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Praveen Vijayraghavan

(Abstract)

Switched Reluctance Machines (SRMs) are receiving significant attention from industries
in the last decade. They are extremely inexpensive, reliable and weigh less than other machines
of comparable power outputs. Although the design principles of the machine are available as a
concatenation of many different sources, the need for a unified, step-by-step design procedure
from first principles of electromagnetics is an absolute requirement. This dissertation discusses a
procedure that can be applied by engineers with a basic background in electromagnetics.
Subsequent to the design of the machine, existing finite element software can do the analysis of
the machine. However, this is a laborious process and the need for an analytical method is
preferable to verify the design procedure before the final verification by finite elements. The
analytical procedure as well as a procedure to calculate iron losses is also developed in this
dissertation. A prototype machine has been developed as an example of the design process and

an existing prototype is analyzed to verify the analysis procedure.

The similarities between the SRM and the Permanent Magnet Brushless DC Machine
(PMDBC) beg the consideration of the development of a converter that can be used to drive
either machine. One such converter has been developed in this dissertation. The design of the
drive for both the machines is seen to be very similar. As a consequence, a universal cntroller
that can be used to operate both machines has been developed and implemented with a DSP.

Simulations and experimental correlation for both drives have been presented.
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Chapter 1. Introduction

The concept of switched reluctance motors is extremely old dating back to 1838 when a
locomotive was propelled by this motor in Scotland [MIL93]. The stepper motor that includes
some of the features of the modern switched reluctance motor was invented and patented in the
1920’s in Aberdeen by C.L. Walker. In 1969, S.A. Nasar introduced the basic concepts of the
modern day switched reluctance machine [NAS69]. The period of the late 70s was a time of
development of concepts of the switched reluctance motor that was helped along with the
development of fast switching devices culminating in the work by [BYR76] and [LAWS8O0]. Since
then there have been massive developments in the both the design and control of switched
reluctance motors. The very nature of the machine demands that the development of the
switched reluctance motor drives requires the design of the machine and control to go hand in
hand unlike any other machine. While [LAWS80] stands out in the development of the concepts
of the machine as well as the fundamentals of control, the paper by Krishnan, et. al, [KRI8S],
stands out in the development of a design procedure from an analytical stand point because it
helps equate the design of the machine to the design of other machines in terms of machine
dimensions. There are a number of papers that rely heavily into the process of design solely
based on finite element analysis but as this work will demonstrate, the design of the machine is
rooted in the analytical relationships that govern the machine with finite element analysis being a
tool for verification. Finite element analysis of switched reluctance machines had been described
in detail first in [ARU85] and subsequently in a number of different papers. The design of the
machine as described here is a step by step design process by applying the basic principles of
electromagnetics. In this dissertation, the design process is completely described, and illustrated
with a design example.

The procedure of design of switched reluctance machine starts with selection of a frame size and
progresses to the selection of various dimensions in a methodical manner. With the selection of
dimensions, a procedure to calculate the inductance in the aligned and unaligned position is
outlined. This was initially done by [COR79] and many methods have been outlined by different
authors including [MAT89] and [RAD94]. The problems with this prior material are the lack of
transparency between the assumptions that are made and resulting equations. The procedure
outlined here allows the designers to use first principles thus making it portable to different

configurations of switched reluctance machines. The procedure outlined here has been derived in
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detail in [KRIOI]. Additionally, there is an attempt to calculate inductance in various
intermediate positions of the rotor between the aligned and unaligned portions with varied
success. Although, there are some significant errors caused by the assumptions made, the process
can still be used as a rough analytical tool till the finite element analysis for the final design can
be done.

The completion of a design of a machine necessitates the analysis of the design by various
analytical or numerical means or a combination of both. Towards this end, finite element
analysis is used to verify the feasibility of the design and a combination of finite element analysis
and analytical methods are used to estimate the losses in the machine. The machine like any
other machine has losses composed of iron losses, copper losses and friction and windage losses.
Friction and windage losses are harder to estimate and guidelines used in other machines can be
used for their estimation. Copper losses can be calculated in a straight-forward manner [KRIO1].
The iron loss calculation in this machine has its principles rooted in the estimation of iron losses
of any machine. The procedure as described here although seemingly complex, is methodical. It
was described in [HAY95] and it reduces the problem to one of detail. Although another work
has dealt with the estimation of iron losses [MAT92], the procedure outlined in [HAY95] is
easier to use in the sense of getting the required data to complete the calculations. This
dissertation significantly differs from [HAY95] in the sense that instead of approximations in
flux linkage waveforms, a more precise calculation is setup based on finite element analysis and
a more precise method of calculating the losses is obtained. In this regard, this dissertation
outlines an innovative method of estimating core losses analytically.

Converter development and design for switched reluctance motors in literature has been in
existence for almost as long as the development of the modern switched reluctance machine
[DAVS8I1]. Since then a number of configurations have been described in literature suitably
summarized in [KRIOI] and [BAR98]. This reports summarizes two of the more basic
configurations while attempting to demonstrate the need for configurations that have lower
number of switching devices. A configuration described first by [KRI96], which has been termed
as the buck converter configuration is explored further. The reason for choosing this
configuration is that it lends itself to four quadrant operation while maintaining independence

between the phases of the machine. Another advantage is that this configuration can be easily



used in permanent magnet brushless dc motor drives thereby lending itself to the concept of
universal converters.

The design of the converter and drive has been developed in the dissertation. The switched
reluctance machine model is highly nonlinear and the process outlined in [JAC96] has been used
to aid in design. The resulting steady state results and the simulation of the switched reluctance
motor drives with the above converter with the inclusion of nonlinearities will verify the
feasibility of the converter and is the logical step to building the drive. The simulation of this
buck converter drive does not exist in any literature. The practical implementation of the buck
converter drive has never been done before. Towards the implementation, a digital signal
processor is used to digitally implement the algorithm used to control the buck converter drive.
As mentioned before, the buck converter can be used in permanent magnet brushless dc motor
drives and this is suitably described in this dissertation with simulations. The feature of using the
same configuration of the converter for two different machines was described initially in
[KRI9S]. The design procedure is almost identical for both motor drives. The simulations also
verify that the buck converter configuration can be used for permanent magnet brushless dc
motor drives. The drive has been implemented experimentally and the results have been included
in the dissertation. Hence the goal of developing an universal drive control for both the switched
reluctance and brushless dc motors has been achieved.

The major individual contributions of this dissertation are summarized as follows.

= This dissertation covers the design procedure of a 8/6 switched reluctance motor from the
first principles. No major assumptions were made in the design procedure. The methodical
approach to designing the machine is one of the major contributions of this dissertation.

= The calculation of the unaligned inductance follows the basic principles of electromagnetics.
The procedure outlined is easy to follow and is one of the major developments in this
dissertation.

= The procedure for calculating inductances for various rotor positions has been developed.
The results do show some variation when compared with the finite element analysis but the
values at the aligned and unaligned positions show a very small margin of error and these values

are used in the calculation of analytical torque developed in the machine.



= A detailed procedure to calculate the eddy-current losses was described. This procedure
accounts for the rise time of the current and the variation of inductance with the current while
also helping to accurately predict the actual maximum torque developed in the machine.

= The process of finding the hysteresis losses does not rely on approximate flux profiles.
Instead accurate flux plots are used to find the hysteresis losses. The calculation and
documentation of the iron loss is one of the significant contributions of this dissertation.

= The dissertation describes the design procedure for a SRM drive using the new buck
converter configuration. The design procedure was verified with computer simulations and
experimental verifications of the drive have been done.

= The design procedure for the buck converter drive for permanent magnet brushless dc
machines was done in the dissertation. The design was verified with experimental simulations
and experimental results were obtained for the first time for such a drive.

= A universal drive to control two different motor drives has been developed. The dissertation
shows the implementation of two different drives using a DSP based controller and a single

converter configuration. This is a major contribution of the dissertation.

Chapter 2 describes the design of the switched reluctance motor. A design procedure followed by
analytical calculations of inductance in aligned and unaligned positions as well as the analytical
estimation of torque is developed. Analytical calculations of inductance at various positions of
the rotor have been developed. A procedure to analytically calculate the iron losses (eddy-current
and hysteresis) has been developed after the construction of the finite element model. A
prototype design with the above procedure has been developed as well as the application of the
analysis to an existing prototype has been described.

Chapter 3 describes the buck converter configuration along with its design and various modes of
operation. The merits and demerits of the configuration are also clearly outlined.

Chapter 4 outlines the design procedure of the switched reluctance motor drive. Simulation
results for an experimental prototype as well as experimental results are described in this chapter.
Chapter 5 describes the application of the buck converter drive to a permanent magnet brushless
dc motor drive. The design of the drive, its application to an existing machine, simulation results
as well as experimental results are clearly described in this chapter.

Chapter 6 outlines the conclusions and contributions of this dissertation.



Chapter 2. Design Of A Switched Reluctance Motor

The design procedure for Switched Reluctance Motors (SRM) has been explored in detail
[ARUSS5], [SOU87], [KRI88], [MIL93], [RAD94], [TAN97], [RAD99], [RADO0] and [KRIO1].
This material attempts to modify the design procedure described in [KRIO1] to fit a
manufacturer’s requirements while helping a machine manufacturer with no background in SRM
design to build and test prototypes. [KRIO1] develops an output equation similar to the output
equation developed for induction machines and d.c. machines. This process requires extensive
prior knowledge and experience in designing switched reluctance machines. The procedure
outlined in this section requires only basic dimension data for existing induction machines. Once
the dimensions are fixed, the calculation of inductances in various positions has to be done. The
process was initially developed in [COR79] and refined in other papers like [SOU87], [RAD94]
and [TANO97]. The development here follows the procedure outlined in [KRIO1] with more flux
paths. The accuracy of the analytical estimation is within 2% of measured values. The design
procedure developed in this section also outlines the calculation of some variables that help in
narrowing the stator and rotor pole angle choices to obtain an optimum output once the frame
sizes of the machine are decided. The process of selection of the pole angles has also been
summarized in detail with a prototype example. Finally, the estimation of iron losses is done
with a process initially outlined in [HAY95]. This dissertation takes the basic principle outlined
in [HAY95] and refines it to obtain more realistic estimates of the losses while taking into
account the various changes in inductances due to changing currents. The calculations do not

depend on the idealized waveforms outlined in [HAY95].

2.1 Design Procedurefor a SRM

2.1.1 Machine Specification

The design specifications for the SRM comprise of the required power output Py, in h.p., speed
N in rpm, allowable peak phase current i, in Amps, and available ac supply voltage V. in volts

for the system. Knowing the speed and power output will automatically fix the torque to be

developed by the machine as



p, (07456  p
hp = kW Nm, (2.1)

o B2
U U

60

Treq =

Fas

where Py, is the power output in watts.

2.1.2 Frame Size Selection

When the design procedure of a SRM is started, a good starting point as regards the physical
dimensions of the machine would be a comparison with an equivalent induction motor [IEC71].
A comparison with an equivalent induction motor will fix the frame size of the SRM to be
designed. This is advantageous as in many applications a SRM may be used to replace other
machines. The IEC standards fixes dimensions for all electrical machines made internationally
according to the International Standards Organization (ISO) regulations and for machines made
in the United States according to National Electrical Manufacturers Association (NEMA)
regulations. During the progression of the design, if the machine size is found to be too large or
too small, a different frame size can be used. The preliminary selection of frame size
automatically fixes the outer diameter of the stator.

Practically, the outer diameter of the stator is fixed as follows:

D, = (Frame Size —3) 2 (22)

where the Frame Size is given according to the IEC recommendations [IEC71]. The 3 mm
subtraction is used in industry to account for the foot of the machine, which is used for

mounting.

2.1.3 Pole Selection
Normally, the designer fixes the number of stator poles N and the number of rotor poles 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. The advantages and disadvantages have been explored in detail in

[MIL93]. This thesis primarily focuses on the popular combination of 8 stator and 6 rotor poles,



also commonly known as the 8/6 machine. This machine has the advantage of lesser torque
ripple than the other common combination of 6 stator and 4 rotor poles (6/4 machine) while
having the disadvantage of using more switches in the converter, two extra terminals and higher

core losses because of higher switching losses.

2.1.4 Stator and Rotor Pole Angle Selection

The stator and rotor pole angle selection form a crucial part of the design process. There are
many guidelines to be followed during the selection process. The standard design normally has
the stator pole arc angle [3s smaller than the rotor pole angle ;. The constraints on the values of
pole arc angles were described in [LAW80],[MIL93] and is briefly described here. They are as
follows:

1. The stator pole arc angle is less than the rotor pole arc angle, i.e., Bs < ;.

2. The effective torque zone is lesser than the stator pole angle s but greater than the stroke
angle €. The stroke angle is defined as

2Tt

(2.3)

N
5 N

In an 8/6 machine the stroke angle is € = ? =0.2618 rads =15°. If B; < €, then there may be
—6
2
some positions in the machine from where the machine may not start. The inductance profile of
the SRM in Figure 2.2 can be examined to understand this phenomenon better.
The inductance profile of a phase repeats every % radians. In the ideal scenario shown in
T
Figure 2.2, as long as the stator and rotor pole arcs do not overlap, the phase inductance remains
at the unaligned value L,. This region occurs between 0 and 6; where 0 is assumed to be the fully
unaligned position. From Figure 2.1(a), it can be observed that from the fully unaligned position,

B

B for the tip of the rotor pole to come
N, 2

the rotor has to traverse an angle of 0; =

under the tip of the stator pole. From position 0; to position 05, the rotor and stator pole overlap

to some extent and as the rotor traverses this region, there is a steady rise in inductance value. It



can be seen clearly in Figure 2.1(b), that the angle 8, —0; =3, and once the rotor reaches

position 8,, the poles are completely overlapping. The inductance value at position 8, is equal to
the maximum value L,. From position 6, to 8, there is a complete overlap of the rotor and stator
poles as seen in Figure 2.1(c) and the inductance value remains constant at the maximum value

of L,. The angle 63 -6, =3, —B5. From position 83 to position 6, the rotor and stator pole
overlap to some extent and as the rotor traverses this region, there is a steady decrease in
inductance value. It can be seen clearly in Figure 2.1(d), that the angle 64 —05 =[3; and once
the rotor reaches position 84, the poles are unaligned. The inductance value at position 8, is equal

.. Tt
to the minimum value L,. The rotor then has to traverse an angle of 85 —04 = — - B—S B to

N, 2 2

reach the fully unaligned position as represented in Figure 2.1(e).

< BS >
« - ;
< Br > NI'
(a) Rotor position from unaligned position 0 to 6,
< Bs >
< 5 .

(b) Rotor position from position 8, to position 6,

Bs

A
v

Br

(¢) Rotor position from position 6, to position 0;



Bs

A
\4

A
Y

Br

(d) Rotor position from position 65 to position 8,

Bs

A
v

A

Br

(e) Rotor position from position 6, to position Os

Figure 2.1. Schematic representing the traverse of rotor

The torque equation for a SRM under linear operating conditions (L is a function of position but

not is constant for varying currents as shown in Figure 2.2) is given by

1.,dL
— 4= 2.4
¢ 21 doe ( )

0 8 608 6 65 6

Figure 2.2. Ideal inductance vs. rotor position profile



. . . dL
From the torque equation it can be observed that a positive rate of change of inductance o

causes a positive torque to be produced. The examination of two successive phase inductance
profiles can give a better insight on the torque generation and starting process.
Figure 2.3 shows the inductance of two successive phases a and b. It is observed that phase b

reaches a maximum value of L,, exactly € degrees after phase a reaches its maximum value L,,.

Symbolically, 6;, =6;+¢&. It was also observed that 06, =0;+[B;. Therefore,
0, =0, —€+B5. Now, if s > €, then 8, > 0y,, which implies that phase b has a rising

inductance before phase a reaches its maximum value and there will be no problems during
starting as at all times, one of the phases has a rising inductance profile. If 35 < €, then 8, < 0y,
which implies that phase b has a rising inductance only after phase a reaches its maximum value
and there will be certain rotor positions when no phase has a rising inductance profile and this
could cause problems during starting. Therefore, the requirement that the stator pole arc should

be greater than the stroke angle is well justified.

Figure 2.3. Inductance profiles vs. rotor position of two successive phases
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3. The angle between the corners of adjacent rotor poles must be greater than the stator pole arc
or there will be an overlap between the stator and rotor poles in the unaligned position. This

condition is represented as

2Tt

N__Br>[3s (2.5)

The implication of this condition not being followed is that the machine will start having a
positive inductance profile before reaching the minimum value. This causes the unaligned

inductance value to be higher and leads to a lower torque generation. In a 8/6 machine,
21
? > Bs + Br'

The three conditions can be represented in a drawing to describe a feasible triangle. It is required
that the machine rotor and stator pole angles lie in this triangle. Figure 2.4 shows the feasible
triangle for a 8/6 machine. The region below OE represents condition 1, the region above GH

represents condition 2 and the region below DF represents condition 3. For example, if 35 = 20°,

then 20° < 3, < 40°.

Foo : : : : : E

50

40t

Stator Pole C
Angle , deg. 3t

20

L L L L L
60 10 20 30 40 50 60D

Rotor Pole Angle , deg.

Figure 2.4. Diagram of the feasible triangle for a 8/6 machine
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The feasible triangle only gives restrictions on the stator pole and rotor pole angle. It however
does not give a way to predict the optimum pole angles. A procedure to obtain the optimum
angles is described in [ARUS88]. This method involves the calculation of torque for various pole
angles and hence obtaining the optimum value of pole angle at the maximum torque angle. The
calculation of torque however requires the design of the complete machine and successive
iterations have to be performed to obtain the optimum value. The design process is continued
with a preliminary selection of stator and rotor pole arcs and various conditions encountered in
the design process will bring about changes in these values. The procedure to narrow the choices
for the stator and rotor pole angles is described in a subsequent section dealing with the

numerical design of a machine.

2.1.5 Preliminary Design Process

Once the outer diameter, pole numbers and preliminary pole arcs are fixed, the preliminary
design of the bore diameter D and the stack length L form the next step in the design. The bore
diameter is initially assumed to be equal to the frame size. The stack length can be initially
chosen to be equal to the distance between the mounting holes in a foot mounted machine. With
the selection of preliminary values of D,, L, D, s and [, the design process is continued. Only
D, is fixed and can change only with the change of the entire frame size. At this point the shaft
diameter Dy, can also be selected from the IEC regulations [[EC71] based on the required torque
of the machine.

