a!w(u,(a)au @
) 00
However, due to the summation of numerical inaccuracies, the torque calculation with (4.1) is
inapplicable [125]. The key to achieve an accurate simulation of SRMs is to use a mythology
that permits to take account the non-linearity of its magnetic characteristic while minimizing
the simulation time. Such feature offers the method using 3-dimensional look-up-tables which
approximate the relations L(i,0) and T(i,®) shown in Fig. 4.1 for the example of the 6/4-
SRM I. They are obtainable either by previous FEM calculation, analytical calculations or

measurements. In this case they were obtained by analytical calculation methods.
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Fig. 4.1 3D-torque and inductance characteristic as a function of phase current and position angle
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The proposed SRM simulation model can be subdivided into two parts: a mechanical and an

electrical part. They are realized as follows:

Mechanical simulation part

The differential equations (1.33) and (1.34) describing the dynamics of the mechanical part
are modelled by a block diagram shown in Fig. 4.2 for one phase. The electromagnetic torque
corresponding to the actual rotor position and phase current is obtained using the 3D-look-up-
table where the data field is stored. Intermediate values are automatically approximated by
cubic splines. An initial angle ®, is added to the actual position angle defining the rotor
position at the simulation start for time t=0. The block diagrams for the other motor phases
are similarly to phase a.

rotor position angle in deg El-rutnr position angle in rad

-load torgue

®rmech phase current torque @'_l-ﬂ_ Integrator Propartional  Integratar
“mec i T 5
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position angle Megator friction coefficient
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30 Look-Up-Table

Fig. 4.2 One phase of the mechanical SRM model part in SIMPLORER

Electrical simulation part

The electrical part is modelled in circuit model as shown in Fig. 4.3 for all 3 phases. It is the
equivalent circuit corresponding to the SRM voltage equation. Each machine phase is
represented by its phase resistance R, the non-linear inductivity L(i,0) and the motor back-
emf, modelled as an extern controlled voltage source with reference to equation (1.13). An
extension for more phases can be easily achieved by adding the corresponding circuit and
adjust the control parameter for the converter. The inductance characteristics L(i,®) are
available in form of a 3-dimensional data field which is stored in a look-up-table similarly to
the torque characteristics. The motor is supplied by an asymmetric bridge converter providing
freewheeling and regeneration capability. Such a converter topology represents an appropriate
solution for high performance and high power applications. However, also other converter
configurations such as C-Dump converter can be implemented in the simulation model
relatively easy. The simulation program SIMPLORER® 4.2 has specialized models for

semiconductor switches and diodes, which require a minimum of simulation time.
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Fig. 4.3 Electrical SRM model in SIMPLORER, supplied by an asymmetric bridge converter
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4.3 Implementation of current and single pulse control mode

The control for the SRM drive is described using state diagrams or rather Petri-nets to define
different states and transition conditions from one state to the next. The firing of the switches
in the power converter occurs in dependence of the rotor position and actual current value in
each phase in order to achieve either a chopping or single pulse control mode. Concerning
chopping mode, hard- and soft chopping control can be chosen. Fig. 4.4 shows the hysteresis
type current controller of one phase using Petri-nets. The commands T1:=1, T2:=1 and
T1:=0, T2:=0 turn on and off the transistor T1 and T2, respectively. Further, ia is the actual
and is the desired phase current. The width of the hysteresis band is di and the actual rotor
position angle is teta. The switching angles are referred as teta_ON and teta_ OFF.

teta==teta OFF

T1:=1
start T2=1 T2 =0

ia=is+dif2 or tetat==teta_OFF

ia<is-dif? and teta<teta_ OFF |

Fig. 4.4 State diagram of hysteresis type current controller for one motor phase

The rotor position angle for each phase is prepared in form of a triangular function which
repeats periodically with the aligned position (90°), as shown in Fig. 4.5. The shift angle

between two adjacent phases Qs is
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Fig. 4.5 Triangular rotor position signal in mech. degree for the three motor phases

Following the simulated current and torque waveforms for each phase are shown for SRM 1.
Fig. 4.6a presents the results for low speed (n=1000rpm) operation with chopping control; in
Fig. 4.6b the motor operates at high speed (n=6000rpm) with single pulse control mode. The
turn-on and turn off angle can be adjusted manually. For high speed operation, both switching
angles must be preceded in order to energize the phase winding in a zone of low inductance
and to decay the current to zero again before the rotor passes the aligned position since the

motor back-emf increases with the speed and hinders the current feeding.
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Fig. 4.6 Simulated current and torque waveforms of the 6/4-SRM 1 for a) 1000rpm; b) 6000rpm

4.4 Influence of mutual couplings on accuracy of the SRM model

For the case of 3-phase SRM structures mutual couplings are relatively small between the
phases [57], [98], [120] and [125]. Even though, they shall be considered in the simulation
model since they can influence the current waveform considerable at high speed operation and
during extended overlap of adjacent phase excitation [33], [68], [120], [131], [138], [152]. In

the presented simulation model a constant mean mutual inductance M is assumed.
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Fig. 4.7 SRM simulation model including mutual inductances

In analogy to the work of F. Laube [120] it is chosen to be approximately one order of
magnitude smaller than the phase self inductance. However it must be regarded that similarly
to the phase self inductances also mutual inductances are in praxis a function of both, rotor
position angle and current! Approaches for determining mutual inductances in detail can be
found in [68], [131], [138] and [147]. The simulation program SIMPLORER® provides the
virtual device ‘extern controlled mutual inductance’ for investigating the influence of mutual

inductances on the operating performance. The implementation is shown in the extended

circuit model in Fig. 4.7

a) Low speed: current regulation (n=1000rprn)

b High speed: Single pulse mode (n=6000rpm)
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Fig. 4.8 Phase current and torque waveform
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Fig. 4.8 shows the current waveform for high- and low speed operation with and without
accounting mutual inductances. The reference value for current regulation is L=5.5A with
Ai=0.15A. At low speed, very few differences are observed. However, for the case where
mutual inductance is considered, there is a longer current signal in the phase winding which
produces a small negative torque when the rotor passes the aligned position. This effect
enhances with the rotor speed. Therefore, the hypothesis made in [57] to say that mutual
inductances are negligible in the case of 6/4 SRMs is verified only for low speed operation
because the influence increases with the rotor speed and the number of phases, as reported
also in [33], [131], [138] and [147]. As a conclusion, mutual couplings between the motor
phases must be considered in the simulation model which occurs in this dissertation by the
simplified assumption of a constant mutual inductance, chosen in agreement with [98], [121],

[125] to be one order of magnitude smaller than the phase self inductance.

45  Sensorless control procedure based on flux-linkage-current method

The control of SRM drives depends on the phase current, rotor position and rotor speed
signals to obtain closed-loop control of current, torque and speed. Concerning the feedback
signals for the control, current and rotor position can be physically measured with good
accuracy using the present sensor technology. One note, the rotor position is definitely needed
for the commutation control. However, the position sensor has many demerits due to high
cost, installation expense and system reliability reduction. Using a position sensor could be a
decisive drawback in applications, where cost and reliability play a crucial role. There have
been many attempts in the past to eliminate the position sensor by applying indirect position
estimation techniques instead of encoders and resolvers. Comprehensive overviews of
published works concerning rotor position estimating methods and sensorless control
techniques are summarized in [4], [8], [9], [22] and [74]. Nevertheless, the sensorless
operation often has a degraded drive performance and requires more complexity of the

control, which is the price to be paid for eliminating position sensor.

For the position sensorless operation, an instantaneous torque control as it is used in the
presented simulation model should operate on the basis of measured electrical terminal
quantities i.e. current and voltage. From the phase voltage v, the flux-linkage can be

indirectly determined by rearranging the voltage equation:

W on(® = [ (Vo () = Ry D () )t 43)

Since the phase current and flux-linkage are available, the position estimation is developed on
the current-flux-linkage method. Due to its simplicity, this method can be implemented with a

short computation time. A potential error source is the unknown phase resistance Ry, in (4.3).
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In praxis, its value varies with temperature and losses during operation. Despite this fact, most
of the flux-linkage estimations in literature were implemented by assuming a constant phase
resistance [76], [89], [99], [109] and [130]. With the assumption that the flux-linkage reaches
zero at the end of the phase excitation as the current reaches zero at time to, (4.3) can be used

for online phase resistance estimation [86]:

Won(t=1t,)=0= v, ®dt R, - [i,, )t 4.4)

tO
jvph (tdt
_ 0

Rpp =

t, (4.5)
j iy ()t
0

Implementing this procedure into an analog circuit and a Digital Signal Processor (DSP)
platform requires generating a reset signal for the integrators at the end of the stroke
excitation by a phase active period signal. At the same instant, the values of voltage and
current integral must be sampled and phase resistance is determined by the DSP. It is
expected that the variation of Ry, can be compensated by this method and the accuracy of the
flux-linkage is improved. From the predicted or measured machine characteristics it is
possible to determine the rotor position by using current and flux-linkage. Derived from the
relationships y(i,0) and T(i,®), a rotor position characteristic as a function current and flux-
linkage ®(i,y) can be obtained, which is shown in Fig. 4.9. Using this O(i,y) curves the rotor

position can be indirectly estimated with a sufficient accuracy in a wide operating range.
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Fig. 4.9 Machine characteristics: rotor position vs. current for various flux levels ® (i,y)

Fig. 4.10 shows the block diagram of the sensorless control strategy using flux-linkage-
current method and storing these characteristics in a look-up-table. It was shown by J.P.
Lyons in [126] that the accuracy of the position estimation depends on the output gradient of
the ®(,y) characteristic, especially in the range of aligned and unaligned position. That’s

why during commutation a selecting function chooses the phase with the lowest gradient on
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the O(1,y)-plane which will contribute to the absolute rotor position angle from all phases in

order to minimize the output error.
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Fig. 4.10 Function block diagram of position sensorless SRM control

For small angles near the unaligned position the ®(i,y) curves are bunched very tightly in the
lower left-hand corner of the graph in Fig. 4.9. Therefore, under the condition of low current
and near the unaligned position, small errors in current or flux input values result in large
errors in the angle estimation. Likewise, at large angles near alignment the curves are nearly
vertical. Thus, near the aligned position, small errors in current input values can also cause
large errors in the angle estimation. In order to overcome these problems, the resolution of the
look-up table should be higher near the aligned and unaligned position. Alternatively, the
position estimation on any phase should be restricted to the central region of these curves, as
proposed in [126].

To determine the sensitivity of the position accuracy the position error was calculated
between the ‘true’ position angle computed by means of the mechanical equation ®=dw/dt
and the total estimated angle ®.. It is shown in Fig. 4.11 with the factor 2 for the sake of
clarity. In the middle period of the phase excitation the difference between the estimated and
‘true’ position angle is near zero. However there are still noticeable errors at the beginning
and the end of excitation. These errors can be reasoned by two main points: The first point is
that the gradient of the current in these positions is relatively high, on the other hand the
resolution of the ®(i,y) characteristic is insufficient near aligned and unaligned position as
explained above. Hence the accuracy of the position estimation is very sensitive to
interpolation errors of flux and current between the mesh points in the look-up-table. The
second error source is the magnetic coupling between phases during commutation. Since the
measured (or calculated) flux-linkage in the static -i-characteristics neglects magnetic
coupling effects, mutual coupling in the ‘real’ operation can affect the measured flux-linkage.