Now, the B-H characteristics of the material, which will be used in the stator and rotor
stampings, has to be examined (Figure 2.5). The “knee” point of the characteristics is noted
down and it is generally a good design practice to limit the maximum flux density (in Tesla) in
any part of the machine to this value. It can be observed that the maximum flux density B, will
be at the stator poles and therefore while designing the machine, the stator pole can be assumed
to be operating at a flux density equal to the knee value obtained from the B-H characteristics.
Assuming that the stator pole flux density B is assumed to be equal to By, the rest of the
machine can be designed. Design experience has shown that it is good practice to fix the flux
density of the stator yoke By at approximately half the value of Bp. and the rotor core flux
density By, at about 80% of the maximum value. This practice causes a reduction of noise in the

machine.

12



2.3 : : : : : :

P O S S S S

H, AT/m x 10*

Figure 2.5 BH characteristics of DBII Steel

Neglecting leakage and stacking factor, the stator pole area Ag can be written as,

A, =21, (2.6)
2

The flux in the stator pole @is given by

@=BAq (2.7)

The flux in the yoke @, is given by

BsAg
2

9y =7 = (28)

Assuming that the yoke flux density By is half the stator flux density B, the yoke flux can be

written as,

— — BS
9y =ByAy = A, (2.9)

13



Comparing (2.8) and (2.9), the area of the yoke A, can be set as,

Ay = A, (2.10)

The yoke area is the product of back iron thickness C and the stack length. Therefore, the back

iron thickness is obtained as,

C_Ay 2.11
T (=1

The stator pole height h is given by,

hs=%—C—% (2.12)
The rotor pole area A, is given by,

Ar=§g-g§ﬁr (2.13)
The rotor pole flux density B; is given by,

B, = BZ—?S (2.14)
The area of the rotor core A is given by,

Am:ng—g—mfﬁghg (2.15)

where g is the length of the air-gap and h, is the height of the rotor pole. The length of g is kept
as small as possible as its effect on torque generation is well documented [KRI95]. The rotor
core carries half the flux and is limited to a flux density of approximately 80% of the maximum

value. Hence,

14



Figure 2.6 8/6 SRM Schematic

BsAs (2.16)

Also, the rotor core flux density B, can be written as,
(pI'C = BI'CAI'C = 0‘8BSAI'C ( 217 )

Comparing (2.16) and (2.17), the area of the rotor core is calculated as,

15



— AS
1.6
The height of the rotor pole h; is obtained from (2.15) as,

AI’C

D _ Dsh _ Arc

h,=—
rT, e L

The average area of A, is calculated as,
Ag+A, L D
A= s Tr == —+ BQ -
g ) ) %s ) Br 052 g%

The reluctance the air gap is given by,

q = 2l,
& HoAg

The permeance of the air gap is calculated as,

_ Ho A airgap

P, 1

airgap

The mean path lengths of various sections are given as follows:

C
IS:hS+E
lg:g
Dgn
——g—h, - >
I, =h, + 2 :2—§+£—D5h
2 4 2 2 4
P oo, Do
_g_hr_
Iy = T2 2 Do fP_g_hr, D
ﬁ 2 Zﬁ M 2 2 4

The mean length 1, for a circular yoke SRM which is shown in Figure 2.6
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(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)
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1y=TlHD—°—gH (2.27)
02 20

Using the B-H characteristics for the material used for the laminations, the magnetic field

intensity in Ampere-turns per meter for each portion of the machine except the air-gap is

obtained. The magnetic field intensities in the stator pole, stator yoke, rotor pole and rotor core

are designated as Hy, Hy, H; and H,., respectively.

The flux density in the air-gap B, is given by,

A B
B, = —S 5 (2.28)
A
g
The magnetic field intensity of the air-gap Hj is calculated as,
Bg
H, = — (2.29)
410

The magnetic circuit of the SRM is shown in Figure 2.7. The reluctances of the stator pole, yoke,
rotor pole, rotor core and air-gap are represented by U, Uy, U, O and U, respectively. The

lumped parameter [y in Figure 2.8 is obtained as,

0
Op =20, +0, +0, )+ == (2.30)
The reluctance [J in a particular section can be represented as
o-HO_HO (2.31)
BA (0]

where, H is the magnetic field intensity, | is the mean path length in the section, B is the flux
density in the section, A is the area of the section and @ is the flux in the section. For the
magnetic circuit in Figure 2.7, the magnetic circuit equation can be written as,

The magnetic circuit equation of aligned inductance can be written as,

: BgAg
Daligned = Tph1 =0pLe= 2(Hsls + Hrlr)+ P +Hpelpe + Hyly (2.32)

a

17



Figure 2.7. Magnetic Circuit of the SRM

Now, the total ampere-turns [ required for the machine operation at full load can be calculated.

It is also known that [ =Tpyi. Since the peak current i, is assumed initially, the turns per phase

Tpn can be calculated. The aligned inductance at maximum current is calculated as,

Ton® _ OBA
—_ph¥ _
Laligned = L s2 > (2.33)
1
P

The effects of leakage can also be calculated. The leakage tube is shown in Figure 2.19. The area

of the leakage tube is assumed as,
3h

Ay :TSL (2.34)
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R

SR =)
<

T 0

Figure 2.8. Simplified Magnetic Circuit of the SRM

The length is approximately calculated as,

The yoke area is obtained from (2.11) as,
Ay =CL.

The area of the stator pole is given as

The reluctance the leakage tube is given by,

Df = lf
quf

The permeance of the air gap is calculated as,

Pf:L
U

The magnetic circuit equation of leakage tube can be written as,

19
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(2.36)

(2.37)

(2.38)

(2.39)

(2.40)
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BA
Df:%%Tmi:DLm:HQS+—%iL+Hﬁy (242)

f

The inductance of the leakage tube is then calculated as,

By i A
Lﬁ=Dri¥%4i- (2.43)
1
p

The leakage inductance above is calculated for one tube. There are 4 such tubes as can be seen in

Figure 2.9. The total aligned inductance is therefore given by,

L, = Laligned +4L¢ (2.44)

2.1.6 Winding Design

The calculations leading to the selection of the conductor and the winding design are as follows.
Assuming a wedge of hyeqge 15 required to hold the windings in place, the stator pole arc length t,

at the closest point of the winding to the center of the shaft is given by

ty = HQ +h 2.45
] 02 wedge EBS ( )

Accounting for the wedges that hold the windings in place leads to the calculation of a modified

stator pole pitch A; as,

_ E + T[(2 thedge )

As N N
S S

(2.46)

Assuming a maximum value of allowable current density J in the windings, the minimum area of

conductor is given as,
a, =— (2.47)

Now a standard size conductor is chosen based on the value of a. calculated above.

The wire diameter dy, including insulation is given by

20



4a,

dy = -

+0.1 mm. (2.48)

The maximum height of the winding hy, which can be accommodated inclusive of the space

required to place wedges that hold the windings in place is given by

hy, =hg _hwedge (2.49)

The number of layers that can be accommodated in this available winding height is given by

N - thf

A\ dw

(2.50)

fr represents the field factor and is approximately equal to 0.95. The value of N, is rounded off to
the nearest lower integer.

Now the number of horizontal layers required for winding is given by

‘1 (251)

The value of N, is rounded off to the nearest higher integer.

The width of the winding W, is given by

dy N
W, = “with (2.52)
fe
The space between 2 stator pole tips at the bore is given by
Z=N\g —tg (2.53)
The clearance between the windings at the bore is given by
Cl=Z-2W, (2.54)

This value has to be positive and preferably greater than 3 mm. Naturally, the actual clearance

the actual clearance between the windings will be slightly higher than the clearance calculated at

21



the bore. If the clearance value is acceptable, the designer can proceed with the analysis or else a

different size conductor can be chosen and the clearance can be checked again.

2.1.7 Calculation of Minimum Inductance

Although [COR79], [MAT89] and [RAD94] give equations for calculating minimum inductance,
the equations cannot be easily verified. The best way to calculate the minimum inductance is to
plot the equiflux tubes for a test machine in the unaligned rotor position and calculate the lengths
of the equiflux lines in vacuum and then account for the paths in the iron portions. Figure 2.9

shows the equiflux lines in the unaligned position.

o
B
37

Figure 2.9 Identification of 7 flux tubes for analytical calculation of unaligned inductance

Tube 1: To calculate the length 1; and area A, consider Figure 2.10. The area of the tube at the

stator pole is calculated as,

Bs D
A, =——L 2.55
Is 4 2 ( )

The arc subtended by half of the rotor pole is given by,

22



B[P _
2% el (2.56)

The angle 8, is given by,

0, = BQ—H (2.57)
_g _h
02 0
The rotor pole pitch is defined as
2Tt
0. =— 2.58
LNy ( )

Figure 2.10 Tube 1 calculations
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The angle 65 is calculated as,
6
93:7“’—92 (2.59)

The area of the tube at the rotor core is calculated,
Ay, = ZBE -g-h % L 2.60
Ir o2 g r 0 3 ( )

The average area of the air gap A is calculated as,
— Als +A1r 1 Bs D

A=A A 1B D D 2.61
1 2 242 g B3 (261)

The length of the air gap is given as,

11=%—g—hr (2.62)

The length of the path through the stator and yoke are given by (2.23) and (2.27). The area of
the rotor core and yoke is given by (2.15) and (2.36) and the length of the path through the rotor
core is given by (2.26).

The reluctance of tube 1 in the air gap is given by,

21
Dl = 1
U'OAI

(2.63)

The permeance of tube 1 is calculated as,

p = (2.64)

Using the B-H characteristics for the material used for the laminations, the magnetic field
intensity in Ampere-turns per meter for each portion of the machine except the air-gap is
obtained. The magnetic field intensities in the stator pole, stator yoke, rotor pole and rotor core
are designated as Hy, Hy, H; and H,., respectively.

Referring to Figure 2.11, the magnetic circuit equation of tube 1 can be written as,

BsAls +Hrc1rc + Hyly

2.65
P, 2 2 (265)

U
0h :Tphi =0+ 2C(p= 2(Hsls)'i'
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Since the LHS is known, the RHS can be calculated initially by setting Bg, = Biax. If the RHS is
greater than the LHS, the value of the stator flux density can be reduced and the other flux
densities can be calculated at this reduced value and the magnetic field intensities can be
calculated. This process is repeated till the RHS equals the LHS and the stator flux density is
obtained as Bgnin.

The unaligned inductance of tube 1 is then calculated as,

BsminAls

i2

L, =0 (2.66)

p

Figure 2.11 Reluctance circuit for Tube 1

Tube 2: To calculate the length 1, and area A,, consider Figure 2.12. The area of the tube at the

stator pole is calculated as,

25



Ay =Ps Dy (2.67)

4 2

The area of the tube at the rotor pole is calculated,

h
A, =—LL (2.68)
2
The average area of A; is calculated as,
Ar. +A h
A, =A2tAy LB D he (2.69)
2 204 2 2

Figure 2.12 Tube 2 Calculations
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B

The angle 6, is assumed to be Ts The length AB is calculated as x; = %sin(@l). The length

OA is calculated as y; = %cos(@l ) Considering that point B has the coordinates as,

(Xl,y1)= %%m?@?&o&?—% (2.70)

The angle 8, is given by,

g, =—>2 U (2.71)
Bg—g—ghrﬁ
02 4 0

The angle 65 is calculated as,

0
95=7rp—e4 (2.72)

The point C is given in coordinate form with respect to point O as,
3h 3h
(Xza}’2)= —g-— Esines,BB‘g‘—rBJOSes (2.73)
2 4 0 2 4 0

The linear distance between the points B and C, is assumed to be one side of an equilateral
triangle and forms the radius of the arc formed by tube 2. From (2.70) and (2.73), this length is

given as follows,

Ix2 :\/(XZ_X1)2+(Y2_Y1)2 (2.74)
the length of the tube is given by,

Tt
12:1){25. (275)

The area of the yoke and rotor core is given by (2.36) and (2.15) respectively. The length of the
path through the stator and yoke are given by (2.23) and (2.27). The length of the path through

the rotor core is given by,

H
0=2 P _8g_hr Danf (2.76)
ﬁ 3 2 0
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The length of the path through the rotor,
hI'

lr:T

The reluctance of tube 2 in the air gap is given by,

0, =2
“oAZ

The permeance of tube 2 is calculated as,

PZ:L
mp)

Referring to Figure 2.13, the magnetic circuit equation of tube 2 can be written as,

(O}

Figure 2.13 Equivalent reluctance circuit
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: BA
Oy = Typi = Op@=2(H,ls +H,1, )+ SP 2+ Helpe +Hyly (2.80)
2
The unaligned inductance of tube 2 is then calculated as,
Bs minAZS

Ly = 0, —Smin=2s. (2.81)
Ip

Tube 3: To calculate the length 13 and area Aj, consider Figure 2.14. The area of the tube at the

stator pole is calculated as,

Ay =252 (2.82)

Figure 2.14 Tube 3 Calculations
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The area of the tube at the rotor pole is calculated,

Az, :%YL (2.83)

The average area of Aj; is calculated as,

:A3S+A3I‘ :_@BS D h, H

A
3 2 2[Fl82

(2.84)

27B

The angle 6, is assumed to be —45 The length AB is calculated as x; = %sin(el). The length

OA is calculated as y; = %cos(@l ) Considering that, point B has the coordinates as,

(x1.y1)= %Esm%ﬁﬁgﬁosg%% (2.85)

064 02

The angle 6 is given by,

2
e6:B‘2 U . DH (2.86)
-g——h
@ *8 o
The angle 85 is calculated as,
0
e7=7rp—e6 (2.87)

The point C is given in coordinate form with respect to point O as,

3h, Es BE 3h, EC
X1, = -g—-——L[3inB,,0——-g—— [TosHO 2.88
(23’2)%%8D Ty T8 g sy (2.88)

The linear distance between the points B and C, is assumed to be one side of an equilateral
triangle and forms the radius of the arc formed by tube 3. From (2.85) and (2.88) this length is

given as follows,

Ix3 :\/(Xz -x1 ) +(y2-y1) (2.89)
the length of the tube is given by,

Tt
13 :1X3§' (290)
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The area of the yoke and rotor core is given by (2.36) and (2.15) respectively. The length of the
path through the stator, yoke and rotor core are given by (2.23), (2.27) and (2.76) respectively.
The length of the path in the rotor is calculated as,

h, h, 5h
|l =—r 4 r -2 291
Tt T g (2.91)
The reluctance of tube 3 in the air gap is given by,
21
Oy =—3 (2.92)
U'OA3
The permeance of tube 3 is calculated as,
P; = 1 (2.93)
3 0 ; .
Referring to Figure 2.13, the magnetic circuit equation of tube 3 can be written as,
— s — BsAsg
U3 =Tppi = DL(p—z(Hsls +Hr1r)+ P +Hyle +Hyly (2.94)
3
The unaligned inductance of tube 3 is then calculated as,
By minA
Ly3 =03 M=, (2.95)
i
p

Tube 4: To calculate the length 14 and area A4, consider Figure 2.14. The area of the tube at the
stator pole is calculated as,

_1Bs D lh
A, =L1PsD,  1hy, 2.96
“T482 a4 (2.96)

The area of the tube at the rotor pole is calculated,

h
Ay =L (2.97)

The average area of A4 is calculated as,

Ay A
=M=LBI_BS h H (2.98)
U

Ay +—L
2 248 2 4 2
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Tube 4 can be assumed to be a straight line between points B and C. The angle 8, is assumed to

be,

0, =22, (2.99)

The length AB is calculated as x| = %sin(el). The length OA is calculated as y; = %cos(@l).

Considering that point B has the coordinates as,

e [ \
{ \
[ \

/
A
/
/
/
|
|
\
\
\
\
\
\
>
e
e
/
/
/
/

Figure 2.15 Tube 4 Calculations
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(x1.y1)= %EgsmEEB s % (2.100)

20 p2 o, 02

The angle By is given by,

BQgH

gy = 2> 2 1 (2.101)
HQ -g——h, H
02 8 O

The angle 8y is calculated as,
6

8y = Trp—e8 (2.102)

[he point C is given in coordinate form with respect to point O as,

= -g-—+ Es -g-—+ EC
X9, inBs, JP 0sO 2.103
( 2 Y2) % g 8 5 2 g 8 [ 5 ( )

From (2.100) and (2.103), the linear distance between the points B and C, is given as follows,

1y =2 = P + (2 -1 P (2.104)
The area of the yoke and rotor core is given by (2.36) and (2.15) respectively. The length of the
path through the stator, yoke and rotor core are given by (2.23), (2.27) and (2.76) respectively.
The length of the path in the rotor is calculated as,

3h,  h, _7h,

l. = +L=__1 2.105
o4 08 8 ( )

The reluctance of tube 4 in the air gap is given by,

21
O4 = 4 (2.106)
HoAg
The permeance of tube 4 is calculated as,
P - L (2.107)
475 ; :

Referring to Figure 2.13, the magnetic circuit equation of tube 4 can be written as,
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. B A
Oy = Typi = Op@=2(H,ls +H,1, )+ SP44S +Hyelpe +Hyly (2.108)

The unaligned inductance of tube 4 is then calculated as,
Bs minA4s .