However, after a series of simulation experiments it was found that these small estimation
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errors have only small effect on the performance of the current and torque control for SRM I

under the condition of a sufficient fine resolution in the ®(i,y)-plane.
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Fig. 4.11 Absolute estimated position angle constructed of estimated angle from each active phase
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5 Design examples of industrial prototypes
51 Prototype I: 6/4-SRM for vacuum cleaner
5.1.1 Introduction

The rotor geometry of a 6/4-SRM desired for vacuum cleaner has to be modified in order to
improve torque characteristics, i.e. reducing torque ripples and increase the average torque.
Further, the operational behaviour with a common angle control strategy (chopping mode or
single pulse operation with variable turn-on and turn-off angle of phase current) shall be
improved. In Chapter 6, the calculation results will be verified by laboratory tests. The cross
section of the original SRM I geometry is shown in Fig. 5.1 [52], [53]. The motor rating speed
1s n,=6000rpm with rated torque of T,=1Nm.
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Fig. 5.1 Stator and rotor geometry dimensions of the original 6/4- SRM 1

It is observed in many publications ([4], [8], [44], [73], [103], [136]) that the average torque is
mostly affected by changes that alter the dominant radial flux components, such as changes of
air gap length. Further, an increase of average torque can be obtained by a favourable shift in
the torque vs. rotor position angle characteristic by relatively simple changes of the rotor pole
profile. An important element of these studies is to determine the extent that slanting the rotor
pole sides might have on the average torque and torque ripple. Other variations such as
iterative changing the rotor pole width and air gap length are also included for completeness.
During changing of one parameter the other parameters are assumed to be the values from the
original construction. The stator geometry and core length of the laminations remains
unchanged as well as the shaft diameter during changing the rotor parameters. Both, FEM
calculations and analytical calculations have been used for determining the SRM

characteristics in order to compare the results of the different machine models.
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5.1.2 FEM model
To develop a FEM model for the SRM as the complimentary tool in respect to the analytical
models the software FEMM 4.0 (Finite Elements Method Magnetics) [7] is used. It allows the
distribution of the vector potential and the post-processor submits the processing of the data

and calculation of interesting physical values, such as torque or flux density.
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Fig. 5.2 Field distribution of researched SRM I for ®=20°

Determination of the torque vs. rotor position angle characteristics requires the calculation of
a set of values of electromagnetic torque for given set of angular position of the rotor. A
single value of torque T at fixed rotor position angle ® can be calculated by integrating of
Maxwell stress tensor in the air gap region. The simplifying assumption of constant magnetic
flux distribution along the length of the core leads to solution of the two-dimensional

magnetostatic problem. The electromagnetic torque can therefore be calculated by [7], [52]:

27
B.B
T:rz-IJ'—dr da (.1
0 IUO
where r describes the radius of the air gap circle, a the angle, 1 is the length of the core and By,
B; are the tangential and radial flux density components, respectively. The FEM magnetic flux

is obtained only in k nodes of the mesh, therefore (5.1) has the form

27 (Br Bt )i

k i=1 Ho

T=r*-1. (5.2)

The above torque expression shows that the magnitude of the electromagnetic torque is
proportional to the magnitude of both the radial and tangential components of the flux
density, whereas the radial flux component in the overlapping region of the excited stator and

rotor poles is in most situations the dominant component [136].
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5.1.3 Rotor modifications

Selected rotor parameters will be modified in the following in order to investigate the effect
of different rotor geometries on the electromagnetic torque: air gap length g, rotor pole height

h;, rotor pole width t. and a trapezoidal rotor pole shape.

Air gap length

Fig. 5.3a presents the static torque profile of the researched motor for different air gap values.
It clearly shows the strong influence on the maximum torque as well as the flat torque range
on the characteristics. Hence the machine with the smallest air gap length, subject to
acceptable manufacturing tolerances, will produce the highest average torque. The torque
ripples referring to (1.8) can be slightly reduced by growing air gap length (see Fig. 5.3b).
However, the original air gap length of g=0.2mm and therefore the rotor outer diameter

remain unchanged due to manufacturing tolerances.
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Fig. 5.3 Effect of air gap length on a) torque characteristic and b) average torque and torque ripple

Rotor pole height

The influence of rotor pole height on the maximum torque value is presented in Fig. 5.4a.
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Fig. 5.4 a) Maximum torque vs. rotor pole heights b) inductance ratio vs. rotor pole height

There are shown the maximum torque values T.x versus rotor pole height/air gap length h,/g

since increasing the rotor pole’s height practically does not influence the rotor position angle
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with maximum of torque. The shape of this curve is similar to the material magnetization
characteristic in examined range. Height of pole increasing from 0 to 12g caused torque
increasing from 0 to 2.5Nm. Enlarging h; above 30-35g is practically not justified for the
researched motor. The maximum torque value mainly depends from the ratio of aligned and
unaligned inductance L,/L, [8], [80]. Fig. 5.4b indicates a maximum of the inductance ratio

vs. rotor pole height characteristic at h;=35g, which was chosen for the new rotor design.

Rotor pole width

The influence of the rotor pole width t, on the torque profile is presented in Fig. 5.5a. A
change of t, practically does not influence the maximum torque value and causes only change
of maximum torque rotor position. On the other hand, considering the operational behaviour
with the usual angle control mode, the shift characterized by higher torque towards the
unaligned position and lower torque near the aligned position is beneficial [136]. For
motoring operations, such skewing corresponds to having most of the torque developed at the

early stage of rotor-stator poles overlapping.
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Fig. 5.5 Effect of changing rotor pole width: a) torque curves, b) average torque and torque ripple

Breadth of rotor pole has significantly influence on the average torque and torque ripple, as it
can be seen in Fig. 5.5b. The torque ripples coefficient (1.8) decreases with increasing rotor
pole width up to a minimum at t=12mm. The average torque can be increased by growing
breadth of stator pole up to t=12...13mm. A wider rotor pole width is practically not
justified.

Worth mentioning is the fact that there exists an optimum value of rotor pole width which
causes maximum energy conversion during phase band operating cycle which is assumed to
be half of the rotor pole pitch t,, as presented in Fig. 5.6. That optimum can be found by

determining maximum of the magnetic coenergy W,:

7./2
W, = [T(©)-d® [with © in rad] (5.3)

c
0
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The modified motor has its maximum energy conversion capability with a rotor pole width of
approximately t,=12mm, which corresponds to the ratio t/7z=0.38. Therefore, and in order to
make the rotor pole wide slightly greater than the stator pole width to produce a ‘dead zone’
in the inductance profile L(i,0) with all it’s benefits mentioned in Chapter 2.5, that value is

chosen for the new rotor design.
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Fig. 5.6 Maximum energy conversion capability of SRM I with different rotor pole widths

Trapezoidal rotor pole shape

The magnetic flux in the rotor pole base consists of main and fringing flux components and is
therefore higher than in the top of the pole. Tapering the poles (trapezoidal pole shape) avoids
that the corresponding magnetisation requirement increases and magnetically ‘releases’ the
pole base. Assuming that the mmf remains unchanged, that results in a higher flux linkage
towards the aligned position, hence higher average torque and reduced torque ripples [18],
[33], [159], [160]. The trapezoidal rotor pole is characterized by the pole wide at the top t;;, at
the base t, and the pole height h,. Goal of the following calculations is finding the optimal
rotor pole base width t;, with respect to the torque ripples coefficient and average torque. The
other parameters were determined in the previous calculations and remain unchanged during
changing t;,. The researches are carried out with changing the vector t,=[13,14,15,16]Jmm.
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Fig. 5.7 Parallel and trapezoidal pole shapes and their influence on static torque characteristic

Making t>t,1 practically does not effect the maximum torque value, but the shape of torque
characteristic. It is an observed fact that torque curves T(i,®) tend not to be flat topped and
there is a maximum torque value arising very shortly after beginning of stator-rotor pole
overlapping. Thereafter, as the rotor moves towards the aligned position, the torque curve

declines slowly at first, and than more rapidly as the overlap increases due to increasing
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saturation of stator and rotor poles. At higher excitation, also stator and rotor yokes tend to
saturate. The torque decrementing can be reduced by tapering the rotor poles; hence the
torque curve is flatter, especially for higher excitation current values. The wider pole base
enables higher flux values at given mmf in the direction of aligned position without
saturation, resulting in smoother and to average higher torque waveform. The calculations

results shown in Fig. 5.8a and b agree with these considerations.
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Fig. 5.8 Influence of trapezoidal rotor poles on a) torque curve b) average torque and torque ripple

A slightly increase of average torque is notable for the transition from parallel to trapezoidal
pole geometry. A maximum value is found at to,=14mm. At the same time, the torque ripple
can be slightly reduced. Therefore, the rotor pole width at the base is chosen to be t;;=14mm
corresponding to the ratio t/tr1=1.17. Finally, the obtained modified rotor geometry is
presented in Fig. 5.9. Table 5.1 compares important parameter with the original rotor design.
Note the good agreement of analytical calculations and numerical results obtained by FEM.
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Fig. 5.9  Modified rotor design with wider and trapezoidal poles

Table 5.1 Motor parameters of the original and the new SRM I with modified rotor construction

Symbol | Unit | Original SRM | Modified SRM | Improvement
Rotor pole width at the top t mm 10.8 12
Rotor pole width at the base to mm 10.8 14
Rotor pole height h, mm 6.4 6.4
Rotor yoke thickness Ve mm 5.7 6.3
Shaft diameter Dg, mm 17 17
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Air gap length g mm 0.2 0.2

Turns per phase Npn - 180 180

Phase current (constant value) I A 5.5 5.5

Average torque by FEM T Nm 1.77 1.84 3.96%
(analytical calculation) & (1.74) (1.81) (4.02%)
Torque ripple coefficient by FEM ¢ 1.27 1.14 10.24%
(analytical calculation) ! i (1.18) (1.08) (8.47%)
Energy conversion capability by FEM W I 1.05 1.09 3.81%
(analytical calculation) m (1.03) (1.07) (3.88%)
Aligned inductance by FEM L mH 57.73 58.25

(analytical calculation) : (56.96) (57.48)

Unaligned inductance by FEM L mH 8.02 8.72

(analytical calculation) i (7.53) (7.98)

5.1.4 Simulation results

The operational behaviour of the original SRM and the motor with modified rotor pole profile
was investigated by means of the SIMPLORER® simulation model proposed in Chapter 4.
Following, the influence of the turn-on and turn-off angles on the average torque and torque
ripple is presented for both rotor constructions. The motor operates with chopping mode; the
maximum current and width of the tolerance band are constant as well as the rotor speed. The
average torque and torque ripple are shown in Fig. 5.10a and b for the case of the modified
rotor construction. Compared to the original motor a higher average torque can be achieved in
the operational range of the phase band with effective torque generating (between 5° and 42°)
due to the wider ‘death zone’ around the aligned position (45°) and the shift of static torque
vs. angle characteristic through the unaligned position. Such a shift that reduces the slope of
the T(i,®)-characteristics by skewing the curve towards the unaligned position has two
positive effects. The first is that the phase inductance is at its maximum positive slope and
therefore maximum torque when the phase is energized. The second one is that the flatter
phase inductance profile near the aligned position allows a faster drop off of the commutated
current, thus smaller negative torque, resulting in a higher average torque. The optimum turn-
on and turn-off angle and corresponding values of torque ripple and average torque

summarizes Table 5.2 for both rotor variants.
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Fig. 5.10 Influence of ®,, and O on average torque and torque ripple of modified SRM 1
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Table 5.2 Optimum control parameters for both rotor designs (I,.=6A, n=1000rpm)

521

Introduction

Parameter Symbol | SRM (original) | SRM2 (modified) | Improvement
Turn-on angle Oon 5° 2°
Turn-off angle Oofr 40° 42°
Average torque Ty 2.31 Nm 242 Nm 4.8%
Torque ripple tepl 0.75 0.71 5.3%
5.2 Prototype I1: 6/4-SRM for an electric textile spindle drive

Target of the research project in cooperation with the German machine building factory
‘Mechanik Leisnig GmbH’

Textilmaschinenentwicklung’) gGmbH is a new innovative generation of spindle elements for

and textile machine manufacture CETEX (‘Chemnitzer

twist and yarn producing machines in the textile industry. Those new spindle elements include
electric single drives which shall replace the conventional belt drive systems in spinning
machines where mechanic components like belts, cogwheels and gears transmit and distribute
the mechanic energy from a central energy source [21], [118], [156]. The technical progress
for today’s spinning machines is characterized by an increase in performance, quality and
ergonomics. Beside the adherence of technological requirements the electrical machines to be
developed must fulfil the demand on an efficiency 1>80% in the preferred operational point,
which is quiet high for small electrical machines in the desired power range. SRMs are
considered for this application since the various advantages of this machine type have made
them an attractive alternative to conventional induction and synchronous machines in
adjustable speed drives. Particularly for the application in textile spinning machines, SRMs
offer a number of advantages like

- constant speed without mechanic slip due to the synchronous operating principle,

- short end-windings since concentrated windings can be easily mounted on the stator

poles; that enables short machine lengths and reduces copper material,

- low manufacturing costs in serial production,

- low moment of inertia and high starting torque and

- easy realisation of a holding torque at zero speed which is a technological need.
Fig. 5.11 shows the principle design for a single spindle drive with SRM. Table 5.3
summarizes the most important machine parameters required by the industrial user. The
electric spindle drive with SRM shall fulfil the high demands by the following features:

- simple and robust construction of the SRM for an almost maintenance free machine and
low manufacturing costs,
- optimum rotor design for small torque ripple, reduced air friction and noise generation,

- low losses to achieve high efficiency >80%,
- simple control method to reduce cost for control electronics and

- for future a sensorless control procedure to eliminate rotor position sensor
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Fig. 5.11 Single textile spindle drive with SRM [118]

Table 5.3 Required spindle motor parameter and operating points

Parameter Value
Stator outer diameter Dy 64 mm
Shaft diameter Dg, 21 mm
Stack length Iy 25 mm
Power range 20... 120 W
Speed range 5000 ... 30000 /min
Moment of inertia of the load 60 ... 80 kgmm?

Operational points

n = 24000 /min
Preferred operation point 1 (T=0.03 Nm)
P=80W
n =20000 /min
2 (T =0.04 Nm)

(P=80W)

Maximum efficiency; rated
operating point

5.2.2 Geometry

High efficiency is one of the most important requirements for the SRM to be developed. The
motor must run with high speed up to 30000rpm. Therefore it is expected that especially core
losses will dominate compared to copper losses. It is known that the magnetization frequency
which influences the core losses grows with the number of phases q. Therefore q was chosen
to be 3. That is the smallest possible phase number allowing self-starting in both directions
and a 4-quadrant operation [8]. To minimize core- and converter losses at high speed, a 6/4-
SRM was designed. That makes also a great contribution to the desired low-cost SRM drive
since converter costs will be small. The stator outer diameter Ds=64mm was constrained
beside the restricted putting in place space for the motor into the existing spinning machine by

the technological spinning process. The same is true for the shaft diameter with Dg=21mm
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and the stack length lsw=25mm. The optimal internal stator diameter D and the stator pole
width t; were chosen with respect to
(1) high average torque and small torque ripple,

(2) small copper losses and maximum current density S<4A/mm®
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Fig. 5.12 Stator geometry of the SRM II for textile spindle drive

Meeting the first demand requires wider stator poles. On the other hand, making the stator
poles to wide reduces the slot area and therefore increases the copper losses. Hence a
compromise must be found in order to meet both demands. Further and more detailed
calculations to the stator dimensioning can be found in a paper publication which is actually
in preparation and will be published following this dissertation. The final stator geometry
shows Fig. 5.12. Laminated steel is used with a thickness of 0.35mm. The core material is
M250-35A (STAPOLIT 60). The stator pole edges are parallel for maximum winding space.
Considering researches in Chapter 2, the air gap should be chosen as small as possible,
regarding technological constrains like manufacturing tolerances or deformations of the rotor
because of heating or harmonic oscillations at high speed. On the other hand, the
technological spinning process requires a flexible, slightly elastic bearing of the shaft in order
to produce high quality textile twists and to avoid ripping of the yarn in error cases. As a
result of these competing requirements the choice of the air gap is a compromise between
technological and electromagnetic demands and was selected to be g=0.35mm.

The rotor outer diameter was chosen with the goal to produce a maximum output torque. With
respect to the previous calculations of the stator geometry it is D,=35.1mm. In order to find
the optimum rotor pole geometry, in a first step parallel shaped poles are assumed. The shaft
diameter is fixed with Dg,=21mm. Similarly to the rotor dimensioning of the SRM I for the
vacuum cleaner proposed in Chapter 5.1, the rotor design of SRM II is determined. The
results are summarized here in short form. More detailed researches can be found in [118].

The influence of constructional rotor parameter on average torque and torque ripple was
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investigated. These parameter were changed in the range of rotor pole height h=[2,3,4Jmm
and rotor pole width t=[10,11,12,13,14]Jmm. Analytical calculations have been made as well
as FEM calculations for comparison and to verify the different machine models. The SRM is

assumed to be excited by mm{f=400Amp-turns.
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Fig. 5.13 Average torque and torque ripple of SRM II for different rotor pole widths and heights

Referring to Fig. 5.13 it is found that the optimum rotor pole parameters are t,=12mm and
hr=3mm. Note the good agreement of the calculation results obtained by FEM and by
analytical methods. That shows the high accuracy of the developed calculation procedures and
mathematical models which provide quiet reliable results. The results for the first SRM

version with parallel rotor poles summarizes Table 5.4 for the optimum geometric parameters.

Table 5.4  Parameter of SRM II with parallel rotor poles

Rotor pole width | Rotor pole height Average torque Torque ripple
12mm 3mm 0.0481 (FEM) 0.947 (FEM)
0.0477 (analytical) 0.93 (analytical)

5.2.3 Construction modifications for noise reducing

Reducing acoustic noise during high speed operation requires a modified rotor design which
decreases the air friction and gives the poles higher mechanical stiffness. Therefore many
different rotor geometries have been investigated by author which will be published in a
separate paper following this thesis. As a result of these researches a new rotor geometry was
found which promises the best results with respect to the average torque, torque ripple and
acoustic noise. This rotor variant was manufactured by the German factory ‘Mechanic Leisnig
GmbH’ and will be introduced shortly in the following. The idea is to increase the rotor pole
width at the pole base in such a way that the rotor surface becomes more ‘round’ and
‘smoother’ compared to the conventional geometry with straight parallel poles. But note that
making the rotor poles wider at the bottom increases the unaligned inductance [8] and

therefore the torque producing capability of the SRM. Hence, the final rotor design is a
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compromise between various competing effects like reduced average torque but decreased
torque ripple and noise generation! Three important modifications have been made:

o the rotor pole width at the base is equal to the rotor pole pitch,

o the edges at the rotor pole tips are slightly rounded with a radius of =2mm and

¢ the transition from the rotor pole to the rotor yoke is also rounded with r=2mm.
Fig. 5.14 presents the new rotor design with the corresponding geometric parameters. The

manufactured prototype for the textile spinning machine is presented in Fig. 5.15.
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Fig.5.14 Rotor geometry of SRM II

Complete SRM
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7

Fig. 5.15 Manufactured prototype of SRM II
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The calculation results have shown that the torque characteristics of the new rotor geometry
don’t vary very wide from the first variant with parallel poles, an important positive fact to
meet the demands from the industrial partner! Due to the flatter pole faces of the modified
rotor construction the rate of change of torque is smaller when the stator and rotor poles start
overlapping and before complete alignment. The maximum torque is slightly decreased.
However, it was found that particularly the flatter rising and falling edges of the torque
characteristics lead to a reduced noise generation since the radial forces on the stator and rotor
poles are reduced, which agrees with investigations made by [45], [78], [160] and [175].
Further, air friction and the well known ‘sirens-effect’ for SRMs are reduced by a favourable

aerodynamic rotor design, which was also described in [2], [26] and [27].

5.2.4 Winding design

Using equation (2.23) the slot area of the designed spindle SRM is calculated to be
Ago=120mm’. The winding shall be designed for a dc supply voltage in the range of
V=150...170V (available dc bus voltage in the spinning machine) and a rated speed of
n,=20000rpm. With (2.31) the number of turns per phase is determined to be Nph=100. Two
coils of opposite stator poles are series connected. Since no particularly cooling system is
desired for the application, the maximum current density of the motor is constrained on
Jmax=4A/mm* (r.m.s. value). Assuming an idealized flat-topped current, a magneto motive
force of mmF=400Amp-turns is necessary to generate the rated torque of T,=0.04Nm. That
value is determined iteratively by analytical calculations (program “DesignSRM”) and
verified by FEM calculation. With Np,=100 an (idealized) peak current value of [;=4A is
required. Using equation (3.183) gives Ims=2.3A. Now, the conductor bare diameter is
calculated with (2.32) to be D,=0.86mm, a value of Dy,=0.9mm is chosen. The wire cross
section assuming a lacquered round wire is Aw=0.74mm”. The winding cross sectional area is

then Ayw.=37.1mm? (2.33). That requires a slot fill factor of @y,=0.6 (2.34).

parallel|

Stator pole with
form-wound coil #1

Cater coil borderline

otator pole with
farm-wound coil #£2

Fig.5.16 Geometry of the stator windings of SRM II
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To insert the windings into the stator slots, a winding design with two different form-
wounded coils is proposed which was firstly presented in [18] for a 16/12 SRM. These coils
only differ with respect to their geometry. The number of turns and the wire diameter are the
same. The coils can be wounded easily with suitable wounding machines. Thereafter, firstly
pre-wounded coils #1 are placed around the stator poles, followed by coils #2. The coils are
alternated placed like ‘wedges’ on the poles. Both outer lines of coils #2 trend parallel to the
pole middle. Therefore also the last coil can be placed quiet easily. If the wire diameter is
relatively large, the border line between the coils has a slightly stepping form, thus, the shown
straight lines between coils #1 and #2 in Fig. 5.16 must be understood as a principle course.

Both coils in the slot must be isolated against each other.

5.3 Prototype I11: 8/6-SRM for an automatic truck gear
5.3.1 Introduction

The inherent qualities of the SRM make it an ideal solution for an electrically assisted
automotive gear for cars and trucks [23], [25]. The rotor inertia is low, allowing precise, and
high-bandwidth steering control. Further, the motor has no electrical failures that can cause
unwanted torque when it is in an unpowered state.

In cooperation with the German gear manufacture ‘ZF Friedrichshafen AG” a SRM was
developed for the use as a short-time actuator in an automatic truck gear. Fig. 5.17 shows the
general arrangement of the electrical assisted gear, consisting of a choice-shaft with several
blocking elements, gearwheels and the SR Motor. The gear is much like a classic rack-and-

pinion assist gear except that the hydraulic assist function is replaced with a SRM.

;@,\\ _ Gear wheels

=

SRM

Blocking
elements

Fig. 5.17  Electrically assisted gear with SRM

The task of the SRM is to turn the tappet elements in a 6-gear shift for multiples of 45° in
order to choose the lane of a selector fork. At the same time unused selector forks are blocked.
Thereby a precision of 0.5° is required. A further important demand is the trouble-free
adjusting process within a temperature range between -30 to 110°C which can occur in the

gear. Additionally possible fluctuation of the vehicle electrical distribution system must be
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regarded. Conventional servo motors, e.g. permanent excited synchronous machines (PMSM)
or dc machines often require an expensive control system which leads in many cases to high
costs due to a complex sensor system. Moreover that produces an additionally error source!
The SRM offers similarly to stepping motors pre-defined rotor positions (aligned and
unaligned), which can be easily used for an adjusting process. Target of the researches is to
develop a suitable SRM design for the desired automotive gear within the frame work of the
research project [119]. The outer dimensions are constrained by the application, and the
generated torque must be maximised. Further, material demand and manufacturing costs in

serial production have to be as small as possible. Efficiency plays a secondary role.