2
Ip

Ly =04 (2.109)

Tube 5: To calculate the length 15 and area As, consider Figure 2.16. The area of the tube at the

stator pole is calculated as,

/7/ A B\ _
> // \\
/ L— \
C
/ O \
| \
| |
\ O |
\ /
\ /
\ 8
\ /
\
\
p)
B
/
/
/
/
/
/
/

2
l N |

Figure 2.16 Tube 5 Calculations
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_3hs

A 2.110
5s 4 4 ( )
The area of the tube at the rotor pole is calculated,
A =P P ] @.111)
8 [2
The average area of As is calculated as,
As, +A
Ag=fssths L PP, (2.112)
2 2 4 8 2
Tube 5 can be assumed to be an arc centered at the point D. The length AO is assumed to be,
Shg
yi ——cosBB—B+ (2.113)
20 32°
The length AB is equal to
X4 =BsinE&H (2.114)
2 020
The angle 8, can be calculated from (2.113) and (2.114) as,
6, =tan_lg 21 0 (2.115)
i -2 -g-n,
O 02 N
The angle 8, is assumed to be,
7
o, =1 7P (2.116)
N, 16
The length CE is given by,
y =HE—gEcose —Hg—g—h H (2.117)
2 02 0 ( 2 ) 02 r 0
The length DE is given by,
X =BE—gEsin9 . (2.118)
=2 oHhine,)

The angle 85 can be calculated from (2.117) and (2.118) as,
6 =tan‘l%g (2.119)
2
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The angle 8, is obtained from (2.115) and (2.119) as

Tt
0, =—-6; —-03.
4 5 1 3
The length DB is given by
X1
n=—.
! sin(8;)

The length CD is given from (2.117) and (2.118) as

_ (2,2
I =yx3+y2.

The length of the flux path is approximately given from (2.120) — (2.122) as,

1 +I‘2

I 0,.

(2.120)

(2.121)

(2.122)

(2.123)

The area of the yoke and rotor core is given by (2.36) and (2.15) respectively. The lengths of the

path through the yoke and rotor core are given by (2.27) and (2.76) respectively. The length of

the path in the rotor is calculated as,

I, =h,.
The length of the path in the stator is calculated as,
C 3h
ly =hg +—-=—=
% 2 84

The reluctance of tube 5 in the air gap is given by,

21
p-oAS

O 5=
The permeance of tube 5 is calculated as,

1
P5:—
Os

Referring to Figure 2.13, the magnetic circuit equation of tube 5 can be written as,

. BsAs
Os = Tph1 =0Le= 2(Hsls +Hrlr)+?+Hrclrc "'Hyly

The unaligned inductance of tube 5 is then calculated as,
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(2.125)
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Bs minASS

i2

Lys =0s (2.129)
p

Tube 6: To calculate the length I and area Ag, consider Figure 2.17. The area of the tube is
calculated as,

h

Ag=—21L (2.130)
4
— ] T — \
| | T—
— | T~
| | ~
\ \ S
\ \ S
| | S
| | \>
%
C
R A — 7
- %
\\ /
— N %
N %
0
0,
O

Figure 2.17 Tube 6 Calculations
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Tube 6 can be assumed to be an arc centered at the center of the shaft. The length AO is assumed

to be,
3h
y1 :200553—854‘—8. (2.131)
2 020 8

The length AB is defined in (2.114). From (2.114) and (2.131). the angle 8, can be calculated as,

0, = tan_l%ﬁ (2.132)
1

The angle 8, is assumed to be,

2TT
0, =—-20,. 2.133
25N 1 ( )

S

The length CO is given from (2.114) and (2.132) by

X1
=7 2.134
sin(0,) (2134)
The length of the tube is given from (2.133) and (2.134) by,
16 = 1‘162 . (2135)

The yoke area is given by (2.36). The stator pole area is equal to the air gap area. Therefore,
h
Ags = Ag =TSL (2.136)

The length of the path in the stator is calculated as,

| =fs  1hs € 2.137)
2 24 2

The yoke length is given by,

Iy - _CH (2.138)
402 20

The reluctance of tube 6 in the air gap is given by,

lg
O = (2.139)
U'OA6

The permeance of tube 6 is calculated as,
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P =— (2.140)

3T
O :% :h =0, g=2(H,l, )+ B;Aﬁ +Hyl, (2.141)

6
DS
O § Oy
DS
(Y @

T s

Figure 2.18 Magnetic Circuit for Tube 6

The unaligned inductance of tube 6 is then calculated as,

B minA
Lyg =0 —00—0., (2.142)
'p
Tube 7: To calculate the length 1; and area A;, consider Figure 2.19. The area of the tube is

calculated as,

h

Aq =75L (2.143)

Tube 7 is assumed to be an arc centered about point B. The length is approximately calculated

as,

_hs
4

oA

15 (2.144)
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The stator area is equal to the air gap area. Therefore,

: (2.145)

—— 2.146
22 2 ( )

—$

Figure 2.19 Tube 7 Calculations

The yoke length is approximately,

h

I, = 73 (2.147)

y

N | —

The reluctance of tube 7 in the air gap is given by,

l7
0, = (2.148)
U'OA7
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The permeance of tube 7 is calculated as,

P7:L
p

Referring to Figure 2.20, the magnetic circuit equation of tube 7 can be written as,

Figure 2.20 Reluctance Circuit for Tube 7

The unaligned inductance of tube 7 is then calculated as,

BsminAs
) :
p

Ly7 =l

The total unaligned inductance is given by,

Lu = Lul + 2(Lu2 + Lu3 + Lu4 + Lu5)+ 4(Lu6 + Lu7)

2.1.8 Calculation of Average Torque

(2.149)

(2.150)

(2.151)

(2.152)

In the SRM, a linear relationship is not present between the current in the machine and the torque

developed. Therefore, to calculate the average torque developed by the machine at peak current,

a more complex system has been evolved [KRI95]. First, the peak current i, can be split into n
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equal parts, which is decided by the designer. Of course, if the number of parts is higher, the

result will be more accurate but the time of computation will be much higher.

Let i = 1?10 . At the first point of calculation, n;, current i; = oi.

Then 0; = Tpn 1. Now assuming initially that Bg=Bs, the flux densities, the AT/m and the

ampere-turns for all the sections are calculated and the total AT is obtained. If this value is

greater than [J;, then the value of By; is reduced and the calculations are done again. If it is

higher, then the value of By can be increased and the calculations can be redone. This particular

exercise is repeated till the error between the calculated value of ampere-turns and [J; is

negligible. When this value is obtained the corresponding flux at this point

@ =B * As,

is calculated. The aligned inductance value for this particular current is calculated as

La = Tpﬂ
D

The flux linkage at this point is also obtained as A, = Ly * 1;.

The above procedure is repeated after each interval of di, i.e., i, = i; + &i and so on till we reach

i,. The value of L}, =L, at current i, indicates the aligned saturated inductance at peak current

or rated current. The flux linkage at this point is also obtained. The aligned flux linkages can
then be plotted against various currents as shown in Figure 2.21.

The unaligned inductance does not change with varying current and so the unaligned flux
linkages can be obtained at the various currents above as A,; = L, * i; and so on till the rated
current and is plotted in Figure 2.21.

The aligned work done Waiigned 1s given by the area 0ACO and the unaligned work done Wynatigned
is given by the area 0ABO. The total work done W is given by

W=W,

aligned

-W

unaligned

= Area 0BCO (2.153)

The aligned work W jignea Work is given by

A, S

Waligned = 6i()\1 +A) +"'+)\n—l)+ (2.154)
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The unaligned work W naligned 1S given by

_ 1. _1.2
Wunaligned = Elp)‘u = Elp Ly (2.155)
The average torque is given by

WNN,
41t

T.. =

av

N.m. (2.156)

If the average torque calculated above is less than the required torque then some machine
parameters have to be redesigned. The current can also be increased provided the designer is
satisfied that the machine does not go into saturation. This iteration is done till the designer is

satisfied with the average developed torque value.

0.8 T T T T T T

0.6 4
0.5t C
Flux Linkage

0.4} o

0.3 : .

0 1 1 1 1 1 1 '
00 2 4 6 8 10 12 A 14

Current, A

Figure 2.21 Flux linkage vs. current plot
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2.2 Design Verification by Finite Element Analysis

Finite Element Analysis (FEA) is used to predict the torque produced at various currents and
rotor positions as well as calculate the phase inductances. The equations governing description of
the problem is described in [LIN86]. The following assumptions are made in determining the
magnetic field distribution inside the motor:
a. The outer periphery of the stator stamping can be treated as a zero magnetic vector
potential line as the magnetic field outside the stator stamping is negligible.
b. Magnetic materials of the stator and rotor stampings are isotropic and the magnetization
curve is single valued (hysteresis effects are neglected).
Magnetic vector potential A and current density J have only z-directed components.
d. Magnetic field distribution inside the motor is constant along the axial direction of the
motor.
e. End effects are neglected.

The magnetic flux density B in a magnetic material can be given as,

B=pH =1 (2.157)
y

where H is the magnetic field density, | is permeability of the magnetic material and y is the

reluctivity of the magnetic material. From Ampere’s law [KRA93],

curl B=pJ (2.158)

Defining the magnetic vector potential A as,

B=curl A (2.159)
curl (curl A) = pJ (2.160)

Setting 1. A =0, and from the vector identity for the curl of the curl of the vector,

DO A)-0%A = (2.161)

This implies that,
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0%A = —pJ (2.162)

Using the assumption (c), the above expression can be written as,

%Z_i+6_i§_§:—p3 (2.163)
The solution of (2.163) yields the magnetic vector potential A inside the motor using appropriate
boundary conditions. The stator outer surface is a flux line of zero magnetic vector potential and
the homogeneous Dirichlet boundary condition (A = 0) defines the nodes along this flux line.
The nonlinearity of the magnetization curve of the iron and the complex geometry of the stator
and rotor do not permit an analytical solution for the magnetic vector potential and hence
numerical methods are chosen. The solution is obtained using an interpolation technique by

minimizing the nonlinear energy functional,

K A 0
F :I H [dB —IJ [dA 1dR (2.164)
R 0 O

where R is the problem region of integration.

The entire problem region R is subdivided into triangular finite elements. The elements are
defined such that the sides of the triangles coincide with the boundary of each material. The
software used in this work FLUX2D implements this by allowing the placement of nodes on
each of the boundaries. A sample placement of nodes and the finite element mesh of a 8/6 SRM

is shown in Figure 2.22 and Figure 2.23.

It can be noticed in Figure 2.23 that there is a higher concentration of elements near the air-gap.
The equiflux lines obtained by FEA in the unaligned position are shown in Figure 2.24. The
equiflux lines obtained by FEA in the aligned position are shown in Figure 2.25. From the finite
element analysis, the torque and inductance values for different currents and for the rotor
position varying from 0° to 30° is shown in the prototype design that follows in a subsequent

section.
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Figure 2.22 Placement of nodes for 8/6 SRM
Figure 2.23 Finite element subdivision of the 8/6 SRM
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Figure 2.25 Equiflux lines of an 8/6 SRM in the aligned position
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2.3 Analysisof the SRM

The analysis of the SRM involves the calculation of losses and thermal study of the designed
machine. The inductance of the machine as the rotor moves from the unaligned position to the
aligned position is calculated analytically. The thermal study will be covered in the final

dissertation. The losses can be split into two sections, copper losses and iron losses.
2.3.1 Copper Losses

The first step in calculating the copper losses involves the calculation of the resistance of each

phase winding of the SRM. The mean Ilength of a winding turn is given as,

Iy = EZL+4Wt +2DsinE%%‘lO_3m. (2.165)
0

The resistance of a single phase is calculated as,

0.0177*1,, Ty,
e TP (2.166)
ac
The copper losses at rated current is given by
P,=iR, W. (2.167)

2.3.2 lron L osses

Iron losses or core losses can be split into two major portions, hysteresis and eddy-current losses.
In most machines, the core losses can be calculated using the Steinmetz equation. However, the
nonsinusoidal flux waveforms of the switched reluctance motor require a different method of
calculating core losses. The two major works in this field are by Materu, et al., [MAT92] and
Hayashi, et al., [HAY95]. The first work studied core losses using harmonic analysis of the flux
density at different parts of the magnetic circuit that has the advantage that the losses contributed
by each harmonic can be obtained by look-up process from core loss data. However there is no
separation of hysteresis and eddy-current losses and assumes that the core-loss data is valid in
the presence of arbitrary combinations of harmonics. The second work describes a method to

clearly separate the hysteresis and eddy-current losses. Although the work claims that the
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equations developed can be simplified to obtain working formulas, the subsequent write-up will
show that working formulas are possible only if approximations are acceptable. It can also be
clearly seen that finite element analysis has to be completed before core losses can be calculated.

In fact, additional finite element calculations may be required before obtaining the results.

Eddy-Current L osses

The first step in calculating the eddy-current losses is to obtain the plot of flux vs. time at rated
speed. Although, theoretically this is an extremely simple concept, the procedure to obtain this is
elaborate.

During the beginning of commutation, the voltage equation of the phase being commutated can

be written as,

~ V4o =Ryi +%(Ldi) (2.168)

where —V . is the negative dc link voltage applied to the phase being commutated, R is the stator
resistance, 1 is the current being carried by the phase at the time of commutation and Ly is the
difference in the aligned and unaligned inductance, i.e., Ly = L, — L,. Assuming L4 is constant

and taking the Laplace transform of (2.168),

Vdc (s) _ =R I(s)+Lg4 (sI(S) - I(O))
% E‘ Vdc ©. o (2.169)
Ve (s)
0I=-—rd 4 1O

sk + & + &
Lq Lq
Assuming that the current at the beginning of commutation is equal to the rated current i, the

equation of the current can be obtained as,

R R

S

V,
i(t) = —~de. Vic + dce Lg4 +ipe Lqg (2.170)
Ry Ry

S
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The time required to commutate the current is obtained by setting the LHS of equation (2.170) to
0 and calculating the fall time t;. Therefore,

_tfRS _tfRs tfRS
__Vdc_|_vdce Lqg

= +ipe Lq D&: de iy Lq
1{S RS RS RS

L L R s O
Oe ~d = Oe ~d =1+—=-0 =lnf+ B (2.171)
Vic Ve d O de 0
Ry
iR
O tf=—dln5+ b SS
s [ VdC [l

At a rated speed of N r.p.m., the number of radians traversed in this time is given by,

O =—t-. 2.172
f =g U ( )

. . Tt .
In a 8/6 machine full alignment occurs at an angle of P and commutation can be assumed to

B

Tt - . . . .
start at an angle 0, = P +rTBS —0¢ . Assuming that the machine phase is on for the entire

. Tt . o .
stroke period &, (E for 8/6 machine), the excitation of the phase is assumed to start at an angle

of 6, = g +@ -0 —%. The calculation of the commutation angle 6; assumes that the

machine is not saturated and the value of Ly is constant for the duration of the fall in current.
This is normally not true and it can be seen in the subsequent numerical example that as the
current in the phase falls, inductance would rise thereby increasing the commutation angle. The
numerical example demonstrates the choice of firing angle 6, and commutation angle 6.. Now
with the choice of firing angle and commutation angle, it is necessary to calculate the current
values during the excitation period and the commutation period.

During the calculation of the currents the assumption that the current is held at the rated value
once it rises to that value is made thereby not taking into account the effects of pulse width

modulation. From the plot of position vs. inductance for various currents (Figure 2.41), the
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minimum inductance at position 6 is obtained as Ler . Assuming that full dc link voltage V. is

applied, and the machine is running at rated speed, the rotor pole traverses each degree in

Tt
tg = ZIL = 6LNsec. The equation of the current at position 6, + 1° is calculated as,
60
S
i(o, +1) = Y{d %l—e o S% 2.173)

The equation of the current at position 6, + 2° is calculated as,

AV H _LLtSH _LRS ty
(0, +2)=~%0-e O Drigg e O (2.174)

B :

The inductance value L, + 1) is obtained from the plot of position vs. inductance for various

currents at precisely the angle (6; + 1°) at a current of i(g, + 1). The current at position (6, + 2°) can
be obtained in a similar manner. If this value is greater than the rated current i, the current is
assumed to i,. If not the procedure is repeated till the rated current is reached or exceeded. Once
the rated current is reached, the current is assumed to be constant till position 6,. At this position,

full negative dc link voltage is applied and the current at position (B, + 1°) is calculated as,

~Rs t H - Rs t
Vde q o L) pj o D) (2.175)

-

The current at position (6, + 2°) is calculated as,

N I R
-defoe “@) Drig e G (2.176)

“ :

(o +1) =~

i(o.+2) =
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The procedure is repeated till the current value becomes 0, which implies that the phase is fully
commutated. It should be remembered that the inductance for each current and position has to be

calculated.

Now that the current value at each rotor position is obtained, finite element analysis is used to
calculate the flux density in the stator pole for each current value and rotor position keeping in
mind that the excitation of adjoining phases has to be simulated as well. This is a time intensive
procedure and need not be done during the preliminary design of the machine. The resultant flux

densities can be plotted over a full revolution of the rotor as can be seen in Figure 2.26.

Bsp represents the flux density of a single stator pole over the entire revolution. The diametrically
opposite pole would have a similar waveform except that the polarity would be reversed. The
other poles would have the similar waveforms but would be offset by the stroke angle, in this

case, 15°

oo
o
S NDO — N

0 50 100 150 200 250 300 350
8;,deg

Figure 2.26 Flux densities over a single revolution of the rotor
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By, represents the flux density of a single rotor pole over the entire revolution. The diametrically
opposite pole would have a similar waveform except that the polarity would be reversed. The

other poles would have the similar waveforms but would be offset by the stroke angle.

The flux densities of the stator yoke vary from section to section based which phase is being
activated. The flux densities for four different sections are plotted for a full rotation. The

corresponding diametrically opposite sections have the reverse polarities.

Finally, the flux density experienced by one of six sections of the rotor core over a revolution is

plotted. The other sections have the identical waveforms but are offset by 60°.

. Tt . .
It can be clearly seen that the stator flux density repeats every 3 radians. The normalized stator

. . Tt . . .
flux vs. time can be plotted for a rotation of the rotor by 3 radians. After this period, the

waveform would repeat. The flux at each rotor position can be obtained by using the equation

@=B A where Ay is the stator pole area. A normalized sample flux waveform is shown in

Figure 2.27.

It can be observed that the normalized stator flux has a rising portion and a falling portion. Both
the rising and falling portions can be fairly approximated by 2 fourth order polynomials of t and

the flux waveforms for the stator can be written mathematically as,

aslt4 +as2t3 +aS3t2 tagttags for0<t<Ty
g (1) =bgt* +byt? +bst? +byt+bgs for Tpg <t < Tg (2.177)
0 for Tgg <t <Tj

where Ty = 60tg, ts is the time taken by the rotor pole to traverse a single degree, Ty is the time

taken for the flux to rise to the maximum value and Ty is the time when the flux falls to zero.