5.3.2 Motor design

Essential criteria for an optimized rotor design with maximum torque output are:

e core material with high saturation flux-density,

e operating in a saturated regime to maximise the utilization of the magnetic circuit,

e Ny/N;-combination providing a smooth torque characteristic and low torque ripple
With respect to manufacturing costs, robustness and positional accuracy, a 4-phase SRM with
8 stator poles and 6 rotor poles was chosen with a rated speed of n,=1000rpm and a rated
torque of T,=INm. Fig. 5.18 shows the cross section of the developed motor geometry. It
was found that the 8/6-SRM has several advantages compared to a 6/4-machine with respect
to the torque characteristic for the desired application [28], [119]. Higher core losses due to
the higher switching frequency are marginal for this application since the motor works in

short-time operation mode with only 1000rpm.
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Fig.5.18 Geometry of the 8/6-SRM for automatic gear application

The geometric parameters of the developed machine design are:
e large rotor outer diameter for maximum torque output,
e air gap g=0.2mm,
e stack length l;4=50mm; core material of the stator laminations: M400

e trapezoidal stator and rotor pole profiles to reduce saturation effects and torque ripples,
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e larger radius in the stator slots to increase the winding area,

e massive rotor design without laminations; rotor material: 430 Stainless Steel

-

= Complete SREM == Rotor
&2 ; i3

pz

Fig. 5.19 8/6-SRM III for automatic truck gear, manufactured by the ZF Friedrichshafen AG

The vehicle electrical distribution system voltage is V=24V. Concerning the specific
application area of the SRM in a truck gear, a ‘worst-case’ voltage of V=18V must be
assumed since voltage fluctuations in the board net can occur. For mounting the winding a
‘coil-body’ is used on which the stator laminations are pushed on. That is shown on the right-
hand side of Fig. 5.19. The number of turns per phase (series connected) is chosen with

respect to equation (2.31) to be Nph=40. The wire diameter is D,=0.45mm.

5.3.3 Calculation results

At first, the electromagnetic torque is presented as a function of the rotor position angle for
different current values. It can be seen in Fig. 5.20 that the desired value of approx. T=1Nm
can be achieved with a current of I=40A. The greatest contribution to increase the torque
producing capability is making a larger radius in the stator slots to increase the winding
area. Of course, that leads to a higher flux density in the stator core where the radius is
increased (see Fig. 5.22) and therefore higher core losses and local heat sources, but since the
motor just works in short time operation the heating is controllable, as laboratory tests have
shown [119]. Another critical fact could be the high current level of [=40A, leading to high
current density in the windings. But note, the phase is energized very short with that high
current value. Since a heat resistant coil body of PA66 (Polyamid) is used, the heating of the
winding is acceptable and will not destroy the machine, as it was proven by measurements
[119]. The developed torque is nearly constant in the range between 6 and 25° up to a current
of approximately [=10A. For higher current values, the iron starts to saturate, which leads to a
stronger decrease of the torque characteristic towards the aligned position (®=30°). Note, in
order to achieve an acceptable torque waveform for high currents, the firing angles of the
phase currents must be adjusted carefully.

The effect of saturation can be seen obviously in the flux-linkage vs. current characteristics

for different rotor position angles, presented in Fig. 5.21a. Up to 10A the SRM operates in the
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linear range. For higher current values, iron saturation occurs with an increasing stator-rotor

pole overlapping.

Torque T [Mrm]

Fig.5.20 Torque characteristics of the gear SRMIII for different current values

Fig. 5.21b shows the phase inductance vs. rotor position angle for different current values.

Note the good agreement of the analytical calculated values with that obtained by FEM.
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Fig.5.21 a) y(i,0)-characteristics and b) L(i,®)-characteristics of the gear SRM III

The distribution of the magnetic field is shown in Fig. 5.22 for the aligned position with

maximum current [=40A. The motor operates here in high saturation regime.

Fig. 5.22  Field distribution and flux-density of SRM III for [=40A (FEM calculation)
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6 Experimental verification

To verify the developed design- and calculation methods for SRMs proposed in this thesis,
experimental results of the three manufactured prototypes are necessary. The measurement

results are therefore compared to the analytical and finite element analysis predictions.

6.1 Comparative laboratory tests of SRM prototype | with original and modified rotor

The laboratory tests of SRM prototype I for the use in vacuum cleaners are divided into two
parts. Firstly, characteristics of the original motor were measured. Thereafter, the
measurements have been repeated for SRM I with the new modified rotor geometry. The
results are compared in order to research the influence of constructional rotor parameters on

steady-state and performance parameters and to verify the previous calculations.

6.1.1 Inductance measurement with 50Hz method

Due to the non-linear operation and doubly salient structure of SRMs, the inductance profile
is a function of both the rotor position and excitation current. That makes the measurement of
this parameter difficult. Various techniques are known in bibliography for measuring the
SRM inductance for any rotor position and level of excitation [63], [83], [114], [154], [165].
A simple and efficient procedure to measure L(i,®)-characteristics is the ‘S0Hz method’. The

corresponding experimental setup shows Fig. 6.1.

L1
L2 380V / 50Hz
380V
Adjustable
transformer
0...250vV
Isolating
transformer
0...24V
>V
A
Rotor position I
SRM iti
sensor — Rotor position
N [ I 4~ clamp
J \

Fig. 6.1 Experimental setup for measuring L(i,®)-characteristics with 50Hz method (TUW)
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The measurement sequence is as follows. The rotor is fixed to the desired rotor position angle
by mechanical means, the phase winding is energized with a 50Hz excitation current. The
r.m.s. value of the phase voltage V and current I are measured simultaneously (Fig. 6.1).

Knowing the (warm) phase resistance R, the phase inductance is obtained with

with f=50Hz and R=1.44Q (6.1)

®=const

The r.m.s value of the sinusoidal 50Hz voltage is adjusted manually with the transformer to
maintain a constant current I for various rotor position angles. The measurements were
repeated for both rotor variants within a current range of I=[1...6]A and a rotor position angle
of ®=[0...90]°. Fig. 6.2a and b present the measurement results for the original and modified
SRM 1, respectively. For comparison, the predicted results obtained by analytical calculations

with the method proposed in this thesis are shown with broken lines.

a) Original SRM | b) Modified SRM |
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Inductance L [H]

Rotor position angle ® [deg]

Fig. 6.2 Predicted and measured L(i,®) curves with SOHZ for SRM I: a) original, b) modified rotor

The measured inductance values are smaller than the predicted ones. Obviously, measuring
the r.m.s. values of current and voltage and calculating the inductance with (6.1) leads to
considerable mistakes due to two reasons.

(1) Equation (6.1) is obtained from the general theory of a.c. current which is valid only for
sinusoidal values. For distorted non-sinusoidal measured values with many harmonics,
(6.1) should be applied on each harmonic. This is obviously not very useful. The
inductance calculation only for the 50Hz- fundamental harmonic gives a wrong result.

(2) For r.m.s. measurements the measured values are quadratic-weighted and integrated over
one period. Therefore, r.m.s. measurements of non-sinusoidal values including many
harmonics yield to results which can differ in a wide range in dependence of the ‘degree’
of distortion, even if the fundamental harmonic is equal.

As a consequence, the inductance should be measured additionally by an alternative method

for comparison which concerns the non-linear magnetisation characteristics of the SRM. Such

a feature offers the dynamic di/dt method proposed in the following.
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6.1.2 Measurement of dynamic inductance
The rotor is fixed to the desired angle by mechanical means. A rectangular voltage pulse
energizes the phase winding. The resulting current waveform and its rate of rise di/dt in the
coil depend beside the phase resistance R on the inductance L(i,®). The corresponding
experimental setup presents Fig. 6.3. Instead of the pulse generator and inverter also a simple
mechanical switch can be used to connect and disconnect a phase winding with the dc-link.

Rearranging the voltage equation gives an expression for the phase inductance:

. . dt
L(i,®) = (V - Ri)-— (6.2)
dl ©®=const.
DC power supply X
Important measurement devices:
Pulse genetator 1 e 2-channel oscilloscope HP5460 A
. ¢ Position sensor RENISHAW RE36 encoder
SYEISTS) Qe SR e DC Supply MERATRONIC TYPE P322 (rectifier)
phaseleg
LEM £
| 508 - % Measure:
i

1. Phase current
2. Phase voltage

U 380v

S08=5v SA=5Y
| ® ue

Lo

Ch1 Ch2

Rotar position [
SEn0r
SR Motor \

Faotor position
clamp

2-Channel oscilloscope

Fig. 6.3 Experimental setup for measuring L(i,®)-characteristics with di/dt method

When the desired maximum current is achieved, the voltage pulse is turned off. By the
evaluation of the current rate of change di/dt the complete inductance characteristic can be
obtained for the winding with only one single measurement at a fixed rotor position angle.
The influence of the extremely non-linear magnetisation characteristics of the core material
on the inductance is considered by calculating the differential inductance for each discrete
time step At. The measured inductance as a function of rotor position angle for different
current level is shown in Fig. 6.4. Compared to Fig. 6.2, only in the range of unaligned
position when saturation is negligible, the 50Hz method gives accurate results. In the near of
aligned position the error increases since saturation occurs. The difference for inductance

values in the aligned position is in the range of 10-20%. The dynamic inductance can be
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measured very well and the results confirm with the predicted characteristics. The error for

aligned position is less than 6% for both FEM and analytical calculation. In the unaligned

position, the maximum errors are 16% and 10%, respectively (see also Table 6.1).

a) Original SRM | b) Modified SRM |
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Fig. 6.4 Dynamic inductance profiles predicted and measured for: a) original, b) modified SRM
Table 6.1 Comparison of measured and predicted inductance values for SRMI
1=2A I=6A
Analytical Measurement | Measurement | Analytical Measurement | Measurement
Inductance calculation FEM 50Hz di/dt calculation FEM 50Hz di/dt
- aligned 96,1mH | 99,1mH 85,2mH 95,3mH 52,2mH | 53,7mH 49,3mH 51,3mH
original SRM
unaligned 7,64mH 8,2mH 9,5mH 9,1mH 7,24mH 8,3mH 7,5mH 8,1mH
modified SRM aligned 94,5mH | 96,2mH 77,1mH 96,1mH 53,ImH | 54,2mH 48,4mH 55,2mH
unaligned 8,3mH 8,8mH 10,2mH 9,4mH 7,5mH 8,7mH 8,9mH 8,3mH

6.1.3 Measurement of characteristics torque vs. angle

The test setup used to measure the torque characteristics as a function of current and rotor
position angle consists of the SRM, a rotor clamping and positioning device, the rotor position
sensor, a mechanical lever arm, a digital balance, a variable ac voltage source and a rectifier.
As shown in Fig. 6.5, the motor clamping and positioning device consists of a rack wheel
with an adjusting screw, attached to the motor’s shaft. This arrangement is used for fixing the
rotor position to a desired angle, measured by the rotor position sensor. Note that the rotor
positioning device must be carefully designed and assembled so that errors in rotor position
are minimized. In addition, the clamping by the rack wheel and adjusting screw must be
strong enough to hold the rotor through the impulse torque, attempting to align the rotor pole
with the nearest excited stator pole, when current is applied. The dc-breaker is turned off for
that measurement. The generated torque is transmitted by the lever arm which presses on the

digital weight. By measuring the weight my, the corresponding torque can be determined as:

T@i,0)=m, -a-l| (6.3)

i=const

where 1, is the length of the lever arm and a is the gravity (a=9.8 1m/s?).
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L1 230V ~

Important measurement devices:
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Fig. 6.5 Experimental setup for measuring T(i,®)-characteristics

Fig. 6.6 shows a photo of the corresponding laboratory test arrangement for static torque

measuring. It is recorded in the laboratory of the University of Technology in Warsaw.

Breaker

Ty

Rotor position
clamp

Lever arm

Fig. 6.6 Photography of the laboratory test arrangement for torque measurement of the SRM

The measured torque characteristics for different current values are presented in Fig. 6.7a
and b for the original and the modified SRM I, respectively. The effect of the trapezoidal rotor

pole profile on torque can be seen impressively.
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& —————a) Criginal rotor pole profil ——— B b) Modified (tapered) rotor pole profile ————
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Fig. 6.7 Comparison of predicted and measured T(i,®)-characteristics for SRM I: a) original
(parallel) and b) modified (trapezoidal) rotor pole profile
As predicted, the torque characteristic of the modified SRM I is shifted toward the unaligned
position. The maximum torque values are nearly the same for both rotor constructions.
However, the higher torque towards the unaligned position and the smaller torque near the
aligned position are beneficial with respect to the average torque and torque ripple during

common angle controlled operation as it will be shown below in Chapter 6.1.4.