A sample normalized rotor flux vs. time is plotted over 2 radians in Figure 2.28. After that time,

the waveform would repeat as shown in Figure 2.26. It can be observed that the normalized rotor
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flux has a rising portion and a falling portion. Both the rising and falling portions can be fairly
approximated by 2 fourth order polynomials of t and the flux waveforms for the rotor can be

written mathematically as,

ar1t4 +ar2t3 +ar3t2 tagttas for0<t<T,
g, () =bt* +b,t3 +bst2 +byt+bs for T, <t< T (2.178)
0 for Ty <t <T,

where T, =45tg, Ty is the time taken for the flux to rise to the maximum value and Ty is the

time when the flux falls to zero.

0.9 - :

0.7+ 1
0.6 1
n 0.5 1

0.4 :

0.2+ 4

0.1 :

Time, ms
Figure 2.27 Sample plot of normalized stator flux vs. time for ? radians.

Eddy-current losses per unit weight are normally given by,

P, =C,.f?B2 (2.179)
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Figure 2.28 Sample plot of normalized rotor flux vs. time for ; radians.

where C. is the coefficient of eddy-current losses, f is the sinusoidal frequency and By, is the

maximum flux density. The value is calculated as [SAW84],

— (2.180)
6ppP;

(&
where t is the thickness of the lamination and p is the specific resistivity of the lamination
material and p; is the specific density of the lamination material. Considering that the average of
BH_BBZ —or2e2p2 . . . _ .

e 21 f“By, for the sinusoidal flux variation, B =B, sm(Ztht), eddy current term can

0

0
be written as [HAY95],
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il
p, =, r2 0L _ Ce B =CGIEH—BBZ. 2.181)
o2 2 Odt O Odt 0

: D NgN .
Since the number of strokes per revolution is given by %, two poles are energized at each

stroke and there is no overlap between flux pulses, the eddy-current losses for the stator poles

Pgpe and rotor poles Py, are given as,

_2W |
pe = 5NN W CalB spm)2 %Tgs(t)g dt (2.182)
and,

= 2 L NN, W, C (B )z g (t)Dzdt 2.183)
rpe 60 2Tt (& rpm g T E

W, and W, are the weights of the stator pole and rotor pole, respectively, and are calculated as,

D
Wsp = EBshstl (2.184)
and,

Wi :hrLE%—g@rpl (2.185)

A sample normalized stator flux for section 1 vs. time is plotted over 3 radians in Figure 2.29.

After that time, the waveform would repeat as shown in Figure 2.26. It can be observed that the
normalized flux has four distinct portions portion. The flux waveforms for the section can be

written mathematically as,

56



@n

Time, ms

Figure 2.29 Sample plot of normalized section 1 yoke flux vs. time for ? radians.

4 3 2
agylt’ tagyt” *agstt taguttags for0<t<Tgy,
4 3 2
bgyr1t" +bgyat” +bgyi3t™ +bgyat +bgyys  for Ty st <Tgp

gsy1 () = 5 (2.186)

Csyl1t™ FCgy12t + Csy13 for Tgyp <t <Tgy3

2

dsyl (L dsy12t + dsy13 for Tsy3 st< Tsy

where Ty, =60tg. The weight of the stator yoke is calculated as,
D, -C 2m
Wy =—2 —CLpy. 2.187
syl 2 Ns P1 ( )
The equation for calculating the eddy-current loss in the stator yoke section is given by,
N H's od 7 B

Psyle - 5 2ervsylcel (Bsyml)2 %io Ej_tgsyl (t)g dtg (2.188)
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Similarly the losses in the other sections of the yoke can be calculated. The total eddy current
loss in the stator yoke is given as,

Psye =Pgy1e +P +Pgy3e * Psyae (2.189)

sy2e
A sample normalized rotor core flux for vs. time is plotted over Tt radians in Figure 2.30. It can
be observed that the normalized flux has six distinct portions portion. The flux waveforms for the
section can be written mathematically as,

arclt4 +ar02t3 "'arcSt2 Ftarcat tags for0<t<Tp

brc1t6 +brc2t5 'Pbrc3t4 +brc4‘[3 '*’brCSt2 tbret +brey  for Tre St<Typ

6 5 4 3 2
g ()= Crelt” FCpent™ +epeat™ +Cpegt” +Cpest”™ +C et +epe7  for Tiop St <Tpe3 (2.190)
Ic ’

drclt4 "'drczt3 "'drc3t2 +dpeat +dpes for Trez <t <Tpoy
erclt4 +erc2t3 "'erc3t2 tereqt +eycs for Treq <t <Ties
frcl‘[4 "'frc2‘[3 'l'frc?)t2 Hreat +fies for Tyes <t <Ty

where T,. =180ty. The weight of the rotor core is calculated as,

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Time

Figure 2.30 Sample plot of normalized rotor core flux vs. time for Tt radians.

58



1 D-2g-2h, +Dyg

Wre =Ary 35 >

Pl (2.191)

The equation for calculating the eddy-current loss in the rotor core section is given by,

_N 2 He d 7 B
Prce - 60 2ervrccel (Brcm) %ioggrc (t)g dt% (2-192)

The total eddy-current losses of the machine at rated speed and power output is given as,

P, = Pype +Prpe + Poye + Prec (2.193)

pe sye

Hysteresis L osses

The hysteresis losses can be calculated from the process described in [HAY95]. The classical
equation describing the hysteresis losses was given by Steinmetz as,

P, =C,BLE (2.194)
where C, is the hysteresis coefficient, f is the frequency and By, is the maximum flux density.

In [HAY95], the hysteresis loss is calculated as,

P, = Cp,fB2 PBm (2.195)

[RIC36] describes the hysteresis loss to follow the equation,

P, = f(aBm +bB2m) (2.196)
In all of the cases, the hysteresis loss can be re-written as,

P, =fE,(-B,,.By,) (2.197)
where Eh(— Bm,Bm) represents the hysteresis loss energy for a full loop. The hysteresis loss

energy for a variation of the flux density between 0 and By, can be written empirically as,

Ep, (0,B,,)=04E (-B,,.B,,) (2.198)
The loss energy for variation between a value By and B, can be written as,
B..—-B
Ep(Bo,Bm)=—"1—"E;(0.Bm) (2.199)
m

In the calculation of the hysteresis loss energy, the following points must be clearly noted.
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a. The value of the hysteresis loss energy varies with the frequency. For instance, in the

stator pole, the flux density for a 8/6 machine operating at N r.p.m. changes between 0
N .
and Bgpm at ENr times per second. Hence, the loss energy calculated from curves at a

fixed frequency cannot be directly applied at primary switching frequency of the stator
pole when the machine is running at rated speed.

b. The primary switching frequency varies in different portions of the machine. Hence there
is no way to separate the losses produced by different portions of the machine by
attempting a single frequency calculation at standstill.

c. The most reliable way to measure the core losses would be to run the machine at rated
speed and subtract the copper losses and account for friction and windage as described in
[MAT92]. The further separation of hysteresis and eddy-current losses can be done only
by analytically calculating the eddy-current losses and designating the rest of the losses to

be the hysteresis losses.

The flux in the stator poles are unipolar and can be calculated as,
w
P = SN N Wy By 0.Bgpm) (2.200)

The other portions of the machine are not straightforward as there are flux reversals. The

equations to calculate the losses are described in [HAY95].

Designating winding polarities as pi, p2, p3 and ps (pi is 1 when the direction of the flux of the i
pole is from inside to outside and —1 for the opposite direction), the following parameters can be

calculated [HAY95]:

Nph -2 Nph -1
Ksy =2Nph ¥ 5 Noh +P1‘+ ,Zl [pi =i+l (2.201)
1=

U
N, -1
N ph H
Krp = : Nph +P1‘+ > |Pi _Pi+1|D (2.202)
kapp i=1 =
N, -1
N %2 0N ph
Krc = r Nph + r —2 Nph +p1‘ + Z |p1 _p1+1| (2.203)
Nwkpp N wkpp i=1
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where Nyipp 1s the number of working pole pairs.

The hysteresis losses in the stator yoke can be calculated as,

W Chgyh U
Pygh = 2N NN Wy 52 En (- Boym: Boym )+ (1 = hegh JEn Boyo- Beym )S (2.204)
where,
K
hyh =——5- (2.205)
2N
ph

The hysteresis losses in the rotor pole can be calculated as,

() |:hrph ]
Pron = 2—‘;1[NrNSWrp E)TEh (— Brpm,Brpm)+ (1 - hrph )Eh (O,Brpm )S (2.206)
where,

NuippK

h — __WKpP TP 2.207
PR ON G Ny (2-207)

The hysteresis losses in the rotor core can be calculated as,

_ W 2 Chch O

Pren = Z_ITI_: N; NphWrc %rz_th (_ BiemsBrem ) + (1 —hyep )Eh (BrcO sBrem )% (2.208)
where,

2

N K

By, = — kPP 2“ (2.209)

Nthr
The total hysteresis losses are given by,
Py = Psph + Psyh + Prph +Prepy (2.210)

2.3.3 Inductance Calculation at Various Rotor Positions

The inductance can be calculated for various rotor positions as follows. There are primarily to
regions to be considered while calculating the inductance at different positions. The regions can
be identified as the portion when the rotor and stator poles are not overlapping and the portion

where the stator and rotor poles are overlapping. Assuming that 6 = 0° is the completely
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unaligned position and 6 = 30° is the completely aligned position the inductances can
calculated as follows.

+
Regionl:Osesl—MH
N, 0 2 O

The flux tubes are identified as shown in Figure 2.31.

Figure 2.31 Identification of flux tubes in Region I
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Tube 1: Considering Figure 2.32, the center of the shaft has the xy coordinates of (0,0), and the

e : : 2
stator pole is divided into five equal angles of B?s The angle 8, is assumed to be % The

length AB is calculated as x Z%sin(el). The length OA is calculated as y; :%cos(el).

Considering that point B has the coordinates as,

xl yl ESIHBQ&BHEBZOSBQ—%. (2.211)

20 Os5 o/
Al

Figure 2.32 Tube 1 and 2 Calculations

Considering that the rotor is moving towards the stator, the length of the tube in the air gap is
constantly changing as is the area.

The angle 05 is calculated as,

p B
Bs=—2-"r-9 2212
555 7, (2.212)

The coordinates of point C is given as,
X7,¥9 )= -g-h Esinﬂ ,Bg—g—h Ecosﬂ E (2.213)
( 2 2) % elu 0 5 2 elu 0 5

where,
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S

H
U
[
2% Bs +Br%

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

(2.214)

triangle and forms the radius of the arc formed by tube 1. If this length is given from (2.211) and
(2.213) as follows,

L =4(x2 = %)% +(y2 = y1 ) (2.215)

the length of the tube is given by,

L =1y TET (2.216)

The rotor area varies from Lh? when 6=0° to L h6 when 0 = % BS 5 B E Therefore,

h, O 0 u
A, =L-2L0- 0 (2.217)
3 0 2@'@ _Bs +B; %
0
u 2 2
The area of the tube is calculated as,
1
A =5(Als +Aq,) (2.218)
where the area of the stator pole is given by,
Dp
A =—=>L 2.219
Is 7 5 ( )
The length of the path through the rotor is given as,
I, =h, —hgy (2.220)

The length of the path through the stator, yoke and rotor core is given by (2.23), (2.27) and
(2.76), respectively. The area of the yoke and rotor core is given by (2.36) and (2.15).
The reluctance of the air gap of path 1 in the upper portion is given as,

Ly
HoAq

0, = (2.221)
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The above calculations are valid for the tube passing in the upper portion of the stator. In the
lower portion, the pole is moving away from the excited portion. This is similar to the effects

experienced by tube 5 in the upper portion. Therefore, path 5 calculations are performed next.

Tube 5: Considering Fig. 16, the point Bs has the coordinates as,

(x1.y1)= %EQEME%BBBBME'L% (2.222)

05 oo2

The angle 05 is calculated as,
o _B
05 =—>-"L+0 2.223
555 7, (2.223)

The coordinates of point C is given as,

(x2.y2)= % —g—hgs, Esin 95,%) —g-hgs, Q:os 65 E (2.224)

where,
h. O |
hesy =—-0+ 0 O (2.225)
6 P Bs +B;
H Hz 2

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

triangle and forms the radius of the arc formed by tube 5. If this length is given as follows,

Iys =y (2 =x; )2 +(y2 =y )2 (2.226)

the length of the tube is given by,

g = 1X5’§. (2.227)

h, h,
The rotor area varies from L? when 6=0° to L—- 5 L when 0= % BS 5 B ETherefore,
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h. U s U
As, =L+ 0 (2.228)
3 B 2@'@ _Bs +B; %
u 2 2
The area of the tube is calculated as,
1
As=—(As +As) (2.229)
where the area of the stator pole remains the same as path 1 and is given by,
Bs D
Ag, =L—— 2.230
5s 5 9 ( )
The length of the path through the rotor is given as,
I, =h, —h.s, (2.231)

Fig. 16 Tube 4 and 5 Calculations
The length of the path through the stator, yoke and rotor core is given by (2.23), (2.27) and
(2.76), respectively. The area of the yoke and rotor core is given by (2.36) and (2.15).

The reluctance of the air gap of path 5 in the upper portion is given as,

I
O = (2.232)
U'OAS
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The combined reluctance for path 1 is given by,

DI,S = Dl + |:|5 (2233)

The permeance of tube 1 is calculated as,

P=— (2.234)

Using the B-H characteristics for the material used for the laminations, the magnetic field
intensity in Ampere-turns per meter for each portion of the machine except the air-gap is
obtained. The magnetic field intensities in the stator pole, stator yoke, rotor pole and rotor core
are designated as Hy, Hy, H; and H,., respectively.

The magnetic circuit equation of tube 1 can be written as,

BsAls
Py

Oy = Typi = 2(Hlg +H, 1, )+ +Hyelpe +Hyly (2.235)
Since the LHS is known, the RHS can be calculated initially by setting B; = Bpax. If the RHS is
greater than the LHS, the value of the stator flux density can be reduced and the other flux
densities can be calculated at this reduced value and the magnetic field intensities can be
calculated. This process is repeated till the RHS equals the LHS and the stator flux density is
obtained as Bgnin.

The inductance of tube 1 is then calculated as,
BsminAls

i2

L, =0 (2.236)
p

Obviously, path 5 has the exact same inductance and the procedure need not be repeated.
Therefore,

Lys =Ly- (2.237)
Tube 2: Considering Figure 2.32, since tube 2 has a similar shape as tube 1, the center of the

B

shaft has the xy coordinates of (0,0). The angle 0, is assumed to be ?S The length AB is
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calculated as x| = %sin(@l). The length OA is calculated as y; = %cos(@l). Considering that

point B has the coordinates as,
(x,y;)= %Qgsmé‘%g%@os?—% (2.238)
The angle 65 is calculated as,

p B
Bs=—2-"r-9 2.239
555 7, (2.239)

The coordinates of point C is given as,
X1, = -g—h Esine ,BE— -h B:ose 2.240
(x2,y2) % &~ Nezu HINDs5, 0~ 8 " Rezu 5% ( )

where,

(2.241)

The linear distance between the points B and C, is assumed to be one side of an equilateral
triangle and forms the radius of the arc formed by tube 2. If this length is given from (2.238) and
(2.240) as follows,

L =2 =5 2+ (2 =31 ) (2242)
the length of the tube is given by,

I = lng- (2.243)

The rotor area can be calculated as,
Ay =h,L-Ay; (2.244)
where A, is the rotor area for that particular position calculated for path 1 in (2.217).

The area of the tube is calculated as,
A, =lELB?S%+A2rH (2.245)

The length of the path through the rotor is given as,
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I, =h, —heyy (2.246)

The length of the path through the stator, yoke and rotor core is given by (2.23), (2.27) and
(2.76), respectively. The area of the stator pole, yoke and rotor core is given by (2.218), (2.36)
and (2.15), respectively. The reluctance of the air gap of path 2 in the upper portion is given as,

1
0, = (2.247)
U'OA2

The above calculations are valid for the tube passing in the upper portion of the stator. In the
lower portion, the pole is moving away from the excited portion. This is similar to the effects

experienced by tube 4 in the upper portion. Therefore, path 4 calculations are performed next.

Tube 4: Considering that point B has the coordinates as,

(x1,y1)= %E’%Esmgiaﬂgﬁzosﬁs—% (2.248)

05 002

The angle 05 is calculated as,

Op B
g. =P _Pryg 2.249
S5 75 ( )

The coordinates of point C is given as,
X7,Y9 )= —-g-h Esinﬂ ,Hg—g—h B:ose E (2.250)
( 2 2) % e4u 0 5 2 e4u 0 5

where,

]
s D

21‘PBSBr
2 2

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

(2.251)

triangle and forms the radius of the arc formed by tube 4. If this length is given from (2.248) and
(2.250) as follows,

Lo = (2 =% )% +(y2 =y (2.252)
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the length of the tube is given by,

Iy = 1X4’§. (2.253)

The rotor area can be calculated as,
Ay =h,L-As, (2.254)
where A s, is the rotor area for that particular position obtained from (2.228).

The area of the tube is calculated as,

Ay :lELB—SB+A4rH (2.255)
20 5 2 0

The length of the path through the rotor is given as,
Ip =h; —hegqy (2.256)

The reluctance of the air gap of path 4 in the upper portion is given as,

I4
Oy = (2.257)
HoAg

The combined reluctance for path 2 is given by,

D2,4 = Dz + D4 (2258)

The permeance of tube 2 is calculated as,

1
Py =—— (2.259)
D24
The magnetic circuit equation of tube 2 can be written as,

. BA,
Oy = Topi = 2(Hlg +H, 1, )+ % +Hyelpe +Hyly (2.260)

The inductance of tube 2 is then calculated as,

BgminA

Ly = 0 —Smin—2s, (2.261)
ip

Obviously, path 4 has the exact same inductance and the procedure need not be repeated.

Therefore,
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Lys=Lys. (2.262)

Tube 3: Considering Figure 2.10, the area of the tube at the stator pole is calculated as,

Ay, =PsDp (2.263)

52
The angle 6, is given by,

B[P _f

0, :M (2.264)
Bg—g—hrH
02 0

The angle 05 is calculated as,

0
8; = T“’ -9, (2.265)
The area of the tube at the rotor core is calculated,
Ay =22 —g-h B,L 2.266
3rc 02 g—h; 0 3 ( )

The average area of Aj is calculated as,

Az +A
Az = 3s 3rc :lB_SBL_,_HQ_g_hr %SL (2.267)
2 252 02 0

The length of the air gap is given as,

15 =%—g—hr (2.268)
The area of the stator pole is given as
Bs D
Az, =——L 2.269
3s 5 9 ( )

The length of the path through the stator, yoke and rotor core is given by (2.23), (2.27) and
(2.26), respectively. The area of the yoke is given by (2.36).

As the rotor moves, although the shape of the tube changes, the length and the area of the path is
assumed to be same without too much error in the calculations.

The reluctance of the air gap of path 3 is given as,

71



215

O = (2.270)
HoAj3

The permeance of tube 3 is calculated as,
P -1 (2.271)

3 0 ; :
The magnetic circuit equation of tube 3 can be written as,

ByAjs . Hpl, . Hyl

O3 = Typi = 2(Hglg )+ =538 4 —1ere 4 _ ¥ ¥ 2272

3 ph ( s s) P 2 2 ( )
The unaligned inductance of tube 3 is then calculated as,

= [, %A“. (2.273)
i
p

Tube 6: To calculate the length 15 and area Ay, consider Figure 2.16. The area of the tube at the

stator pole is calculated as,

h
Agg = TS L (2.274)
The area of the tube at the rotor pole is calculated,
Ag =P P gH (2.275)
4 [0O2

The average area of Ag is calculated as,

- Ags + Agr

A
6 2

(2.276)

Tube 6 can be assumed to be an arc centered at the point D. The length AO is assumed to be,

y1 = —COSEE& b (2.277)

020 8
The length AB is obtained in (2.114). The angle 8, can be calculated from (2.114) and (2.277)

as,
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-10 X1

] d
D.

0, = tan 0 BQ ) % (2.278)
Ly —L,—g~
o' 02 '
The angle 6, is assumed to be
L Y (2.279)
N, 8
The length CE is given by
y ZBE—gBSOSG —Bg—g—h B (2.280)
2 o2 0 ( 2) o2 r 0
The length DE is given by
Xy = HE— Esin 0, ). (2.281)
» =L~ ebin(6,)

The angle 85 can be calculated as

6; =tan~! %E (2.282)
2

The angle 8, is obtained from (2.278) and (2.282) as,

0, = g ~9,-8;. (2.283)

The length DB is given from (2.114) and (2.278) as,

X1

sin(6;)
The length CD is given from (2.280) and (2.281) as,

ry =4/X3 +y3 . (2.285)

The length of the flux path is approximately given from (2.283)-(2.285) as,

H = (2.284)

1 +I‘2

1 =
67

0. (2.286)

The area of the yoke and rotor core is given by (2.36) and (2.15), respectively. The length of the
path in the rotor is given by (2.124). The length of the path in the stator is calculated as,

| =h,+C-1D

I hy
——= 2.287
2 24 (2:287)
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The reluctance of the air gap of path 6 in the upper portion is given as,

lg
O¢ = (2.288)
p-oA6

The above calculations are valid for the tube passing in the upper portion of the stator. In the
lower portion, the pole is moving away from the excited portion. This is similar to the effects

experienced by tube 7 in the upper portion. Therefore, path 7 calculations are performed next.

Tube 7: To calculate the length 1; and area A7, consider Figure 2.16. The area of the tube at the

stator pole is calculated as,

h
Aqg = TSL (2.289)
The area of the tube at the rotor pole is calculated,

B [P _,H
Aq, =—LH—- 2.290

™Iy 052 g - ( )
The average area of A7 is calculated as,
+

Aq = % (2.291)

Tube 7 can be assumed to be an arc centered at the point D. The length AO is given (2.277) and
the length AB is given by (2.114). The angle 0, can be calculated by (2.278). The angle 8, is

assumed to be

o, =1L 3Pr g (2.292)
N, 8

The length CE is given by,

y ZBE—gBSOSG —Bg—g—h B (2.293)
2 o2 0 ( 2) o2 rD

The length DE is given by,

Xy = HE - gEsin 0, ). (2.294)
=P -ofline)

The angle 65 can be calculated as,

6; =tan”' %E (2.295)
2
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The angle 8, is obtained from (2.278) and (2.295) as,

0, = g ~9,-8;. (2.296)

The length DB is given by (2.284). The length CD is given from (2.293) and (2.294) as,
r, =4/X3 +y3 . (2.297)

The length of the flux path is approximately given from (2.284), (2.296) and (2.297) by,

1 +I‘2

I 04. (2.298)

The length of the path in the rotor is calculated from (2.124). The length of the path in the stator

is calculated from (2.287). The reluctance of the air gap of path 7 in the upper portion is given as,

l7
0, = (2.299)
U'OA7

The combined reluctance for path 6 is given by,
Oe7 =06 +07 (2.300)
The permeance of tube 6 is calculated as,

Py = (2.301)

Ue.7

The magnetic circuit equation of tube 6 can be written as,

. BA
O = Toni = OL@=2(H,l; +Hr1r)+SP—66S +Hyelpe +Hyly (2.302)

The unaligned inductance of tube 6 is then calculated as,
Bs minA6s .

i2

Lu6 = D6 (2303)

p
Obviously, path 7 has the exact same inductance and the procedure need not be repeated.
Therefore,

Ly7 =Lys. (2.304)
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Tube 8: To calculate the length Ig and area Ag, consider Figure 2.17. The area of the tube is
calculated as,

Ag = h?L (2.305)

Tube 8 can be assumed to be an arc centered at the center of the shaft.

The length AO is assumed to be,

y1 = —cosBB—H+ by (2.306)

020 2
The length AB is given by (2.114). The angle 6, can be calculated from (2.114) and (2.3006) as,

8, = tan_l%g (2.307)
1

The angle 8, is assumed to be,
_ 21
8, =—-260 2.308
259 - ( )

S
The length CO is given from (2.114) and (2.307) as,

X1

=7 2.309
R ) (2:309)
The length of the tube is given from (2.308) and (2.309) as,
lg =116,. (2.310)
The area of the stator core is given by,
h
Ag=—=3L (2.311)
2
The length of the path through the stator,
hy C
=—+— 2312
s=5 ' (2.312)

The area of the yoke is given by (2.36). The length of the path through the yoke is given by

(2.138). The magnetic circuit equation of tube 8 can be written as,

5= : =0p@=2(H,l )+ ; S+H,, (2.313)
8
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The unaligned inductance of tube 8 is then calculated as,

Bs minA8

i2

L,g = Og (2.314)

P
Tube 9: To calculate the length Iy and area Ay, consider Figure 2.19. The area of the tube is
calculated as,
hS
Ag =—L (2.315)
4
Tube 9 is assumed to be an arc centered about point B. The length is approximately calculated
as,
_hym

lg =— 2.316
9% (2.316)
The stator and yoke area remain same as above. The length of the path in the stator is calculated
as,

1hy ,C 2.317)

. =——%
S 24 2

The yoke length is approximately,
ly =14 (2.318)

The magnetic circuit equation of tube 9 can be written as,

- i BsA9
Oy = - =0L@=Hl + ) +H,l, (2.319)

The unaligned inductance of tube 9 is then calculated as,

BsminA9

Lyg =l —73 (2.320)
'p

The total inductance at a position 8 in region I is given by,

Lue = (Lul +Lyy +Ly3 +Lyg +Lys +Lyg +Ly7 )+ 4(Lu8 + Lu9) (2.321)

Regionll:l—wﬁ<9< HH

N, 0O

The flux tubes are identified as follows:
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Tube 1: This tube is considered to be a tube that encompasses the overlap region. Therefore the

area of the tube is given by,

+
A =L R T PR (2.322)
25 N, O 2

The length of the air gap is given by,

I, =¢g (2.323)
The area of the stator core is given by,

A=A (2.324)
The length of the path through the stator, yoke, rotor and rotor core is given by (2.23), (2.27),
(2.124) and (2.26), respectively. The area of the yoke and rotor core is given by (2.36) and
(2.15).

The area of the rotor core is given by,

Ay = A (2.325)

The reluctance of tube 1 is calculated as,

21
0, =—1 (2.326)
HoAq
The permeance of tube 1 is,
1
P =— 2.327
17, ( )
The magnetic circuit equation of tube 1 can be written as,
— s BsAl Hrclrc Hyly
Op = Typi = 2(Hlg +H, 1, )+ h P (2.328)
The inductance of tube 1 is then calculated as,
BgminA
Lo =0 =0l (2.329)
i
p

Tube 2: To calculate the length 1, and area A,, consider Figure 2.33. The area of the tube at the

rotor pole is calculated and is assumed to be equal to the tube area,
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A2—L—E3 e+_ B‘LBT% (2.330)

Tube 2 can be assumed to be an arc centered at the point D. The angle 8, is assumed to be,

oot 2504
I' BS.

6, = (2.331)
The length CE is given by,

=F—- 0,)-3—-g—h 2.332
v2 Elzz gECOS(z) Elzz g rE[ (2.332)
The length DE is given by,
X, = Elzz —ggsin(ez). (2.333)

The angle 85 can be calculated from (2.332) and (2.333) as,

0; = tan ! %E (2.334)
2

The length CD is given from (2.332) and (2.333) as,

Iy =+/X3 +y5 . (2.335)

The angle 6, is assumed as,
o, =Ps (2.336)
The angle 6, is obtained from (2.334) and (2.336) as,

0, =g—e1 -9;. (2.337)
The length of the flux path is approximately given from (2.335) and (2.337) by,

I, =1,0,. (2.338)
The reluctance of tube 2 is calculated as,
21,

HoA2

The permeance of tube 2 is,

0, = (2.339)
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1
P, =— 2.340
2 0, ( )

The yoke and rotor core area are given by (2.36) and (2.15). The stator pole area and the rotor
pole area are given by,

Axs =Ag = A, (2.341)
The length of the path in the rotor is calculated from (2.124). The length of the path in the stator

is calculated approximately as,
C
I, =h +——H]2— 0 2.342
s ST T m g@ 2) ( )

The magnetic circuit equation of tube 2 can be written as,

H,l
)+ BSA2 + HI'CII'C + y'y (2343)

Oy = Tphi =0Le= 2(Hsls +H. I, P, B B

The inductance of tube 2 is then calculated as,

Bg min A
L,, =0, —smin22 (2.344)

Figure 2.33 Tube 2 and Tube 3 calculations in the overlap region
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Tube 3: To calculate the length 13 and area Aj, consider Figure 2.33. The area of the tube at the

rotor pole is calculated and is assumed to be equal to the tube area,
+
Aj :L—ES —9+— M% (2.345)
I'

Tube 3 can be assumed to be an arc similar to the arc in tube 1 of region 1.

The coordinate of the corner of the rotor pole is given by

(x1-31) %9 gEslnEI\T r%%—g%m%—@—%% (2.346)

The varying point on the stator pole has the coordinates as,

DD : % BS+Br% 5- % BS+BY%
[
i

(X2 , y2) —Sll’lD‘ cosD (2.347)
g & i
The arc length can be considered to be,
2 2
s =yl =x)? + (2 - v) (2348)
the length of the tube is approximately given by,
I3 =1 n (2.349)
2
The area of the stator pole and rotor pole are given as,
A3S = A3I’ = A3 (2350)

The yoke and rotor core areas, and the length of the path through the stator, yoke and rotor core
are given by (2.36), (2.15), (2.23), (2.27) and (2.26), respectively.

The length of the path through the rotor,

I, =h, 1,3 (2.351)

The reluctance of tube 3 is calculated as,

214
UOAS

The permeance of tube 3 is,

D3:

(2.352)
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P3:L
g

The magnetic circuit equation of tube 3 can be written as,

— - BsA3 Hrclrc Hyly
U3 =Tppt = 2(Hsls +Hr1r)+ P + ) + 5

The unaligned inductance of tube 3 is then calculated as,

BsminA3 .

i2

Lys =0
p

The tubes 4 and 5 are assumed to be similar to tubes 8 and 9 from region I.

The total inductance at a position 0 in region Il is given by,

L = (Lal +La» +La3)+4(Lu4 +Lu5)

Region 111: =~ Ps *BrH g
N. O 2 0

_ Tt
r Nr

(2.353)

(2.354)

(2.355)

(2.356)

Region III can be assumed to be the region where the rotor and stator are completely

overlapping. The calculation of the inductance in this position is described by the aligned

inductance calculations given by (2.44).

2.4 Designof a5h.p. SRM

A prototype 5 h.p. 8/6 machine is designed in this section. A complete analysis along with

extensive selection criteria for the various parameters is performed to obtain a viable design of

the machine. The prototype has the following specifications:
Power Output Py, = 5 h.p.

Speed N = 1500 r.p.m.

Peak Currenti, =12 A

Input AC voltage V,. =480 V

The torque to be developed by the machine is

Ppp U746 511746

RIS = L

00 [ 060 O

=23.7459 N-m.

req
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The machine will be designed with an IEC frame size of 100. The outer diameter of the stator is
fixed as follows:

D, = (Frame Size —3) 2 = (100 - 3) (2 =194 mm.

The maximum possible stack length for frame 100 is initially restricted to 200 mm. This can be
reduced if the design requires it but not increased. Therefore, L =200 mm.

IEC recommendations also require that if the greatest continuous torque is greater than 18 N-m
and less than 31.5 N-m, the minimum shaft diameter required is 28 mm. Hence, Dy, = 28 mm.
For a machine of this frame size, a practical air-gap length can be assumed to be g = 0.5 mm. In
some of the more advanced manufacturing facilities, this value can be reduced to approximately
0.3 mm.

An initial bore diameter D which is equal to the frame size is selected. Hence, initially D = 100

mm. In the later stages of the design, this value will be optimized.

2.4.1 Selection of Stator and Rotor Pole Angles

For the 8/6 machine, the feasible triangle is shown in Figure 2.4. The procedure to calculate the
average torque when the selection of D,, Dy, L, D, g, Bs and B; is complete is described in
sections 2.1.5-2.1.8. Since the values of Bs and [3; are still unknown, initially designs will be
made for all possible integer combinations of the pole angles and then various criteria will be
used to eliminate a number of the combinations. Although this process may seem to be long and
complicated as there are possibly 256 integer combinations, this exercise may be worth the effort
since it would give some guidelines on reducing the possible combinations. Figure 2.34 shows
the plot of developed torque vs. rotor pole angles for various stator pole angles. Figure 2.35
shows the plot of developed torque per unit iron volume vs. rotor pole angles for various stator
pole angles. Eliminating the combinations when s = [3; reduces the number of viable

combinations to 240. Noticing that there is a massive drop in torque/unit iron volume when

B, —Bs >5°,all combinations beyond that value are eliminated. This reduces the number of

feasible combinations to 71. For the remaining combinations, a plot of the available clearance
space between the tips of windings in adjacent poles is plotted as shown in Figure 2.36. The
winding design was done to uniformly have a maximum current density of 6 A/mm?”. Obviously

this value cannot be less than zero and preferably the clearance should be greater than 5 mm.
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This allows the elimination of some more combinations reducing the number of possible

combinations to 45.
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Figure 2.34 Plot of torque vs. rotor pole angles for varying stator pole angles from 15° to 30°

Assuming that some errors may be present in the calculation of the minimum inductance, all
combinations which produce an average torque lower than 23.75 N-m is eliminated. Examining

Figure 2.37, this reduces the number of possible combinations to 13.
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Figure 2.35 Plot of torque/iron volume vs. rotor pole angles for varying stator pole angles from

15° to 30°
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Figure 2.36 Plot of clearance vs. rotor pole angles for varying stator pole angles from 15° to 29°
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Figure 2.37 Plot of torque vs. rotor pole angles for varying stator pole angles from 15° to 24°

A re-examination of the torque/iron volume for the remaining combinations (Figure 2.38) clearly
demonstrates that there are 6 possible combinations for this prototype. Since the 6 combinations
produce different output torques, the stack lengths are reduced so as to obtain the desired output
torque. The 6 combinations are examined more closely in Table 2.1. It can be seen that the

possibilities narrow down to the combination 3, 4 and 6. Since combination 6 has a lower
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torque/iron volume ratio, combination 4 is selected for this prototype. This combination has a

stator pole arc of 22° and a rotor pole arc of 23°.
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Rotor Pole Angle, deg.

Figure 2.38 Plot of torque/iron volume vs. rotor pole angles

Summary of selection process for stator and rotor pole angles:

1.

Limit initial possible combinations of rotor pole angles to 2° greater than the stator pole
angle. This cuts down the initial set of combinations to 30.

Check the clearance between windings for these combinations and eliminate
combinations that have very low or negative clearances. The actual minimum value
varies with frame size. Adequate clearance also reduces mutual inductance between
windings.

Check the torque produced for the remaining combinations and eliminate combinations
that have an average torque less than the required rated torque.

Check the average torque per unit iron volume and select the combinations that produce
the highest values.

Normalize torque output by varying stack lengths and examine the remaining

combinations in depth.
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Table 2.1 In depth examination of 6 possible combinations

1 2 3 4 5 6
Stator pole angle,

19 20 21 22 21 22
deg
Rotor pole angle,

20 21 22 23 23 24
deg
Output torque, N.m | 23.1457 | 23.7459 23.7459 23.7459 23.2835 23.7459
Clearance, mm. 7.8438 6.9014 3.1821 2.2396 5.9589 5.0164
Copper loss, W 177.954 | 175.579 171.95 166.01 168.25 164.77
Stack length, mm. 200 196.08 187.87 179.53 200 193.75
Iron volume, m’ 0.00342 | 0.003486 | 0.003464 | 0.003425 | 0.003712 | 0.003719
Torque/iron volume,
N/ 6767.52 | 6811.06 6854.46 6933.03 6271.93 6384.46

m

2.4.2 Preliminary Design Process

Once the outer diameter, pole numbers, stack length and preliminary pole arcs are fixed, the bore

diameter D is initially assumed to be equal to the frame size. And the stack length is set as L =

180 mm. Now, the B-H characteristics of the material, which will be used in the stator and rotor

stampings, is examined. From Figure 2.5 the “knee” point of the characteristics is noted down as

Brax=1.65T.