Table 6.2 Measured and calculated torque parameter for both variants of SRM 1

[=6A I=10A
analytical Measure- | analytical Measure-
. FEM . FEM
calculation ment | calculation ment
Original | Average torque [Nm] 1.71Nm 1.6ONm | 1.64Nm | 3.11Nm | 3.27Nm | 3.15Nm
SRM 1 | Torque ripple [-] 1.55 1.59 1.54 1.57 1.62 1.52
Modified | Average torque [Nm] 1.74Nm 1.77Nm | 1.79Nm | 3.24Nm | 3.34Nm | 3.37Nm
SRM T | Torque ripple [-] 1.45 1.51 1.56 1.51 1.54 1.49

Table 6.2 summarizes the most important torque parameters for both motor variants and
compares with analytical calculation results. The measured average torque is increased with
the trapezoidal rotor pole design for about 9% with I=6A and 6.9% with I=10A. At the same
time the torque ripple (1.8) is reduced for 1.3% and 1.97%, respectively. The results show that
with relative small changes in the rotor geometry the torque characteristics can be
considerably improved. The pre-calculated values match very well with the measurements,

the difference for average torque and torque ripple is in the range of 5-10%.

6.1.4 Measurement of characteristics speed vs. torque

The speed-torque characteristics have been measured for SRM I with both rotor pole profiles
as a function of the turn-on and turn-off angle of the phase currents. The experimental setup is
shown in Fig. 6.8 and consists of a variable ac voltage source (1-phase mains, adjustable
transformer and isolating transformer), a rectifier, a dc link, a transistor C-Dump converter,

the SRM with rotor position sensor, control electronics, driver for the power electronic
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devices, and a dc breaker coupled with the SRM at the shaft via a clutch. The breaking torque
is proportional to the dc-supply voltage of the breaker. The turn-on and turn-off angle of the

current can be manually adjusted by the user as well as the current level for hysteresis control.

adjustable transformer
/ isolating transformer + -

/ Rectn’er C- Dump converter
@ 1\3},} [ &)_ N ‘

1-plhase j L) .\J \ A h l (‘[ J h
o m o] o e
’ P P 1 f ‘ clutch

/
rator position sensar

Fig. 6.8 Experimental setup for measuring speed-torque-characteristics

The measured T-n-characteristics for different turn-on angles of both the original and
modified SRM with trapezoidal and wider rotor poles are shown in Fig. 6.9. The turn-off
angles were chosen to be 38° and 42°. The Maximum current value was chosen to be Ij,—=4A
with a dc supply voltage of V=400V. Generally, for the same torque, the turn-on and turn-off
angle must be preceded for some degree in order to energize the phase winding in an area of
low inductance and to give the commutating current enough time for decaying to zero before
the rotor passes the aligned position, which would generate negative torque. Note, the back-

emf increases in proportion with the speed and embarrasses the current feeding of the SRM!

o Original SRM | (@qf=47°) o Modified SRM | (@qff=42°)
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Fig. 6.9 Measured and simulated speed-torque-characteristics of original and modified SRM I
for different turn-on and turn-off angles
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In comparison to the original motor, the SRM with the modified rotor construction achieves a
slightly higher torque for the same speed since the turn-on can occur earlier and the turn-off
occurs later without negative torque production. That results from the modified inductance
and torque characteristics by the new rotor design, as described in Chapter 5.1.

The measured maximum speed is limited to nm,=7000rpm due to the speed limit of the dc
breaking machine and the switching frequency of the controller. The minimum measured
speed is constrained by torque ripples which strongly increase at low speed. For the sake of
comparison, the simulated speed-torque-characteristics are shown with dotted lines. These
simulation results have been obtained by means of the SIMPLORER® simulation model
introduced in Chapter 4. The measurements confirm the preliminary considerations that with
the trapezoidal rotor pole profile the average torque can be increased and the torque ripple
reduced. That could be physically realized by an obviously smoother operation of the entire
drive system and a reduced audible noise level. Table 6.3 summarizes the measurement

results for both motor variants. The values given in brackets are simulation results.

Table 6.3 n-T- parameter of the original and modified SRM I (measurement and simulation)

Average torque T,, for ©,=42° Average torque T,, for ®,;=38°
speedn | O, original SRM I modified SRM I original SRM I modified SRM I
24° 0.73 (0.71)Nm 0.79 (0.81)Nm 0.49 (0.52)Nm 0.56 (0.57)Nm
4000rpm | 28° 0.63 (0.58)Nm 0.64 (0.63)Nm 0.39 (0.37)Nm 0.41 (0.42)Nm
37° 0.06 (0.073)Nm 0.069 (0.075)Nm 0.045 (0.05)Nm 0.055 (0.049)Nm
24° 0.65 (0.63)Nm 0.7 (0.65)Nm 0.48 (0.47)Nm 0.51 (0.5)Nm
5000rpm [ 5go 0.38 (0.42)Nm 0.47 (0.51)Nm 0.27 (0.24)Nm 0.29 (0.33)Nm
37° 0.03 (0.04)Nm 0.042 (0.037)Nm 0.016 (0.025)Nm 0.025 (0.018)Nm
7000rpm 24° 0.06 (0.08)Nm 0.12 (0.09)Nm 0.08 (0.083)Nm 0.12 (0.08)Nm
28° 0.02 (0.045)Nm 0.05 (0.04)Nm 0.05 (0.035)Nm 0.07 (0.06)Nm

6.2 Laboratory tests of SRM prototype Il for textile spindle drive

The prototype of the 6/4-SRM II for the use as a textile spindle drive was measured similarly
SRM I in the laboratory of the Warsaw University of Technology. Goal of measurements was
to verify first principle functionalities and predicted operational steady state characteristics:

e characteristics inductance vs. angle for different current values L(i,0),

e characteristics torque vs. angle for different current values T(i,0),

e core- and copper losses,

e motor efficiency and

e torque-speed-characteristics.

More complex measurements concerning the operational behaviour during high speed
dynamics, e.g. noise measurements and mechanical rotor stress will follow in future

researches. Fig. 6.10 shows a photo of the experimental setup with SRM II on the test bench.
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Fig. 6.10 Photo of the test bench with SRM II in the laboratory of the TU Warsaw

6.2.1 Measurement of characteristics inductance vs. angle

It was found in Chapter 6.1.2 that measuring dynamic inductance gives more accurate results
compared to the 50Hz-method. Therefore, the inductance characteristics of SRM II have been
measured by the same way using the identical experimental setup shown in Fig. 6.3. The
results are presented in Fig. 6.11. The errors between analytically predicted and measured
inductance values for [=2A are 3.9% and 10.3% for aligned and unaligned inductance,
respectively. The error increases with current up to 5.3% and 13.6% for [=6A since saturation
and end winding effects occur. However, in general, it is found that calculation results match
very well with the measurements in the entire researched current range which emphases the
high accuracy of the developed calculation models. Table 6.4 summarizes the results for the

inductance measurement of SRM II. The values in brackets are the calculation errors.
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Fig. 6.11 Comparison of predicted and measured inductance characteristics L(i,®) for SRM II
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Table 6.4 Predicted and measured inductance values for different current levels of SRM 11

1=2A 1=6A
Measurement | Analytical | FEM | Measurement | Analytical | FEM
402 | 398 3.81 373

Aligned inductance L, [mH 3.87 3.62
igned inductance L, [mH] (3.9%) | (2.8%) (53%) | (3,0%)
0.7 0.83 0.76 0.94

Unaligned inductance L, [mH 0.78 0.88
naligned inductance L, [mH] (10.3%) | (6.4%) (13.6%) | (6.8%)

6.2.2 Measurement of characteristics torque vs. angle

To measure T(i,0)-characteristics of SRM II, the same test setup as shown in Fig. 6.5 has

been used. The researched current range was between I=[1...10]A. Fig. 6.12 presents the

measured torque characteristics compared with the analytically calculated ones. The measured

and predicted values match very well. The error between them slightly increases with the

current level since the saturation effect leads to a stronger decrease of torque then predicted.

Particularly the narrow rotor yoke saturates even at low currents (5-6A) what influences the

calculation accuracy.

o
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Fig. 6.12 Comparison of predicted and measured torque characteristics T(i,®) for SRM II

Table 6.5 summarizes the measured and calculated average torque and torque ripple values

for SRM II. The values in brackets represent the calculation error.

Table 6.5 Predicted and measured torque parameter for SRM II

T=4A =10A
Measurement Analytical FEM Measurement Analytical FEM
0.047Nm | 0.045Nm 0.19Nm | 0.16Nm
A torque Ty 0.043N 0.17N
verage forque m (9.3%) (4.7%) m (11.7%) | (6.8%)
0.86 0.89 1.01 114
T ipple t 0.92 1.1
Orque TIPPIE tpi 6.5%) | (3.3%) (82%) | (3.6%)
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6.2.3 Measurement of characteristics speed vs. torque

According to SRM I, the speed-torque characteristics of SRM II were measured using the test
equipment shown in Fig. 6.8. The maximum current value, firing angles of phase current and
dc-link voltage can be adjusted. Firstly, the idle speed was measured under the condition of
various turn-on and turn-off angles. The dc-link voltage was chosen to be V=100V; the
maximum current is Ip,—=4A. It was found that the maximum speed is limited to approx.
Nmax=7200rpm, which is constrained by four major facts of the actual test bench:

e maximum speed of the dc breaking machine,

e clock frequency of the controller,

¢ maximum permissible current and voltage of the power electronic devices and

e maximum dc link voltage constrained by the intermediate circuit capacitor.
However, the achieved maximum speed is sufficient to investigate performance parameters as
well as losses and efficiency. As it can be seen in Fig. 6.13, the optimum firing angles for
high speed are ©,,=22° and O,=31° which gives the current enough time for rising and
decaying without negative torque production. Up to 3000rpm the controller works in
chopping mode with the given dc-link voltage (hysteresis control of maximum current); for

higher speed the motor operates in single pulse mode.

7250
7200 4
7180 4
7100 +
7050 4
7000 4
950
G900 -
AEa0 i i i i i

5 10 15 20 26 30 35

Turn-on angle B, [ded]

Speed n [rpm)

Fig. 6.13 Measured idle speed of SRM II as a function of current turn-on and turn-off angle

The measured speed-torque characteristics of SRM II are presented in Fig. 6.14. The dc-link
voltage remains unchanged as well as the maximum current level compared to the idle run.
For comparison, the required torque-speed characteristic from the spindle application is
shown with broken lines. Within the researched speed range the motor fulfils the industrial
demands. The produced torque increases with the dwell-angle, i.e. as earlier the phase is
energized and as later the phase current is commutated, as higher is the torque for a given
speed. On the other hand, at high speed, the turn-off angle of current must be preceded for
some degrees to avoid negative torque production. Derived from measuring results, the
optimum firing angles within the investigated torque-speed range to produce maximum torque

are 0,,=10° and ®O,=35°.
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Fig. 6.14 Measured speed-torque characteristics of SRM II for different turn-on and turn-off angles

6.2.4 Measurement of motor losses and efficiency

In order to measure the motor losses, the same experimental setup shown in Fig. 6.8 is used.
Copper- and core losses P, and Pg. must be determined to obtain the motor efficiency Mot
The motor runs under the conditions of Ih.=4A, V=100V, 0,,=10° and ®,=35°. The
friction losses Ps have been measured as a function of speed by driving a dc-machine in idle
run and thereafter coupled with the non-excited SRM. For both cases the input power of the
dc machine was measured, and the difference corresponds to the friction losses of the SRM
including windage and bearing losses. The copper losses of the (warm) winding are
determined by measuring the r.m.s phase current and using equation (3.185). The warm phase
resistance is R,p=0.46Q2. The core losses are determined indirectly by measuring the electrical
input active power P, the mechanical output power Ppech, and the friction- and copper losses.

A balance of power gives the core losses and the motor efficiency MNmor:

PFe = I:)el - I:)mech - I:)Cu - I:)fr (64)
n — I:)mech — I:)mech (6 5)
e I:’el I:>mech + I:>Cu + I:>Fe + Pfr .