Assuming that the stator pole flux density B is assumed to be equal to By, the rest of the

machine can be designed. Neglecting leakage and stacking factor, the stator pole area As can be

written as,

AS :BLBS :@180@10_6 :3.456*10_31’1’12.
2 2 180

The flux in the stator pole @is given by

©=BA, =1.65[8.264 010> =5.702 mWhb,

The flux in the yoke @, is given by
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_@_BgA; _5702%107°

= =2.8512 mWh.
Py 2 2 2

The area of the yoke A, can be set as,
Ay = Ay =3.456010 7 m?,
The back iron thickness C is obtained as,

Ay 345600107

C= —
L 180110

=19.2 mm.

The stator pole height hy is given by,

hy :&_C_B:ﬁ 192—@—278 mm.
2 22 2

The rotor pole area A, is given by,
A, HE g&Br HL 0.5 Hlso 213£T10‘6 =0.00358 m?.

The rotor pole flux density B; is given by,

g = BsAs _1.6500.003456 _ | (0.
TOA,L 0.00358 ' '

The area of the rotor core A is given by,

= As _ 0003456 _ 0036456 =0.00216 m?

The height of the rotor pole h, is calculated as,

. ZE_g_DSh_ArC _[00 s 285]10 0.00216 _ .o
' 2 L 0O2 18001073

Neglecting leakage and fringing, the air-gap area can be approximately written as,

SHP:*Bs H _[HO0 _ 05%'@5—180510 =0.003517 m?.

D2 2@ 2 O 02
The flux density in the air-gap B, is given by,

_ AB, _ 0.00345601.65

B, =
A 0.003517

=1.6214T.

g

The magnetic field intensity of the air-gap H, is calculated as,
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H = B, 1.6214

g = = = = =1290255 AT/ m.
4o 4o

The magnetic field intensities in the stator pole, stator yoke, rotor pole and rotor core are
designated as Hs, Hy, H; and H,, respectively. They are obtained from the BH characteristics
shown in Figure 2.5 as,

H,=6179.17 AT/m

Hy =238.54 AT/m

H;=4445.4 AT/m

H;. =960.34 AT/m

The mean path lengths of various sections are given as follows:

Iy =hg +%:27.8+%:37.4mm.

lg =g =0.5mm
D . .
lr :2_§+h_r_ sh :@—E+£—§:29_5mm_
4 2 2 4 4 2 4

h, D . .
1rC:nBQ_§__r+ sh He {00 0.5 _23.5 288 o ¢3 om.
M 2 2 4 0 QO4 2 2 4

The mean length 1, for a circular yoke SRM is calculated as,
1y =i - SH 22 2H 094 55
02 20 0O2 2 0
Now, the total ampere-turns [ required for the machine operation at full load can be calculated.

The magnetic circuit equation is written as,

H..l H,l
U= Tpni = 2(H,l, *Hylg +H,I )+ 7t é -
2(6179.17 00.0374 + 1290394 *0.0005 + 4445.4 [10.0295) + 22034 10.0628 | 238.54 250'2746 -
2077.7.
Since initially the peak current was assumed to be i, = 12 A, the turns per phase is calculated as,
Tph = .E =29777 17314 =172,
1p 12

The rated current is calculated as,
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p :i_M_lzogA
Ty 172

The aligned saturated inductance at maximum current neglecting leakage is calculated as,

~Ton® _ OB(Ag _ 2077.7[01.6500.003456
Laligned - i - T 2
P iy 12.08

=81.19 mH.

2.4.3 Winding Design

Assuming a wedge thickness hyedge =4 mm., The stator pole arc length t, is given by
t, =2 +h yedge @,&s =HY 2™ - 20.73 mm,
02 02 180

The stator pole pitch A is given by

D+2h *
T wedge) _(100+ 82 DT _ 42,41 mm,

S Ns
Assuming a maximum value of allowable current density J = 6 A/mm” in the windings, the
minimum area of conductor is given as,

_ 1 _12.08_ 1.007 mm?2

a
¢ 21 206
Now a standard size conductor of area 1.167 mm?” is chosen. The wire diameter d,, including

insulation is given by

dy, =2 yo1= 2167 L6 121319 mm.
Tt Tt

The maximum height of the winding hy, which can be accommodated inclusive of the space

required to place wedges that hold the windings in place is given by
hy =hg —hyedge =27.8-4=23.8 mm.
The number of layers that can be accommodated in this available winding height is given by

_hyf _23.800.95

N aver = =17.14=17.
tlayer =7 1319

fr represents the field factor and is approximately equal to 0.95. Now the number of horizontal
layers required for winding is given by

T
Nigyer =2 +1= 2 4126058 = 7.
Nyaer 207
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The width of the winding W, is given by

- dleayer _ 131900
fy

=9.719 mm.

t
The space between 2 stator pole tips at the base of the windings is given by
Z=hg —t;=42.41-20.73 =21.68 mm.

The clearance between the windings at the bore is given by

Cl=Z-2W;=21.68-209.719 =2.24 mm.

Since this clearance is too small, the bore diameter can be changed from 100 mm to 98 mm in

subsequent iterations. Since it has been shown before [KRI95] that the output torque,

T,y U D’L , the stack length is raised from 180 mm to 200 mm.
Recalculating the parameters as shown above, it can be shown, Ag =3.763* 10 m? ,

®=6208 mWb, @y =3.104mWb, C=188mm, hy=292mm, Ar:O.00389m2,

B, =1.595T, A, =0.00235 m? , hy=2274mm, A, =0.003829 m2, B, =1.6216T,
H, =1290433 AT/m, Hy = 6179.17 AT/m, Hy = 238.54 AT/m, H, = 4453.5 AT/m, H;. = 960.34

AT/m, I3=3859mm, 1l,=05mm, [ =28.62mm,l, =62.45mm,l, =275.18 mm,

g
0=2085.12, T,y =172, i, =12.12A and Lgjgneq =79.3 mH. For the calculation of the

clearance, it can be shown that, tg =20.35mm, A =41.626 mm, a. =1.167 mmz,
dy =1.319mm, hy =252mm, Nggger =18, Njgyer =6, Wy =833 mm, Z=2128mm ,
and the clearance between the windings is calculated as Cl = 4.62 mm.

Using the equations described in section (2.1.7), the unaligned inductance can be calculated as,

L, =16.08 mH. The aligned inductance including leakage is calculated as L, =87.9 mH.

2.4.4 Calculation of Average Torque

In the SRM, a linear relationship is not present between the current in the machine and the torque

developed. First, the peak current i, = 12.12 A can be split into n = 30 equal parts.
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Then [0 = Tpn 13 = 172*0.404 = 69.488. Now assuming initially that Bs;=Bs, the flux densities,
the AT/m and the ampere-turns for all the sections are calculated and the total AT is obtained. If
this value is greater than [J;, then the value of By is reduced and the calculations are done again.
If it is higher, then the value of B, can be increased and the calculations can be redone. This
particular exercise is repeated till the error between the calculated value of ampere-turns and [
is negligible. When this value is obtained the corresponding flux at this point

@ =By * A;=0.08113 * 0.00376 = 0.3058 mWb,

is calculated. The aligned inductance value for this particular current is calculated as

L= Toh® 172 [0.3058 0107
Al 0.404

=0.1302 H.

The flux linkage at this point is also obtained as A,; = L,; * i, =0.1302 * 0.404 = 0.0526.

The above procedure is repeated after each interval of di, i.e., i, = i; + i and so on till we reach

i,. The value of L} =L, =81.976 mH at current i, = 12.12 A indicates the aligned saturated
inductance at peak current or rated current. The flux linkage at this point is also obtained. The
aligned flux linkages can then be plotted against various currents as shown in Figure 2.39.

The unaligned inductance does not change with varying current and so the unaligned flux
linkages can be obtained at the various currents above as Ay = Ly * iy = 0.0231 * 0.404 =

0.00934 and so on till the rated current and is plotted in Figure 2.39.

The aligned work done Wjigned 1s given by the area 0ACO and the unaligned work done W naligned
is given by the area 0ABO. The total work done W is given by

W= Waligned - Wunaligned = Area0BCO

The aligned work Wjigneq Work is given by

A, i

Waligned :6i()‘1 +)‘2 +"'+)‘n—1)+

= 0.404(0.0526 +0.1051 +--- +1.0482) + w =8.3938.

The unaligned work W ynatigned 18 given by

Winaligned = %ip)\u = %iszu = %12.122 [0.0231=1.6996 .

The average torque is given by
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T = WN N,

av —

_ (8.3938 -1.6996) 8 [
4m 41

=25.6846 N —m.

Since the average torque calculated above is slightly more than the required torque, no more

redesign is required.
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Figure 2.39. Plot of Flux Linkages vs. current for the prototype machine

2.4.5 Finite Element Verification of the Prototype

The finite element model is constructed for the given prototype and is shown in Figure 2.40. The
finite element mesh is constructed with about 15665 nodes and 7812 surface elements and is
shown in Figure 2.42. The finite element model is constructed with a moving air-gap that allows
the calculation of the parameters for the movement of the rotor by 30° for a given current in each
simulation. This allows simulations to be conducted for each current rather than each current and
each position thereby speeding the entire verification procedure. The plot of inductance vs.
position for different currents from OA to 16A is shown in Figure 2.41 and the plot of torque vs.
position for different currents from OA to 16A is shown in Figure 2.43. It can be clearly seen that

the rated torque is developed at a value close to 13 A and not 12 A as designed. This error

93



probably occurs due to the miscalculation of the inductance value. This exact value of inductance
and torque can be confirmed only with practical experiments on a real prototype since the end

effects are ignored both in the analytical and finite element processes in this design

methodology.

Figure 2.40 Schematic of the designed prototype
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Figure 2.41 Inductance plot of the designed prototype for currents varying from OA to 16A
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2.4.6 Analysisof the Prototype

From the finite element analysis, it can be seen that a current of i, = 13 A is required to produce
the rated torque. The rest of the analysis is carried out at this peak current value instead of the
designed peak current of 12.12 A. The main analysis parameters that are to be calculated are the
stator phase resistance, copper losses, eddy-current losses, hysteresis losses and temperature rise
of the machine and the losses associated with temperature rise. As mentioned before, the
hysteresis loss calculation and the temperature related effects will be described in the final

dissertation.

Figure 2.42 Finite Element Mesh of the designed prototype
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Figure 2.43 Torque plot of the designed prototype for currents varying from 0A to 16A

Figure 2.44 Equiflux lines in the unaligned position of the designed prototype
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Copper Losses

The first step in calculating the copper losses involves the calculation of the resistance of each

phase winding of the SRM. The mean Ilength of a winding turn is given as,
l, = %L +4W, + 2Dsina%%10_3 = % (200 +4[8.33+2 @85in%%10_3 =0.471 m.
U

The resistance of a single phase is calculated as,

R = 0.0177*1,T,, 0.0177*0.4710172
s a 1.167

C

=1.229 Q.

The copper losses at rated current is given by

P, =i’R, =137 [1.229 =207.65 W.

Figure 2.45 Equiflux lines in the aligned position of the designed prototype
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Inductance Calculations: The inductance of a phase is calculated analytically using the
procedure described in section 2.3.3. A very good correlation is seen in Figure 2.46 between the

results especially at the unaligned and aligned position.

Analytical Results FEA Results
Unaligned Inductance 15.9 mH 16.18 mH
Aligned Inductance 83.8 mH 84.92 mH

0.06

Inductance, H 0.05 -

0.04

0 5 10 15 20 25 30

Rotor Position, deg

Figure 2.46 Comparison of analytical inductance calculation and FEA results at rated current.

The data of torque vs. rotor position when phase A is obtained to see if the mean torque
developed is equal to the rated torque. The plot is shown in Figure 2.47 and the average torque

developed is calculated as 23.82 N-m, which is slightly higher than the required rated torque.

2.5 Analysisof an existing 5 h.p. SRM

A 5 h.p. SRM which is currently present is analyzed and is compared to the design described in
the previous section. The SRM has the following parameters.

Power Output Php = 5 h.p.

Speed N = 1500 r.p.m.

Peak Currenti, =13 A
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Figure 2.47 Plot of machine torque (the torque developed when current is falling in one phase

while rising in another phase is accounted for)

Input AC voltage V,. =480 V
The torque to be developed by the machine is

Py U746 501746

NG o0f

00 060 O
D, =190 mm, L =200 mm, Dy, =28 mm, g=0.5 mm, D =100.6 mm, hy =32.7 mm, h, = 19.8

=23.7459 N —m.

Treq

mm, Tpp = 154, and a. = 1.588 mm®.
The analytically calculated parameters are as follows:

J=3.6812 A/mm?

L,=11.35mH
L, =65.03 mH
Taow=21.1 N.m

It can be clearly seen that the average torque developed is only about 88% of the required
maximum torque. It will be seen in further analysis whether this analytical prediction is

confirmed by finite element analysis.
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Figure 2.48 shows that at the rated current the rated torque of 23.79 N-m is obtained but it is
crucial to check the maximum average torque obtained by restricting the maximum flux density
in the stator pole to the knee point. This is one of the results obtained while calculating the eddy-

current losses.

35

Torque, N-m

0 5 10 15 20 25 30

Rotor position, deg

Figure 2.48 Plot of torque vs. rotor position for varying currents from 0A to 16A obtained by

finite element analysis

Figure 2.49 shows the plot of inductance vs. rotor position for phase current varying from 0A to

16A. This set of curves is used for the procedure described in Section 2.3.2.
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Figure 2.49 Plot of inductance vs. rotor position for varying currents from 0A to 16A obtained by

finite element analysis

Eddy-Current L osses

The fall time is calculated as,

[l
te = L11’1|j| +

Ry 0 Ve O 0.8

0.001068 s.

i,Rs0 0.06503-0.01135 13*0.8 [O_

0= Ind+——=
1.35*480H

At a rated speed of 1500 r.p.m., the number of radians traversed in this time is given by,

2tiN . _ 21tads00

B =——t
f =70 T

0.001068 = 0.1678 rads =9.615°.

. . Tt .
In a 8/6 machine full alignment occurs at an angle of 5 and commutation can be assumed to

Br _Bs

start at an angle 6, :g'l'T_ef =30

+22718 9 61522238, To account for the rise

in inductance as the current value drops, let us assume that the commutation starts at an angle of

6. = 19° = 0.3316 rads. Assuming that the machine phase is on for the entire stroke period €, (%
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for 8/6 machine), the excitation of the phase is assumed to start at an angle of
B, =0, -~ =0.3316 - =0.0698 rads = 4°
12 12

From the plot of position vs. inductance for various currents (Figure 2.49), the minimum

inductance at position 6, = 4° is obtained as Ler =0.012 H. Assuming that full dc link voltage

Ve = 1.35%480 = 648 V is applied, and the machine is running at rated speed of 1500 r.p.m., the
rotor pole traverses each degree in tg =—— =————=0.000111sec.The equation of the

current at position 6, + 1° = 5° is calculated as,

. 4 08 0000111
i)=——d-e 0012 ﬁ 5.9778A.

N
o0

8

The equation of the current at position 8, + 2° = 6° is calculated as,

0.8 _ 08 0o

-———0.000111 .000111
1(6):@ —e 0.0124 %5.97786 0.0124 =11.72A.

The inductance value Lg; + 1) = 0.0124 H is obtained from the plot of position vs. inductance for
various currents at precisely the angle (6, + 1°) = 5° at a current of ig, + 1)=5.9778 A. The current
at position (B, + 2°) = 6° equals i) = 11.72 A. The current at position (8; + 3°) = 7° exceeds rated
current of i, = 13 A and hence is assumed to be fixed at 13 A till position 6. = 19°. At this
position, full negative dc link voltage is applied and the current at position (8, + 1°) = 20° is
calculated as,

643 98 4000111 08 0000111
_e 0.0513

gwe 00513 =11.5753A.

The current at position (6, + 2°) = 21° is calculated as,

. 648 50000111 [ - 98 5000111
() =~ ] —e 0.0594 g11.5753e 0.0594 =10.3468A .

0.8

The procedure is repeated till the current value becomes 0, which implies that the phase is fully

commutated. It should be remembered that the inductance for each current and position has to be
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calculated. It can be noticed that the current is fully commutated at angle of 34°. Although this
clearly is in the region of the negative slope of the inductance profile and produces some
negative torque, the value is small. If required an effort can be made to further advance the angle
but is not really necessary as only the losses are calculated and the procedure is not really used
for any control strategy and the error caused will be minimal. Figure 2.50 shows the plot of the 4

phase currents vs. the rotor position.

14 — —

1g

12 -

10 -

15,1y

1,14

50 60

0,,deg

Figure 2.50 Plot of the 4 phase currents vs. rotor position
Now that the current value at each rotor position is obtained, finite element analysis is used to
calculate the flux density in the stator pole for each current value and rotor position keeping in
mind that the excitation of adjoining phases have to be simulated as well. The resultant stator
pole flux density vs. position is plotted in Figure 2.51. It is also advisable to obtain the data of
torque vs. rotor position to check if the mean torque developed is equal to the rated torque. The
plot is shown in Figure 2.52 and the average torque developed is calculated as 20.19 N-m, which
is lower than the rated torque. The flux at each rotor position can be obtained by using the

equation @=Bg A  where A, is the stator pole area. The normalized stator pole flux waveform

with respect to time is shown in Figure 2.53. The relative rotor position is shifted to 0° just for

convenience of representation.
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The normalized rotor pole flux waveform with respect to time is shown in Figure 2.54. The plot
is shown for a rotation of 45°. Both the rising and falling portions are approximated by 2 fourth
order differential equations and the flux waveforms for the stator and rotor can be written
mathematically as,

-2.709 010 M ¢4 +0.89 1107 ¢ - 6.064 110° t? +366.88t —6.41*10™%, for 0 < t < 0.0018

g5 (1) =1.661010'%t* -5.886 107 t3 -1.977 0107 t? +384.57t +1.114, for 0.0018 < t < 0.0036
0, for 0.0036 <t <0.006667

22090010 t* +6.74 010813 - 4.42%10° % +375.08t

for0<t<0.0019
+0.0075
) 10 4 8.3 6.2 #1073
g (t)= 3991077t +6.08L110%t~ -3.04 1107t~ +5.52*10° t for 0.0019 < t < 0.0034
—-2.16
0 for 0.0034 <t <0.005

Eddy-current losses are normally given by the Steinmetz equation,
P, =C,f?B2
where C. is the coefficient of eddy-current losses, f is the sinusoidal frequency and By, is the

maximum flux density. The value of C, is calculated as [SAW84],

1.8+

1.4}
1.2+
Bsp,a 1+
0.8

0.6

0.2

0 10 20 30 40 50 60
0,,deg

Figure 2.51 Plot of A phase stator pole flux density vs. rotor position
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C =8.731%107°.

where the thickness of the lamination t is 0.5 mm, the specific resistivity of the lamination
material pis 0.6 * 10° Qm and the specific weight of the material is 7850 kg/m3. The value Cg;

1s calculated as,

_C, _8731%107°
o o

The weight of the stator pole is given by,
100.6

=4.42%107°.