Fig. 6.15 presents the measured core and copper losses vs. motor speed. To verify the
analytical calculation methods, the predicted loss curves are shown with broken lines. The
rated load torque is T,=0.04Nm and remains constant as well as the current firing angles. The
predicted and measured copper losses match very well since the r.m.s. current remains nearly
constant. The motor operates in the researched speed range up to 7000rpm with single pulse
mode. For an exact determination of the r.m.s. current referring to (3.184) the phase current is
calculated from an oscilloscope plot. For analytically calculation, the current waveform for
each operating point is determined with the procedure proposed in Chapter 3.6. However, due
to the increase of friction and core losses, the temperature of the winding and therefore the
phase resistance increases in praxis, which leads to the slightly increase of the copper losses

with the speed. Further, the SkiN-effect, which is not considered by the analytical
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calculations, slightly increases the phase resistance with speed. Nevertheless, the maximum
calculation error is between 5-7% for the researched speed range. With I,=2.9A, the

measured copper losses of the warm windings are approximately Pc,=3.9W at 7000rpm.
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Fig. 6.15 Measured and calculated copper and core losses as a function of motor speed

The switching frequency of the 6/4-SRM from phase to phase is f=467Hz for n=7000rpm.
Therefore, the core losses contribute with a substantive proportion to the entire motor losses.
Up to 7000rpm the copper losses are dominating, but core losses increase much faster with
speed and will dominate for higher speed. Compared with the calculation results, the
measured core losses are a little smaller. The reason is that the real flux waveform in the
magnetic circuit differs from the idealized one which is assumed for calculation. As Fig.
6.16a shows for the unaligned position, the flux lines (determined by FEM) enter the core
material after crossing the air gap by using two rotor pole edges and the rotor yoke. Hence,
different lengths of the flux path in the iron and the air are passed what is not considered in
the analytical calculation. Further, in the aligned position the magnetic flux lines partially
cross the magnetically not-loaded stator poles, which can be seen in Fig. 6.16b. Both effects
lead to a smaller reluctance of the magnetic circuit than predicted. That reduces the flux

density and therefore the core losses compared calculations.

a) SEM Il in unaligned position h) SEM Il in aligned position

Fig. 6.16 FEM calculation of the field distribution in SRM II a) aligned; b) unaligned position

The maximum calculation error is in the range of 10-17% for the researched speed range,
which is a quiet accurate result and allows a reliable optimization of the motor efficiency.

Derived from the measured losses the motor efficiency can be calculated with respect to (6.5).
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Fig. 6.17 presents the efficiency as a function of speed. The load torque remains constant and
is equal to the rated torque of T,,=0.04Nm. The predicted efficiency is presented with broken
lines and shows a good agreement. The measured efficiency at 7000rpm is Mmo=80.3%
compared to 79.8% which was calculated. That fulfils the demand of the desired application
(Mre£>80%). One note, the desired rated speed of n,=20000rpm could not achieved with the
actual test equipment. However, the calculations match very well within the researched speed
range and have the same tendency. Therefore it is expected that the predicted values for losses
and efficiency for higher speed can be achieved with the prototype under the condition of a
modified test bench. Such a new test bench is at present under construction and measurement
results for higher speed up to n,x=30000rpm will be presented in a separate publication after

finishing this thesis.

g5

Motor efficiency [%]

0 1000 2000 3000 4000 3000 6000 FOo0o
Speed [rpm]

Fig. 6.17 Measured and calculated motor efficiency as a function of speed (Inx=4A, Vi=100V)

Table 6.6 summarizes the measured and predicted losses and efficiency for two different
operating points. The torque remains constant with T,=0.04Nm. All measurement results
proof that the designed and manufactured SRM II fulfils the requirements from the desired

spindle application within the investigated speed and torque range.

Table 6.6 Measured and predicted motor losses and efficiency of SRM II

n=3000rpm n=7000rpm
Measurement | Analytical Error Measurement | Analytical Error
Copper losses Pc, 2.6W 2.8W 7.7% 3.7TW 3.5W 5.4%
Core losses Pr. 1.2W 1.4W 16.7% 35W 3.9W 11.4%
Motor efficiency n 77.1% 75.4% 2.20% 80.3% 79.8% 0.6%

6.3 Laboratory tests of SRM prototype 111 for automatic truck gear

The experimental tests of SRM III which is desired for the use in an automatic truck gear
were made by author on the test bench of the company ‘ZF Friedrichshafen AG’ in
Friedrichshafen, Germany. Following, the experimental setup is presented and measurements

of the T(i,0)-characteristics are summarized and compared with calculation results.
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6.3.1 Experimental setup

For measuring the static torque characteristics T(i,®), the experimental setup shown in Fig.
6.18 was used. Here, the induction machine (ASM) works as the driving machine which is
coupled via a worm gear with the SRM. The induction machine is supplied by the three-phase
mains and runs with constant (rated) speed during the measurements. For measuring static
torque values a small rotational speed was necessary in order to avoid the influence of SRM’s
core losses since the rotor consists of massive steel (not laminated!). Therefore, the gear
between ASM and SRM was implemented. By means of a specific torque measuring shaft the

static torque values of the SRM can be obtained as a function of rotor position angle.

Test bench Measurement

analysis

Taorgue Warm
SRM I measuremernt I

ear
{\I‘ shaft
Time
relay Asynchronous
J-phase  — _

{} nietwark —" machine
Curremnt
saurce

Fig. 6.18 Schematic of the experimental setup for static torque measuring of SRM I1I

A current source feeds the SRM with a constant current in the range of I=[1...40]A. Due to
the rotation, the rotor poles move under the excited stator poles and produce a positive torque
towards the aligned position and thereafter a negative torque when the rotor moves from the
aligned into the unaligned position. The resulting counter torque is measured by the torque-

measuring shaft. Fig. 6.19 presents a picture of the complete test bench.

Antrisbs- und Fahrwerktechnik

Torque measmng
| shaft

¢

Fig. 6.19 Test bench with SRM III in the laboratory of the ZF Friedrichshafen AG
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6.3.2 Comparison of calculated and measured torque characteristics

In Fig. 6.20 measured (straight lines) and analytically calculated (broken lines) torque values
are compared. The torque characteristics for small currents are approximately identical. The
calculation error increases with current values higher than I=30A. Nevertheless, comparing
the characteristics for the investigated current range it is found that the maximum calculation

error 1s less than 10%.
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Fig. 6.20 Comparison of measured and predicted torque characteristics for SRM 111

An interesting result during the researches was found by calculating the torque characteristics
for another core material. After manufacturing of the prototype the information about the B-
H-curve was incorrect which caused high calculation errors since a wrong stator core material
was assumed (M19 stainless steel instead of M400; American notation). In this case the
predicted torque was about 20% smaller than the measured! That shows the strong influence
of the core material on the torque production capability of the SRM. Therefore, the simple
way of choosing a higher quality of the iron leads to a remarkable increasing of the generated
torque, without any modifications of the motor geometry or winding design! Of course, like

with all industrial applications, the costs must be considered.

6.4  Error’s analysis

Usually, inaccuracies are inevitably during measurements of any kind. The reason for the
development of measurement errors are very manifoldy, thus it is necessary to analyse the
process of obtaining measurement results in order to find the causes of error. The measuring
process and therefore also the origins of measurement errors depend on the following points
and are objectively influenced by them:

(1.) the characteristics of the measuring object itself,

(2.) the used measurement devices and their error classes,
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(3.) the applied measuring method,

(4.) the personal characteristics and skills of the people performing the measurement and

(5.) environmental conditions.
It is normally the case that for the development of a measurement error not only one single
reason is responsible, but it is the result of a combination of many different error parts with
different kinds of causales. Reducing the measurement error requires a quantitative
description of error sources, a sufficient metrological experiences and the knowledge about
the random or systematically character of errors. Three different kinds can be distinguished:

1. rough errors,

2. random errors,

3. systematic errors
Rough errors can occur because of inadvertence, wrong handling, incorrect readings or
damaged measuring devices. Generally, rough errors are avoidable and easy to identify.
During the laboratory tests of the three SRM prototypes, rough measuring errors can be
excluded since all measurement devices have been checked and certificated; all measurements
have been multiple repeated and then averaged.
Random errors can appear for a number of different reasons. They lead to a statistical
distribution of the results, indifferent the source of errors can be described physically. But
even if a measured value is reproducible, it can differ considerably from the true value.
Random errors occur due to the influence of many different stochastic events. They can not be
corrected or ‘switched off’. They lead to statistical fluctuations (in either direction) in the
measured data due to the precision limitations of the measurement device. The influence on
the measurement result can be reduced by means of multiple repeated measurements and
averaging. Systematic errors, by contrast, are reproducible inaccuracies that are consistently
in the same direction. Systematic errors are often due to a problem which persists throughout
the entire experiment. The main casuals for such systematically errors are:

e The devices used for the measurement are calibrated wrongly.

e Problems during the applied method of measurement.
Since systematic errors occur with a specific regularity, they are in principle controllable,
allocateable and correctable. However, spotting and correcting for systematic error takes a lot
of care. In the following, a structural error’s analyses researches measurement errors
compared to analytical and numerical calculations. Concerning the above presented laboratory
test results for the three SRM prototypes, reasons for the variation measurement results from
calculations will be pointed out for

a.) Dynamic inductance measurement

b.) Measurement of characteristics torque vs. angle

c.) Measurement of characteristics speed vs. torque

d.) Measurement of iron- and copper losses
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a) Dynamic inductance measurement

The difference between measuring inductance by means of 50Hz-method and dynamic
inductance was described in Chapter 6.1.1 and 6.1.2. It was found that measuring dynamic
inductance by di/dt-method is preferable since it considers saturation effects of the iron and
the non-sinusoidal current feeding. The difference between both methods for inductance
values in the aligned position is in the range of 10-20%. Compared to calculation results, the
error of dynamic inductance is less than 6% (aligned position) for both FEM and analytical
calculation. The maximum errors in unaligned position are 16% and 10% for analytical and
numerical calculation, respectively (see also Table 6.1). The main reasons for those errors are

o simplification of analytical magnetic flux path calculation,

e end-winding effects which are not considered by FEM and only rough considered in
analytical inductance calculation,

e bouncing of the mechanical switch for turning on- and off the phase current,

e inaccuracies during reading the graphics on the oscilloscope (reading error) and
e fluctuations and small break-in of the dc-link voltage at the instant of current switch-on.

In order to minimize the measuring errors, all measurements have been multiple repeated and
averaged. Thus, measurement- and calculation results match very well and the maximum

error does not increase 16% for both SRM I and I, which is a quiet good result!

b) Measurement of characteristics torque vs. angle

The measurement procedure for determining torque vs. angle characteristics are the same for
both SRM I and II, thus the same reasons for measurement errors are assumed. In the
presented laboratory test results, a maximal error of 12% occurs compared to analytical
calculations, and 7% compared to FEM. Reasons for that differences are very manifoldy; the
most important ones can be summarized as follows:
e Calculation of torque vs. angle characteristics bases on inductance calculation and
therefore includes the same systematically error as described above since the
mathematical inductance model involves various simplifications with respect to

determining flux paths, saturation- and end-winding effects.

e The dc supply voltage provided by the 2-pulse rectifier is not totally smooth in spite of a
large dc-link capacitor, leading to high-frequency oscillations of the torque during a
fixed rotor position angle (the lever arm which presses on the digital weight is slightly

‘buzzing’ especially at high current).

e The rotor position sensor RENISHAW RE36 has a resolution of
360deg/(255steps)~1,41deg/step. The digital display only shows full steps with integer
number. Therefore the rotor position angle can not be exactly determined since rounding
errors occur. Note, the same is true for the inductance measurement. However, repeating

and averaging the measurement results minimizes that error.
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Comparing measurement and calculation results shows: the measurement error is quiet small,
the analytical and numerical SRM models provide very accurate and reliable results. The
analytical calculation error is in the range of 10% and slightly increases for very high current
level when the iron is strongly saturated. That is true for SRM I, II and III. The major error
source of torque measurement for SRM III is the resolution of the torque measuring shaft
since the torque values to measure are very small. Mechanical friction and vibrations quiet
complicates determination of T(i,®) characteristics. An accurate calibration of the entire

measurement system is absolutely essential.