Cel

*(0.314%32.7%200*10~° 07850 = 0.8113 kg.

D
Wsp = ?B shsI-p 1=
Seeing that Bg, = 1.98T, and noting that T,; = 0.0018 s and Tg = 0.0036 s, the integral

T
sod

t)5 dt is evaluated as,
tio E&gs( )E
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T, Ty T
sod 7, T 7
g (g dt = g () dt+ gs(t)q dt
Lae0ge= LEm0ge 1 Gsog
Trs 3 2 2 Tfs
= I 4a1t +3a2t +2a3t+a4 dt + J' 4b1t +3b2t +2b3t+b4 dt
t=0 =T,
_ Tis %6a12t6 +24alazt5 + (16a1a3 +9a%)[4 +(Sala4 +12aza3)t3 + (6aza4 +4a§ 2 %h
t=0%—4a3a4t+a£ H
L %6b12t6 +24b;b,t° +(16b1b3 +9b§)[4 +(8b;by +12b2b3)t3%it
t=T,, (6b2b4 +4b§)t2 +4b3bt + b3 H
2 [jrrs
1 + 4
6a1 t/ +4aja, 6 M > (2ala4 +3aza3)t aray + 3 @3g
=07 5 3 0o+
0 0
2
5'23.3214‘[ +ayt E‘ZO
2 (16byb5 +9b3) + a2 ,0"
6b1t7-+4b1b2t64- 173 7 77215 + (2byby +3byb3 14 +Ebyb, +—2 430
g7 5 3 O
0 0
2 2
§2b3b4t +bjt HZT

-
%}

! 2 '
16211 6 163133 +932 5 4
7 Trs +4aja, T + 5 Ty + (23134 +3aja3 )Trs

2
B3 300,12 +adT, +1000 16b (T ToT 7)+4bb (T 6_T 6)
ajay 3 azaglyg aglyg 7 fs s 192 \M s IS

+ (16b1b3 + 9b2)
5

5 5 4 4
(Tfs Ty )+(2b1b4+3b2b3)(Tfs Ty )

a3 H 5 3) ( 2 2) 2
%b2b4+7 fs _Trs +2b3b4 Tfs _Trs +b4(Tfs_Trs)

=1.2802 103

The eddy-current loss for the stator poles Pgp is given as,

_2mN |
¢ T 60 2m

—lzgosmm) 81133.42%107° [{1.98)% 0.2802%103 = 21.613 W.

- NN W Cel( spm)z gi_gs(t)g dt =

It can be seen that that the maximum rotor flux density is By, = 1.71 T. The rotor pole weight is

given as,
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Wy, =h, L - g@rpl =19.8+200* F2% _ 0 519,384 #7850 = 0.5944 ke,
2 a2 0

The eddy-current loss for the rotor poles Py, is given as,

n)

J2mN LN w Ca (B rpm)Z Ei—gr(t)a dt =

e 60 2m
1500 -6 3 _
R [6[0.5944 .42*107° [{1.71)? 0.2925*10° =11.924 W.

The normalized stator flux for section 1 vs. time is plotted over g radians in Figure 2.55. After

that time, the waveform would repeat as shown in Figure 2.26. It can be observed that the

normalized flux has four distinct portions portion. The flux waveforms for the section can be

written mathematically as,

@n

Time, ms

Figure 2.55 Plot of section 1 normalized flux vs. time for 60° rotation of rotor
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~5.53%1011t% +2.06%107t3 =2.16%10°t2 +1.27*103t

for 0<t<0.0019
~0.8545
x1011¢4 w1093 w107 (2 w104
21 () = 356*10' 14 =374*107¢ +1.4*107¢ ~2.32%10% 00 000
+14.94
1.79%10°t2 —1.44%10%t +1.909 for 0.0039 < t < 0.0051
2.36%10°t2 =2.79%103t + 7.301 for 0.0051 < t < 0.00667
The weight of the stator yoke is calculated as,
D.-C _
Wy =2 ECLpI—Mz—nle*mO*IO9*785021.3169.
2 N, 2 8

The equation for calculating the eddy-current loss in the stator yoke section is given by,

o H

N
Psyle = 60 2N Wsylcel( syml)ZDI ggsyl( )E dt%

= —12?)0 206 0.3169 #.42*107°(1.1 1)2{3.2996 5103} =7.104W.

The normalized stator flux for section 2 vs. time is plotted over — 3 radlans in Figure 2.56. After

that time, the waveform would repeat as shown in Figure 2.26. It can be observed that the
normalized flux has three distinct portions portion. The flux waveforms for the section can be
written mathematically as,

—3.52%10Mt% +1.41%10%¢3 =1.47%10°t% +1.01*10° ¢

for 0 < t <0.0022
~0.8456
x1n9 4 _ 107 +3 10 +2
gsyz(t)=4'53 10°t% =7.66*107 t3 +2.02 %107 t2 +162.03t for 0.0022 < < 0.0053
+0.3257
1.97%10°t2 —=2.25%10°t +5.4384 for 0.0053 < t < 0.00667

The weight of the stator yoke is calculated as,

Wsy2 = Wsyl =1.3169 kg

The equation for calculating the eddy-current loss in the stator yoke section is given by,
N =
PsyZe " 60 —2N WsyZCel( symZ)Z D I ggsyZ( )E dt[J

= —12?)0 2060.3169 3.42*107° (1.1 1)2{3.765 5103} =8.107W.
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Time, ms

Figure 2.56 Plot of section 2 normalized flux vs. time for 60° rotation of rotor

The normalized stator flux for section 3 vs. time is plotted over g radians in Figure 2.57. After

that time, the waveform would repeat as shown in Figure 2.26. It can be observed that the
normalized flux has four distinct portions portion. The flux waveforms for the section can be
written mathematically as,

—2.52%10 1 ¢% +6.33%10% 43 +4.03*10%t2 +267.75t

for 0 <t <0.0021

~0.7523

. (t)_—2.15*105t2+1.01*103t—0.2073 for 0.0021< t < 0.0032

NOE
> ~2.52%105t% +2.04*10°t —3.1342 for 0.0039 < t < 0.0049
x1nll, 4 _ +x1n10.3 11082 _ 10

70610 ¢* ~1.62*10'¢> +139*10%4? =526 410>t ¢ 010 <0 00667
+746.61

The weight of the stator yoke is calculated as,
Wsy3 = Wgy1 =1.3169 kg. .

The equation for calculating the eddy-current loss in the stator yoke section is given by,
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N d aglis
Psy3e = 60 2N Wsy3Cel( sym3)ZDI ai_gsy3()g t0]

= —12?)0 206 0.3169 #.42%10~ (1.08)2{3.6245 5103} =7.3879W.

Time, ms

Figure 2.57 Plot of section 3 normalized flux vs. time for 60° rotation of rotor

The normalized stator flux for section 4 vs. time is plotted over g radians in Figure 2.58. After

that time, the waveform would repeat as shown in Figure 2.26. It can be observed that the
normalized flux has four distinct portions portion. The flux waveforms for the section can be

written mathematically as,
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~5.61%10'0t* +2.45%108¢3 -5.9%10° t? +603.83t
+0.7912

~7%107t* +1.51%10%¢3 -1.09%10%t% +2.96* 107 t
~1.696

~1.35%10'%¢* +2.71%10%¢> —=2.19%10%t% +8.05*107 ¢
~10.0586

~8.12*%10'%¢* +1.99#10%t> -1.84*107t> - 7.6 *10*¢
~117.4328

Bsy4 (V) =

for 0<t<0.0017

for 0.0017 <t <0.0033

for 0.0033 <t <0.005

for 0.005 <t <0.00667
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Figure 2.58 Plot of section 4 normalized flux vs. time for 60° rotation of rotor

The weight of the stator yoke is calculated as,

Weyq = Wy =1.3169 ke..

The equation for calculating the eddy-current loss in the stator yoke section is given by,
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N

602N Wsy4Cel( sym4)ZDI %gsy4()§2 %

Psy4e =

_%MD} 3169[3.42%10” (1-14)2{382-09} =0.8678W.

The total eddy-current losses in the stator yoke is given by,

Poye = Piyte *+ Poyze + Pyyae + Poyge = 7.104+8.107 +7.3879 +0.8678 = 23.4665 W.

sye

A sample normalized rotor core flux for vs. time is plotted over Tt radians in Figure 2.59. It can
be observed that the normalized flux has six distinct portions portion. The flux waveforms for the
section can be written mathematically as,

—4.48*%10Mt* +1.19%10%t3 = 2.42*10°t2 +140.39t

for 0<t<0.0019
—0.7244
—1.95%10'0t% +4.72%101% > —=4.63%10'2t* +2.35%10!0¢3

for 0.0019 < t < 0.006
—6.47%107t2 +9.17*%10%t —51.2043
1.77%10'0t% —=8.76 %104t +1.79*1013t% —1.93* 101 3

for 0.006 < t < 0.0101

+1.17*%10%t2 =3.72%10%t +4.92 %103

g (t) =
e —2#10Mt% +9.54%10°t3 -1.69*10%t% +1.33*%10%¢

for 0.0101<t<0.0136

-3.87%10°
2.7%1019¢* —1.69%10%t3 +3.91%107t2 —=4.01*10°t
for 0.0136 < t <0.0168
+1.527*10°
109 +4 _ *1n8+3 x107+2 _ 10
7.92%10%t* =5.64 %1083 +1.52%107 t2 —=1.85%10°¢ 00168 < { < 0.0
+852.574

The weight of the rotor core is calculated as,

1 D-2g-2h, +Dyg

Wy SAn ——
rc ry 39 2 P1
* * + _ )
-00032§%1006 2 052 27198+ 28 1y 37850 = 0.5787 k.

The equation for calculating the eddy-current loss in the rotor core section is given by,

N Hre 0d agis
Pree = EerWrcCel (Brcm )2 ggrc( )E dt[J

= _12(0)0 2% [0.5787 [@.42 %10~ (0.9)2{9.697 * 103} =9.6779 W
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The total eddy-current losses of the machine at rated speed and power output is given as,

Pe = Pype +Prpe * Pyye + Pre = 21.6125+11.9241 +23.4665 +9.6779 = 66.681 W.

pe

sye

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Time
Figure 2.59 Plot of rotor core normalized flux vs. time for 180° rotation of rotor

The eddy-current losses can also be plotted for various speeds as shown in Figure 2.60. The

losses are seen to rise exponentially with rise in speed.

Hysteresis L osses

The hysteresis losses can be calculated from the process described in [HAY95]. The flux in the
stator poles are unipolar and can be calculated as,

Py = C;’_1;1[NrNswsp13h 0.Bgpm )= %6 [8(0.8113[0.02275 = 22.1477W

Assuming that Ny, = 2, and designating winding polarities as py=1, po=1,p3=1 and ps= 1,

the following parameters can be calculated [HAY95]:
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Figure 2.60 Plot of eddy-current losses with speed varying from 0 to rated speed for the rated

load torque output
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Calculating the value of hgy, as,
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the hysteresis losses in the stator yoke can be calculated as,

Psyh = %NrNszthy éhSTYhEh (_ BsymaBsym )+ (1 - hsyh )Eh (BsyOaBsym )E

= %6 (3 (4 E(1.3169)E1.$0.0104 +(1-0.375)0.4877 %1074 @

=16.0748W
Calculating the value of hyp, as,

_ NwikppKrp _ 206

=0.25
PETONGN, 20306

the hysteresis losses in the rotor pole can be calculated as,

Prph = (;)_r,rTlNrNSer éh%hEh (_ Brpm’Brpm)+ (1 ~hph )Eh (O’Brpm )E

= %6 3 [(l).5944é’%0.04036 +(1- 0.25)0.016144%

=12.2353W

Calculating the value of h,, as,

2
NippKre 22165

hrch -

. = =0.4583
NuN7 406

the hysteresis losses in the rotor core can be calculated as,

W, (h
Preh = Z_I:[N%Nphwrc %%Eh (_ BrcmaBrcm)+ (1 —hyep )Eh (BrCOaBrcm)

I

_ 12?)0 624 m_57875057-42583 0.0092 + (1 - 0.4583)0.0032§

= 6.8884W

The total hysteresis losses are given by,

Ph = Pyp +Poy + Prph + Prepy = 22.1477 +16.0748 +12.2353 +6.8884 = 57.3462W
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The hysteresis losses can be plotted for various speeds for the same rated load torque as shown in
Figure 2.61. The losses are seen to increase linearly with the increase in speed.
The overall iron losses can also be plotted with respect to the speed. It can be seen that the

hysteresis losses vary linearly and the eddy-current losses vary exponentially which is very

similar to other machines. The combined iron losses is plotted in Figure 2.62.
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Figure 2.61 Plot of hysteresis losses with speed varying from 0 to rated speed for the rated load

torque output

2.6 Summary

This chapter covers the design procedure of a 8/6 switched reluctance motor from the first
principles. No major assumptions are made in the design although a few assumptions are made in
the analysis section of the design procedure. It differs from some of the sources cited in the
procedure of designing the machine, which is simplified for a person with basic knowledge to
achieve. The procedure is intuitive and it may be argued that there is no major contribution. But

an intensive literature search did not reveal the procedure followed although it may be claimed
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that other sources may follow the same procedure but did not document them. Certain references
such as [KRIO1] do have a design procedure outlined but this does require a lot of background
knowledge to implement. The procedure outlined in [KRIOI] also depends on some variable

parameters, which requires intense design experience in SRM.
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Figure 2.62 Plot of iron losses with speed varying from 0 to rated speed for the rated load torque

output

The calculation of the unaligned inductance in the above chapter follows the basic principles of
electromagnetics and does not rely on any previous sources whose documentation is hard to
verify. The procedure outlined in this material is easy to follow and while it has approximately
the same error as in other methods when compared to the finite element analysis, the value tends
to be higher than the finite element analysis value which is a positive as far as machine design is
concerned since the analytical output torque would be calculated to be lower than the finite
element value or the actual measured value in the machine. This would lead to a slight over-
design of the machine that would be perfectly acceptable rather than designing a machine that

would not produce the required output torque.
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The procedure for calculating inductances for various rotor positions has been developed in this
material. The selection of the various flux tubes and their areas are intuitive with many
approximations. The results do show some variation when compared with the finite element
analysis. Better accuracy can probably be achieved by defining more regions of variations but is
not required. The values at the aligned and unaligned positions show a very small margin of error
and these values are used in the calculation of analytical torque developed in the machine. The
outlining of the procedure is in a manner to allow users to develop their own procedure with
minor modifications.

The calculation of eddy-current losses was done by following the procedure outlined in
[HAY95]. The material covered here gives a more detailed procedure to obtain the eddy-current
losses than the reference and also accounts for the rise time of the current and the variation of
inductance with the current. The by-product of this analysis outlined here is that it can be
accurately used to predict the actual maximum torque developed in the machine and this is an
invaluable result, as other methods tend to approximate the possible output torque. Even in
earlier sections in this report, during initial parameter calculation, there is a tendency to
approximate and the initial finite element result demonstrates the possible torque output for a
particular current and position. But only during the eddy-current analysis is it fully confirmed
whether the machine can produce the required output.

The process of finding the hysteresis losses is directly adapted from [HAY95]. The results of the
analysis may be flawed due to the lack of accurate data for the material. The procedure is
however clearly demonstrated and can be used without problems with accurate information. The
calculation and documentation of the iron losses is one of the significant contributions of this

dissertation.
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Chapter 3. Switched Reluctance M otor Converters

Switched reluctance motors operate on the principle of unipolar current, i.e., the current flows
only in one direction in the windings regardless of whether positive or negative torque is
required. This principle requires only one switch to be in series with a phase winding. The
turning on or off of this switch regulates the flow of current in the phase. Two of the more
popular converters are discussed in this section along with a new converter to be implemented as
part of this dissertation. Various different topologies of converters have been described in
[KRIO1].

Section 3.1 describes the operation of the popular 2m-switch converter that uses 2 switches per
phase. This converter while being popular has the disadvantage of requiring (m+1) gate drive
power supplies (where m is the number of phases). Section 3.2 describes the configuration of a
1.5m-switch converter. This converter can be used for machines that have even number of
phases. Section 3.3 describes a converter developed in [KRI96]. This converter uses (m+1)
switches and has a buck converter in the front-end to reduce the voltage applied to the phases of
the machine. The various modes of operation, design of the front-end converter and the various
advantages and the disadvantages of this converter are also described. This converter is
implemented in this dissertation and its operation has been verified for the first time in this

dissertation.

3.1 Eight Switch (Asymmetric Bridge) Converter

Figure 3.1 shows the configuration of an eight switch converter. To turn on a particular phase,
say phase a, switches T,y and T, are turned on. Neglecting the drop across the devices, a voltage
of Vg is applied across the phase winding. If the current in the winding exceeds the reference
current, either T,y or T, is turned off. This means the voltage across the phase winding is zero
and the current that is flowing in the winding is free-wheeling through D, or D,y respectively.
When the current in the winding is to be commutated, both the phase switches are turned off and
voltage equal to —V is applied to the winding as long as current flows in the winding. Then zero

voltage is applied to the winding till it has to be turned on once again.
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Figure 3.1 Eight Switch Converter Configuration

Figure 3.2 shows the operational waveforms of the asymmetrical bridge converter. During the
current control phase the top switch is kept on as long as the phase is to be on and the bottom
switch is turned on and off.