¢) Measurement of characteristics speed vs. torque

For SRM I and II speed vs. torque characteristics have been measured as a function of the
current switching angles and a comparison to simulation results obtained with the program
SIMPLORER" 4.2 was shown. The results match very well, however a principle calculation
error occurs since the simulation model uses static torque- and inductance characteristics as a
function of angle and current. Those characteristics were determined by means of static
analytical calculations respectively magnetostatic FEM computations and it is problematic to
transfer these static calculations on dynamic measurements when the motor runs with high
speed where among others mutual couplings play an important role. Nevertheless, the

calculation error is less than 10% showing the high accuracy of the developed SRM models.

d) Measurement of iron- and copper losses

Loss calculation- and measurement is one of the most difficult tasks during researching SRMs
since saturation effects occur and the motor is supplied by non-sinusoidal current waveforms,
leading among others to non-sinusoidal magnetic flux-waveforms with different frequencies
in different parts of the magnetic circuit. Further, overlapping of phase currents during
commutation and high frequency harmonics of the current waveform complicate the
investigation and the determination of iron and copper losses. The following error sources
must be recognized when measurement results are analysed and compared to calculations:

e Reading error from the oscilloscope for calculating the r.m.s. current from the real

current waveform referring to (3.184) to determine the copper losses with (3.185).

o The SkiN-effect occurring at high current frequencies is not considered in analytical
calculations of copper losses and increases the phase resistance. Therefore measured

copper losses rise stronger with the motor speed then predicted.

e (Calculation of core losses bases on analytical inductance calculation with all the
simplifications mentioned above and also described in Chapter 3 (e.g. end winding

effects, saturation, etc.), leading to a systematic error.
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e The flux waveform in the different machine parts can differ from the idealized
waveform shown in Chapter 3.5.2 due to overlapping of phase currents or high
frequency harmonic oscillations of the phase current.

e Thermal effects are not considered in numerical and analytical calculations. However,
all measurements have been performed with operating temperature of the prototype
SRMs. The phase resistance is of course also calculated assuming a warm winding. A
further warming of SRM II during high speed where friction in the bearings produced
unexpected much heat is not considered in calculations.

In spite of these error sources, the measurement results are quiet accurate and match well with
the predicted values showing once again that the developed hybrid design- and calculation
procedure proposed in this thesis gives reliable results, how simple it may be. The calculation
error of copper losses of SRM II is in the range of 5-7% for the researched torque-speed
range. The core losses have an error of 10-17% compared to the analytical calculation results.

These are very accurate results and allow a realistic determination of motor efficiency.
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7 Contributions and future works

The quickly received, complex information on the quantitative relationships between
constructional parameters and machine performance characteristics is very useful and
advantageous for a machine and drive system designer. Therefore, the need for improved
effective hybrid calculation program for motor and drive system design, capable for
predicting of these relationships exists. Thus, the most general intention of this thesis is the
fulfilment of this demand. The thesis is intended also to develop the necessary tools for
determination of most convenient motor’s construction regarding the application
requirements.

In this context, the main contributions and original elements in the presented dissertation are
summarized as follows:

(1) Elaboration of hybrid effective 3-parts program for SRM design calculation (Ch.3, p.3.8

and Ch.4, p.4.1-4.5)

First part of this program “Design SRM” is the original conception of methodical
approach for design SRM’s using a quick analytical methods. This part enables the
realization of multiple, effective design calculations. The analysis of chosen
constructional versions of machine by finite element method is realized in second part of
the program. This part can be considered as the complimentary design tool. Third part
concerns of simulation and motor dynamic behavior analysis, what is useful for
appreciation of whole drive system dynamic properties. Application of proposed hybrid
program by users requires only a little theoretical background knowledge. Finally, very
effective and reliable design tools have been developed in this thesis in order to find
optimum solutions for sophisticated drive applications within shortest time.

(2) Proposition of ,,DesignSRM” subprogram which enables the easy modifications of the
input data e.g. geometric motor parameters and the immediate receiving of the results of
investigation using analytical methods concerning the influence of these input data on
the operational motor behaviour (Ch.3, p.3.2-3.8).

That offers the possibility to obtain new knowledge about SRM characteristics
and to develop a modified motor design on the basis of those new findings for a specific
application.

(3) Procedure for calculation the unaligned inductance based on the principles of
electromagnetics and conventional methods of circuit analysis (Ch.3, p.3.2).
Proposed procedure is easy to application and characterised by only a small error
when compared to the Finite Element and measurement results and allows users to
develop their own procedures with minor modifications.

(4) Detailed procedure for calculation the core losses (Ch.3, p.3.5.2)
The determination of core losses is preceded by accurate analysis of flux plots
obtained from analytical calculations and evaluation of the real flux-waveforms in the

130



Chapter 7: Contributions and future works

()

(6)

()

(8)

©)

(10)

(11)

various parts of the magnetic circuit. The method determines the core losses in
dependence of the actual mode of control and corresponding current waveform, no
matter if single pulse or chopping mode. The procedure works with a modified
STEINMETZ-equation and uses material characteristics given by the manufactures. The
accuracy of the calculation method is verified by laboratory tests.

Demonstration of the relation between constructional motor parameters, control
parameters and inner phenomena like iron losses and saturation effects (Ch.3, p.3.7).

Presentation of the correlation between the saturation level of motor magnetic circuit
and Volts/Ampers requirements of inverter (Ch.3, p.3.7)

In terms of saturation theory it was shown that for the same torque and speed
of motor, the Volts/Ampers requirements of a non-saturating motor are quiet higher than
that of a saturating motor with the same dimensions. That leads to a larger inverter size.

Application of hybrid 3-parts program, point (1), for design calculation of three different
SRM’s destined for three different kinds of industrial drives (Ch.5).

Proposition of the modified 6/4-SRM | construction with new trapezoidal rotor pole
(Ch.5, p.5.1).

The new proposed trapezoidal rotor design has wider poles at the base than at the
tip. The wider pole base is able to carry higher flux values in the direction of aligned
position without saturation, resulting in smoother and to average higher torque
waveform.

Proposition of the innovative 6/4-SRM 11 construction with new trapezoidal rotor pole
for reduced level of the noise (Ch.5, p.5.2).

The proposed 6/4-SRM construction is characterised by the new trapezoidal
shape of the rotor pole with rounded edges and a rotor pole wide at the base equal to the
rotor pole pitch. That leads to an in average higher torque, reduced torque ripple and
therefore a reduced noise level compared to rotor pole with parallel sides. The design
procedure was verified by FEM calculations and simulations, and finally by
measurement results.

Proposition of a new 8/6-SRM 11l with trapezoidal stator and rotor pole profiles and
larger radius in the stator slots to increase the winding area and torque (Ch.5, p.5.3).

The new proposed 8/6-SRM construction is characterised by trapezoidal stator
and rotor pole profiles to reduce saturation effects and torque ripples, a larger radius in
the stator slots to increase the winding area and maximize torque and a massive rotor
design without laminations to minimize manufacturing costs in serial production.

Elaboration of laboratory stands and realization of experimental tests of three industrial
SRM prototypes for verification the presented design and calculation algorithms (Ch.6,
p.6.1-6.4).
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(12) The proposed hybrid design program for SRM’s enables the effective and more complex

motor design from the point of view of considered drive requirements, in comparison
with proposals published up to now and known by author from the bibliography.
The hybrid design program includes at first analytical and then field calculation
methods. Finally dynamic simulations have been developed. The program can perform
1. Machine and winding design
2. Steady-state calculations like
o torque-, flux- and inductance characteristics vs. rotor position and current,
o copper and core losses of the motor and converter losses; efficiency
3. Verification of the projects by application of numerical field method (FEM)
4. Dynamic calculations like current and torque waveform in dependence of speed
and mode of control

The future research following this dissertation could be outlined as follows:

(1)

(@)

3)

(4)

()

There is a need for a more detailed experimental verification of the calculated core
losses for all three prototypes under the condition of different control modes. Therefore
an efficient measurement method has to be developed.

The mechanical design and acoustic noise reduction of SRMs, particularly for high-
speed operation, will be very useful.

This vast topic has only started in this thesis. There is a strong need to relate the
geometric machine parameters to the acoustic noise by refining the design procedure in
order to develop quieter machines.

Further theoretical and practical investigations concerning typical problems with high-
speed drives should be performed.

The theory and experimental tests of SRM Il made in this thesis involve only
steady-state operation. Typical effects which occur in high-speed drives are among other
harmonics rotor oscillations, radial and tangential stress on the rotor laminations,
loading of the bearings, core losses, mutual couplings between motor phases and noise
generation. These questions must be investigated in the future.

Thermal models must be developed for SRMs and the temperature rise of the
manufactured prototypes should be calculated.

The research is necessary for a better understanding of the requirements for the
cooling system. The methods for loss calculation which were developed in this thesis
will help to refine the model for future research interested in thermal modelling.

A low cost converter must be developed for the SRM Il desired for the high speed
application. Therefore researches are necessary for designing an open-loop control
system with an asymmetric half bridge. Such an open loop control system does not
require any rotor positioning system which is an essential demand on the drive system.
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8 Summary

This PhD thesis deals with the design, calculation and optimization of Switched Reluctance
Machines (SRM) and has the typical complete scheme of scientific technical research. The
initial part presents a general introduction in SRM drives including a short review on the
development history and the motivation for this work.

The OBJECTIVE of the thesis is:

1. Elaboration of effective hybrid design program for SRM’s taking into account all
losses in drive system, field verification and modeling of dynamic operation as well.

2. Application of this program to the design calculation of three different SRM’s
destined to concrete industrial drives.

3. Demonstration of the correctness of proposed program by comparison of the
calculation and measurement results made for three prototypes of SRM’s
manufactured in industry.

Results of the research evaluated from the point of view of the presented above objective
enable the formulation of the THESIS TO BE PROVED related to the PhD thesis:

The proposed in the thesis hybrid design program for SRM’s enables the effective and
more complex motor design from the point of view of considered drive requirements, in
comparison with proposals published up to now and known by author from the
bibliography.

In the proposed hybrid design program at first analytical and then field calculation methods
and finally dynamic simulations have been developed. This program can perform:

1. Machine and winding design

2. Steady-state calculations like torque-, flux- and inductance characteristics, copper and

core losses of the motor and converter losses and finally system efficiency.

3. Verification of the projects by application of numerical field method (FEM).

4. Dynamic calculations like current waveform in dependence of speed and control mode.
Synthetic informations on conventional design procedures for these SRMs with common
operating principles, structures and the mathematical model of a SRM are given in Chapter 1.
Also principle of energy conversion, elementary types of converter topologies and general
modes of control are introduced in context of the large world wide bibliography.

A principle design procedure of Switched Reluctance Motors which allows meeting the
manufacturer’s requirement while helping a machine manufacturer with no background in
SRM design to built and test prototypes is proposed in Chapter 2. Machine’s main dimensions
calculation, number of poles and air-gap determination, correlation of dimensions in pole
zone and principles of winding design are discussed in this part as well.
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Chapter 3 represents the most important part of this thesis. Here, the main calculation models,
design algorithms and programs applied by author are presented. Algorithms of calculation of
parameters and operation SRM characteristics are described as well as the method of winding
inductance and static torque characteristic calculation. The analysis and the methods of
determination of motor and converter losses are the very important parts of the research. The
new calculation method of SRM’s iron losses on the basis of a modified STEINMETZ equation
is developed. The influence of magnetic circuit saturation on motor operation characteristics
with different modes of control is discussed. Also the model of motor dynamic behaviour is
presented. Based on proposed calculation algorithms the hybrid 3-parts effective design
program for SRM’s is finally introduced. The first part of this program “DesignSRM” enables
the realization of numerous effective design calculations using analytical quick methods. The
second part of the program performs the field analysis of chosen construction version of the
machine by numerical calculation of electromagnetic circuit using Finite Element Method.
This part is the complimentary tool for evaluation of machine construction during design
procedure and can be used in case when the construction modifications are considered for
improvement of machine parameters and characteristics. The third part of hybrid design
program refers to the simulation of the drive dynamics, which is presented in detail in
Chapter 4. These problems are useful for evaluation of the properties of whole drive system.
The model of motor dynamics is elaborated using Simplorer® 4.2 software. The motor
parameters calculated in earlier design procedures are used in this model. The modelling of
dynamics takes into account the different methods of motor control and the influence of
mutual couplings between motor phases. Also a sensorless control procedure based on flux-
linkage-current method is proposed.

Design examples of three industrial SRM prototypes made by factories are sown in Chapter 5.
The prototypes of a 6/4-SRM for vacuum cleaner (conventional and modified versions), a 6/4-
SRM for an electric spindle drive for a spinning machine in textile industry, and an 8/6-SRM
for an automatic truck gear are presented.

After calculation models and design procedures give in final solution the concrete machine
constructions described by calculation parameters and operation characteristics, the
experimental verification and error’s analysis follows in Chapter 6. Laboratory tests are made
for all SRM’s constructions. The comparison of both calculation and experimental results was
made. All SRM prototypes fulfil the high demands of their explicit industrial application.

Personal contributions of author in presented elaboration together with indication for future
investigations are the subject of the Chapters 7. Important bibliography (182 positions) is
presented at the end of the thesis.
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The JUSTIFICATION OF THESIS TO BE PROVED results from following
considerations:

Effectiveness of the proposed in the thesis hybrid design program results from application of
block “Design SRM” (Fig. 3.2.9, part a) which enables the realization of the quick, effective,
multiple design calculations using the analytical methods. In this block the “parametric
models” of the designed motors are applied. The parametric analytical models in form of
large equations contain inside dimension’s and material’s parameters as simple factors. Thus
the quickness of calculations results from fact that the parametric models can be solved by

quick analytical methods.

More complex character of proposed hybrid design program is justified by:

« Application of field analysis (Finite Element Method), Fig. 3.2.9, part b, for chosen,
quickly earlier calculated in block a, motor construction. This additional numerical
analysis gives the possibility of more complex evaluation of the motor construction,
enables the calculation of chosen motor parameters and characteristics from field theory
and can be useful for next eventual construction modifications and optimizations as well.

« Procurement of data on motor dynamic operation, which gives the possibility of more
complex evaluation of the motor properties from the point of view of whole drive system
requirements.

The design procedures of the SRMs are widely described in different fragments in numerous
bibliography positions. However, there no exists, according to knowledge of author, the
complex design procedure in form presented in this thesis. The proposed hybrid design
program has been successfully applied for design calculation of three SRM’s. Calculation
parameters and characteristics of proposed SRM’s constructions have been successfully
verified by laboratory tests. The correctness of the proposed design program and the rightness
of the thesis to be proved are also confirmed in this PhD by the questions presented above.

The main CONTRIBUTIONS and original elements can be formulated in short form as:

1. Elaboration of hybrid effective 3-parts program for SRM design calculation.

2. Proposition of ,,.DesignSRM” subprogram which enables the easy modifications of the
input data e.g. geometric motor parameters and the immediate receiving of the results of
investigation using analytical methods concerning the influence of these input data on the
operational motor behaviour.

3. Procedure for calculation the unaligned inductance based on the principles of
electromagnetics and conventional methods of circuit analysis.

4. New detailed procedure for calculation the core losses.

5. Demonstration of the relation between constructional motor parameters, control
parameters and inner phenomena like iron losses and saturation effects.
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6. Presentation of the correlation between the saturation level of motor magnetic circuit and
Volts/Ampers requirements of inverter.

7. Application of hybrid 3-parts program for design calculation of three different SRM’s
destined for three different kinds of industrial drives.

8. Proposition of the modified 6/4-SRM | construction with new trapezoidal rotor poles.

9. Proposition of an innovative rotor construction of SRM Il with reduced level of the noise.

10. Proposition of a new 8/6-SRM |11 with trapezoidal stator and rotor pole profiles and larger
radius in the stator slots to increase the winding area and maximize generated torque.

11. Elaboration of laboratory stands and realization of experimental tests of three industrial
SRM prototypes

At the end of this summary, the FINAL CONCLUSIONS can be formulated:

« All designed and manufactured SRM prototypes fulfill the high demands from the desired
industrial application with respect to output torque, efficiency and torque-speed
characteristics. Measurement results confirm the previous calculations.

e To achieve maximum specific output power, ideal non-saturating iron is beneficial. The
price paid is a high volt-ampere requirement from the electronic converter. In praxis, the
machine design should have magnetic circuits of low reluctance in order to have a high ratio
of maximum to minimum inductance. Minimizing the size of both the motor and the
inverter requires a small air gap and iron with very high permeability.

e In terms of saturation theory it was shown that for the same torque and speed, the VA-
requirement of a non-saturating motor is quiet higher than that of a saturating motor with
the same dimensions, leading to a larger inverter size.

« Laboratory tests of the three industrial SRM prototypes have proven the high accuracy of
the developed hybrid design- and calculation procedure. The errors between calculations
and measurements are small and result mainly from simplifications of the mathematical
machine models or from the transformation of static analytical or numerical calculation
results into dynamic models. Note, magnetostatic FEM problem with more than 6000rpm is
very problematic! In order to minimize the measurement error, a careful calibration of all
measurement devices is essential necessary as well as a multiple repeating and averaging of
the measurements to reduce random and systematic errors.

e The THESIS TO BE PROVED has been justified in this thesis.

« All calculation and experimental results show that the SRM can be a serious alternative to
ac machines for many industrial applications.

« The analytical calculation of the iron losses is one of the most difficult tasks of SRM
researches due to the non-sinusoidal current feeding and highly saturated core material.
Measurement results have proven that the presented new calculation method for predicting
SRM’s iron losses can solve this problem very successfully. The proposed analytical
method bases on a modified STEINMETZz-equation and considers the non-sinusoidal current
feeding with different modes of control.
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» Researches about SRM’s noise generation and noise reducing are very complex and require
a lot of mechanical investigations. That would go beyond the scope of this thesis and is
therefore researched only very provisionally in context with the rotor-design of SRM I1.

e Future researches will deal with the measurement of core losses for all three SRM
prototypes, mechanical design and acoustic noise reduction, thermal problems and the
development of a low-cost power electronic converter for SRM Il without sensor
positioning system.
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Appendix: Program ‘DesignSRM’

In the following, the various tab sheets of the developed program “DesignSRM” are shown.

+I" DesignSRM - Design and Calculation of Switched Reluctance Machines

Datei  Info

Performance requirement ]Dutline editor] Design ratios] Control] Electic parameters] M agnetic circuit] Hesults] Characteristics

Matar name |M0t0l SRM1 Determine new design |
. Llge pre-calculated geometiy | N El\"'lgElTOf
Mechanics Geometny
R T— ’T - Ratio Mz/Mr pole pairs p
& B4 [m=3) * 1 [basic)
Rated speed n 2000 TR C 88 med) r 2
Utilization factor C [ga 04 KN B (m=d] 13 x Control
Output power 0,237 kbt ® I ] ® 4
" other X Electiic ciruit
Torgue density .29 kM /e
Stator i
. . serien x Magnetic circuit
K.enngrofen der neu zu entwerfenden M asching 47050 -
Statar pole arc [betaS) a0 * Modify pole angles
Ratar iron
Rotor pole arc [betaR * B
P [l I 32 Angle of stator pole shape 2 V47050 -

Stator pole number [Hs] ,B_ Angle of rotor pole shape 2
Rotor pole number (M) 4 Sl e 30
e — ,3_ Steps per revaolution 12

Brall e e i) ,—1 Switching frequency per phase (13333 Hz
effective overlapping ratia ,—1 w0 Rotar circumferential speed 493 mdz

Fig. A1  DesignSRM- tab sheet 1: Performance requirement

s/ DesignSRM - Design and Calculation of Switched Reluctance Machines

Datei  Info

Performance requilement] Outline edito ontrol] Electric parameters] I agnetic circuit] Hesults] Eharacteristics]
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Fig. A.2  DesignSRM- tab sheet 2: Design ratios
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+I DesignSRM - Design and Calculation of Switched Reluctance Machines

Datei  Info
Performance requirement  Jutine editor l Design ratios] Control] Electric parameters] Magnetic circuit] Hesults] Characteristics]
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Fig. A3  DesignSRM- tab sheet 3: Outline editor

s DesignSRM - Design and Calculation of Switched Reluctance Machines
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Fig. A4  DesignSRM- tab sheet 4: Control parameter
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+f DesignSRM - Design and Calculation of Switched Reluctance Machines HEH

Datei  Info
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Fig. A5 DesignSRM- tab sheet 5: Electrical parameter
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Fig. A.6  DesignSRM- tab sheet 6: Magnetic circuit
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s DesignSRM - Design and Calculation of Switched Reluctance Machines
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Fig. A.7  DesignSRM- tab sheet 7: Characteristics

+I" DesignSRM - Design and Calculation of Switched Reluctance Machines
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Fig. A.8 DesignSRM- tab sheet 8: Results
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C:\Delphi\DesignSRM

Definitions
Torque density: [kN/m"2]: 0.83
Torque per rotor volume [kNm/m"3]: 8.21
Torque [Nm]: 0.04
Rotor speed [rpm]: 20000
Power [kw]: 0.08
Steps per revolution: 12
Switching frequency [Hz]: 1333.33
Rotor circumferential speed [m/s]: 36.65

General data
Number of stator poles: 6
Number of rotor poles: 4
Number of phases: 3
Number of pole pairs: 1

Stroke angle [°]: 30
Stator pole angle [°]: 32.6
Rotor pole angle [°]: 37
Air gap length [mm]: 0.30
Geometry
Rotor diameter [mm]: 35.00
Stack length [mm]: 25.00
Overhang windings [mm]: 11.99
Total winding length [mm]: 48.98
Shaft diameter [mm]: 21.00
Stator outer diameter [mm]: 64 .00
Stator pole width (tip) [mm]: 9.99
Stator pole width (base) [mm]: 9.99
Rotor pole width (tip) [mm]: 11.11
Rotor pole width (base) [mm]: 15.63
Stator pole height [mm]: 9.20
Rotor pole height [mm]: 3.00
Stator yoke thickness [mm]: 5.00
Rotor yoke thickness [mm]: 4.00
Stator pole pitch [mm]: 18.64
Rotor pole pitch [mm]: 27.49
Pole pitch [mm]: 55.92
Slot area [mm~2]: 123.88
Moment of inertia [kg*m"2]: 2.0E-05
Winding
Turns per phase: 100
Slot fill factor: 0.65
Winding cross section [mm"2]: 0.81
Average winding length (1 turn) [mm]: 97.96
Winding temperature [°C]: 80.00
Resistance per phase [Ohm]: 0.259
Magnetic circuit
Stator iron: M250-35A
Rotor iron: M250-35A
Flux density air gap [T]: 0.908
Flux density air stator pole [T]: 0.989
Flux density air stator yoke [T]: 0.972
Flux density air rotor pole [T]: 0.908
Flux density air rotor yoke [T]: 1.214
Field strength air gap [A/m]: 722347 .790
Field strength air stator pole [A/m]: 110.518
Field strength air stator yoke: 122.590
Field strength air rotor pole [A/m]: 110.518
Field strength air rotor yoke [A/m]: 213.689
Aligned (saturated) inductance [mH]: 5.02
Unaligned inductance [mH]: 0.74
Inductance ratio: 6.80
Weights
Total rotor weight (iron) [kg]: 0.09
Total stator weight (iron) [kg]: 0.28
Total stack weight [kg]: 0.37
Copper weight [kg]: 0.21
Shaft weight [kg]: 0.07

*xxxEx Current, Losses & Efficiency **xxxddixxx

Current (flat topped) [A]: 4
R.M.S. current [A]: 2.31
Current density [A/mm"2]: 2.87
Copper losses [W]: 4.14
Core losses [W]: 15.81
Motor efficiency [%]: 80.77
Converter losses : 17.68
Converter efficiency [%]: 88.50
System efficiency [%]: 71.48

Fig. A.9

DesignSRM- output design sheet for SRM 11
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