Advantages: 1. Complete freedom to apply voltages +Vg., 0 or =V to the phase.

2. Two or even three phases can be turned on regardless of the currents in other phases thereby
allowing for negative torque to be instantly generated for changing the direction of rotation.

3. If one switch is damaged, the drive can still function at reduced power levels with just three
phases.

Disadvantages: 1. 8 switches and 8 diodes are required for the converter.

2. 8 switches under normal circumstances would require 5 gate drive power supplies and 8 gate
drive circuits.

3. Size of the drive as well as cost increases.

3.2 Six Switch Converter

The six switch converter has four phase switches and a common upper switch for phases a and ¢
and a common upper switch for phases b and d. If phase a is to be operated, switches T,y and
T, and diodes D,y and D, form a circuit similar to the eight switch converter. The operational

modes are identical to that of the eight switch converter.
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Figure 3.2 Operational waveforms for the eight switch converter

Figure 3.3 Six switch converter
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Advantages: 1. 2 lesser diodes and switches when compared to the eight switch converter.

2. Only 3 power supplies are required for the gate drive circuits.

3. Complete freedom to apply voltages +Vy., 0 or —V. to the phase.

Disadvantages: 1. Phases a and ¢ or phases b and d cannot be turned on simultaneously. When
changing direction of the machine, the reference speed should be set to zero till all machine
currents are zero and only then negative speed can be commanded. In this respect, the freedom of

operation is more limited than the eight switch converter.

3.3 Buck Converter

Converter configurations that use more than one switch per phase and less than two switches per
phase have been under investigation for SRM drives. The previous section using six-switches is
one such configuration. The converter described in this section was developed in [KRI96]. This
configuration has the advantage of the two-switch per phase converter of having independent
control of energization and four quadrant operation. The converter is shown in Figure 3.4. The
switch T, diode D, inductor L and capacitor C form a buck converter power stage. This stage
varies the input dc voltage to the machine windings. When phase switch T; is turned on, voltage
V; is applied to phase a. To regulate the current in the phase winding, switch T, is turned off and
the current freewheels through the diode D, source voltage V4. and the capacitor C if main
switch T is off. This applies a negative voltage of V; — V4, to the phase winding. Energy stored in
the capacitor C will be sufficient to turn on an incoming phase. This way complete independence
is maintained during the operation of the machine. The operational waveforms of the buck

converter are shown in Figure 3.5.

3.3.1 Modes of Operation

The modes of operation of the converter considering only one phase, say a, are as follows.

Mode 1: T on, D off, ip. > 0, T off, D; off, 1, = 0.

During this mode, phase a is not in operation but some other phase is energized.

Mode 2: T off, D on, i, > 0, T off, D; off, 1, = 0.

During this mode, phase a is not in operation but some other phase is energized and the main

switch is being regulated to supply energy to a different phase.
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Figure 3.4 Buck Converter for SRM Drives

Mode 3: T off, D off, ip, = 0, T off, D; off, 1, = 0.

During this mode, no phase is energized and the machine is not under operation.
Mode 4: T on, D off, iy > 0, T; on, D; off, i, > 0.

During this mode, phase a is energized. The buck converter equations are as follows:

diL _ VdC _Vi

dt L (3.1)

dV; _ic _ip = (i, +ip i +ig)

32
dt C C (3.2)

It can be seen that all four currents are considered in equation 3.2. If all the other phase currents
have been commutated, then only phase a current exists. Considering only phase a operation, the
machine equation is written as,

dA .
= VimRd, (33)

The value of current i, can be obtained from a two dimensional table linking flux linkage A, and
rotor position which is described in detail in the subsequent chapter.

Mode 5: T on, D off, ip. > 0, T; off, D; on, i, > 0.

During this mode, phase a current is being regulated or commutated. The buck converter

equations are as follows:
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Figure 3.5 Operational waveforms for the buck converter

dip _ Ve~ Vi (34)
dt L '
dVi _ic _ip - (ia *ip i *+ig) (35)

d C C

Considering only phase a operation, negative voltage is applied to the machine and the machine
equation is written as,

d,

dt :Vi - Vdc - Rsia (3-6)

Mode 6: T off, D on, i. > 0, T; off, D; on, 1, > 0.
During this mode, phase a current is being regulated or commutated and the main switch current

is being regulated. The buck converter equations are as follows:
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di, -V,
—L = 3.7
dt L (3.7)
dv; _ic _ip ~(iy +ip *+ig *+ig) (38)

dt C C

Considering only phase a operation, negative voltage is applied to the machine and the machine
equation is written as,

d\,
dt

Mode 7: T off, D on, ip. > 0, T; on, D; off, i, > 0.

=V; = Vg Ryl (3.9)

During this mode, phase a is energized and the main switch current is being regulated. The buck

converter equations are as follows:

di_Lz__Vi (3.10)
dt L

%:i&:iL_(ia-'-ib-'-iC-'-id) (311)
dt C C

Considering only phase a operation, positive voltage is applied to the machine and the machine
equation is written as,

d\,
dt

Mode 8: T off, D off, i, =0, T; on, D; off, 1, > 0.

=V, -Rgi, (3.12)
This mode never occurs under normal circumstances but may occur when the machine is turned
off. The equations can be written as follows:

—=0 (3.13)

dV; _ = (ig +ip *+ic *+ig)

3.14
dt C ( )

Considering only phase a operation, positive voltage is applied to the machine and the machine

equation is written as,
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dx,
dt

Mode 9: T off, D off, ip. = 0, T; off, D; on, 1, > 0.

=V; -Rgi, (3.15)
This mode never occurs under normal circumstances but may occur when the machine is turned
off and the phase currents are discharging. The equations can be written as follows:

—=0 (3.16)

dVvj — _(ia tip +ig +id)

3.17
dt C ( )

Considering only phase a operation, negative voltage is applied to the machine and the machine
equation is written as,

d\,
dt

If other phase are operating at the same instant that phase a is operating, their machine equations

=V, - Vg —Rgi, (3.18)

will come into the picture but is not described here since essentially they operate independently.

3.3.2 Design of the Buck Converter
The design of L and C in the buck converter is done by the procedure outlined in [KRI96]. The

inductor rating is based on the ripple current rating that allows minimum energy storage to
enable faster charging of the capacitor C. If the maximum allowed ripple current per phase is I,

and if only two phase are operating at a given instant, the maximum capacitor ripple is,

. — Vdc —
AIC,maX —L—fC—ZIp (319)
The inductor L can be calculated as,
V
=_dc (3.20)
21 1,
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The capacitor C is designed so that the energy stored can be depleted in n cycles of PWM and

transferred to the machine windings. Therefore,

A
%cvf :nf—lpD C=2n—2" (3.21)

¢ fc Vi

The minimum value of capacitance is obtained when V; = V.. Therefore,

2Ip
(3.22)
fchc

C=2n

n is a design variable which determines how many times the phase switch is operated after it is
turned on and before the phase current is commutated. For example, if a machine is operating at
1500 r.p.m. and it is determined that each phase is on for 15° (8/6 machine), the time for
traversing 15° is given by,

15

1500360
60

t =1.666 ms.

If the main switch is turned on and off twice, i.e., n = 2, the frequency of the phase switch PWM

Higher values of n are required for high performance applications.

3.3.3 Meritsand Demerits of the Proposed Converter

The merits of the converter are as follows:

1. Only 5 switches and diodes are required for full four quadrant operation.

2. Independent operation of the machine phases is achieved. This is critical since there may
be some instants when three phases have currents at the same time and unlike the six-
switch converter there are no conflicts. Thereby the freedom of the eight switch converter
is achieved with 5 switches.

3. Having smaller values of n implies fewer switchings of the machine phase and hence

lower switch losses.
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Only 2 logic power supplies are required unlike the eight switch converter which requires
5 and the six switch converter which requires 3.
The proposed topology can be used for PMBDC drives as described in a subsequent

chapter and hence lends itself to the development of a universal drive.

The demerits of the converter are as follows:

1.

Full negative dc link voltage cannot be applied to the phases and hence commutation
times are longer. This would lead to advancing the firing of the phases and may result in
lower average torque output. Hence the machine may not be used to its full capacity
based on the design of the machine. A cooperative relationship with a machine
manufacturer may be required to design machines with this converter in mind.

The buck converter is normally rated at the same power ratings of the machine and hence
may become impractical for high power machines.

Losses in the system may be higher due to an extra power stage. The efficiency of the

system may perhaps be improved by having lower values of n.
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Chapter 4. Switched Reluctance M otor Drive Design, Simulations
And Experimental Results

This chapter covers the key simulations and experimental results of a switched reluctance motor
drive system. The buck converter described in Chapter 3 is simulated with a four phase switched
reluctance motor. Although the basic converter was described in [KRI96] and subsequently in
[BAR98], no simulation results were presented. The design of the drive following a basic
procedure outlined in [JAC96] is completed and simulations are conducted for the drive.
Experimental results of the drive are also presented in this chapter. There has been no
implementation of this drive in literature.

Section 4.1 describes the design of the buck converter based speed controlled switched
reluctance motor drive system. Section 4.2 elaborates on the various components that are used to
setup the simulation of the system. The design of the drive for a prototype machine is described
in section 4.3 while the simulation results are presented in section 4.4. Experimental results for

the prototype system are described in section 4.5. Results are summarized in section 4.6.

4.1 Design of the Buck Converter Speed Controlled System

The buck converter system described in detail in Chapter 3 is designed in this section. The
current and speed controllers are designed by the procedure outlined in [JAC96]. The design of
the controllers can be primarily considered when a single phase is conducting at a time although
there will be some portions when two phases are conducting at a time. It may not be necessary to
design for the periods of multi-phase conduction.

Assuming that phase a is under consideration, the voltage equation with this converter is written

as,
Vi = Ry +(Lyiy ) =Ry, + L, Sz 4, dLa
dt dt dt (4.1)
. di, . dL, dq . di, . dL '
=Rgly +LaTs *, dC;l E =R, +L, N +1,Wn dqa

Assuming that the rate of change of inductance is constant and defining,
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dL,

- 4.2
gL aq (4.2)
(4.1) can be rewritten as,
_. di,
Vi =i (Rg +Wigp ) + Ly = (43)
The electromagnetic torque can be calculated as,
I
Te=-gLl; (4.4)
2
Assuming that the load is proportional to the speed, at rated speed and rated load torque,
T
Bg — e,rated (4.5)
Wl’l'l
The total inertia of the machine can be calculated as,
B; =B+By (4.6)
The speed equation can be written as,
dw. | ) dw
T, =J—2+Bw, b —gri; =J—2+Bw 4.7
e dt t'm D) gLla dt tYWm ( )

Equations (4.3) and (4.7) represent the machine equations. Since (4.7) is nonlinear, the equation

can be linearized and the small signal equations can be used for analysis. Therefore,

Vi # OV, =i iy ) (R, # (i 0y ) )1, S0 ") (48)
L (i i, =) d(Wmod:dWm) By Wy +wy,) (49)
The small signal equations are given by,

dVi=dia(RS+Wm0gL)+Lad(;jtia)+iaogL (dwpy, ) (4.10)
i,0grdiy :JM+Bt (dwp, ) (4.11)

dt

In terms of state space equations, the above equations can be written as,
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7

gd(dia)g g_ (RS+Wm0gL) _ iaogLB, . _élu

é dt l:l:(:i‘ L, L, @g(dla) H"'gL_ag(dVi) (4.12)
&d (dwy, )u g 10 8L B¢ ﬂg(d‘Nm)ﬂ 804

g8 da H & J J u

To calculate the current loop transfer function and its response, it is necessary to calculate the
transfer function,

9 (B +s1) (4.13)
dvi(s) SzLaJ +S(LaBt +RJ+ WmogLJ) TR B +Winog 1 By + giigo

Defining the mechanical time constant of the machine and the electrical time constant of the

machine respectively as,

T, =—, 4.14
m= g ( )
t=Lla (4.15)
RS
%) By (LrTy) (4.16)
: " 2.2 8 '
dvi(s) LaJ&;Z +S%L +l+ Wino 8L 2_,_ 1 + Wmo8L 4+ 8Llao 9
g & t Ly g Tl Tply L 3
, L1 WiegL WL , Siiz
Setting b = —+—+—19=L and ¢ = + N0SL + 2230 T, and T, are calculated as,
m t La Tmt TmLa a
- - 2 -
BV -b-b7-4c (4.17)
2
2
-bh+ -
., z20VbT - 4e \“2’40 (4.18)

Therefore, (4.13) is rewritten as,

dijs) _  (1+5Ty)
AVi(s)  LaTy (s+Ty)(s+T3) (4.19)

The current control loop is shown i Figure 4.1. The transfer function of the pulse width

modulator is obtained as,

_ d(s) _ K
G.(s)= V)Tt (420)

1
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f)

1a V;
d K i 1 1+5sT,
— Gi(s) | — - " -

1+5sT, } LaTw (S+T1)(S+T2)

; Current Converter
a Controller

Figure 4.1 Current control loop.

where the gain K, is given by K, = Vi and the delay T, is given by

ramp ,max Vramp,mjn

The current controller is of the proportional type. It is represented as,
Gis) =K; (421)

The closed loop transfer function of the current loop system is given by,

K, (1+5T,,)
"14sT, LT, (5+T,)s+T,)

K, (1+sT,,)
T1+sT, LT, (5+T)6+T,)

Gils)= (422)

1+K

The following approximations are made in the vicinity of the crossover frequency as,
1+sT, @ (4.23)
1+sT,, @T,, (4.24)
The current loop system is simplified as,

S sK K,
Lo(s+T)s+Ty) _  La(s+T)s+T)

s T Lyl T )6+ Ty) +sK K,
Lo(s+T)s+T,) Lo(s+T)6s +T2)

SI(J(r
sKi K, _ L,

Lo(s+ T s +Tp) + KK, s2+s§T1+T2)+

KiKr

Gic (S) =
1+ KiKr

(4.25)

KiKr
L

|-O:

+ T1T2

a

[N
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If the value of K; can be designed to have a bandwidth of about 1/20 times the switching

frequency.

The speed control system is shown in Figure 4.2. From (4.11), the speed to phase current transfer

function is given by,
13081 Kp

dWm(S) — 19081 — By — B,
di,(s) sI+B, sT,+1 sT,+1

(4.26)

Gk

W, la

mr @ G,(s) . Current Loop
System

W,
K, /B m

1+sT,,

Speed
controller

Figure 4.2 Speed control loop

The speed controller is of the proportional type. It is represented as,

Gs(s) =K,

The transfer function of the overall system is given by,

Using the assumption in (4.24),
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SKiKr &K

S

L, B, 1
K. O sT
S2 +s§TI +T2)+ KlKr :+ Tsz m
Wi _ a @
e . 0 (0] :
m ész +S§T1 o)+ S 2y r il g Ky
) ? KiKl’ O STm '
S +S§T1+T2)+ 1+T1T2
a @9
SI(J(r &KS
b Wi — La Bt
e K. O 0 . K
" ész + Sng +T,)+ it T+ T Ty 3Ty + HKike g, =0
a 9 %) La Bt

The value for K can be designed such that the speed loop bandwidth is about 10% of the current
loop bandwidth. It should be remembered that the output of the speed controller is normally the
torque and the torque constant should be accounted for in the process of obtaining the current

command.

Unlike the traditional inverter used in SRM drives, a buck converter is used in this configuration
and hence the transfer function will be different. From equation (4.3) the required input voltage
to the machine V; can be calculated from the actual speed of the machine. The buck converter
circuit can be assumed to be a system that delivers the required input voltage to the machine
windings and can be considered as an independent system. The converter can be modeled as

follows. The equivalent circuit of the buck converter is shown in Figure 4.3.

L ip i,
_ru i
T +
Vg DA TV z
v

Figure 4.3 Equivalent Buck Converter Circuit
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Although the machine normally operates at the rated current, it may be wise to design for a
maximum current since the current controllers are designed with the maximum value in mind. If

the maximum allowed current in the machine is restricted to i, max, the equivalent load Z can be
calculated in steady state as,

Rsia,max +KbW:;1 +CL (4 30)

1a,max

7=

where the back emf constant is defined as,

Kp =iaogL (4.31)

The value Cp represents the product of rate of change of current and self inductance and is

assumed to be a constant.

When the main switch T is on, the state equations can be written as,

é&dip u éO 10 1

eq 0" ~Tosu £

e .U:é A u ?LUV —A1X+B1u

dv; - 2l 1 Uy U™ Lo

&0 & -1l &0y (4.32)

édt 0 €C ZCa .
apu

vi=[o 1]at=Cix
&,

When the main switch T is off, the state equations can be written as

édip U é0 1

6.0 é T T vapu

éd‘{} 0= &, If @V.g+;@ﬁvdc =Ax +Bou

U e - et EU (4.33)

édt a0 eC ZCl .

If d(s) is the transfer function of the input duty cycle, the converter transfer function can be

obtained as [MOH®9],
\(;i(—(ss)) = C[sl - A]'1 >‘[[(A1 - Az)X(s)+ (B1 - Bz)VdC(s)]+ (Cl - Cz)x(s)] (434)

where C=dC;+(1-d)C,=CyandA=d A, +(1 -d) Ay = A,.

Therefore the transfer function is calculated as,
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—_—

2 S LW n
_V (s) & Oy & ~ 7 W de -
Gp()=—t==[0 leg &  Ta €LY
D Sl - g0 |
e eC ZC g
é (szCc+1)L ZC VI
€ B U éVgc U
:[0 l]és LZC +sL +Z S LZC+SL+ZuXeL u
A ZL sZCL G e F 0
= e 0 @ (4.35)
87LZC +sL+Z s’LZC+sL+Z H
\eVdC u
e &
& LZC+sL+Z sTLZC+sL+Zu§ o H
Z 1
- (2 )Vdc = L Vdc
s“LZC +sL+Z (“,SzLC+S—+1—
Z g
The transfer function of the inductor current to the duty cycle can be obtained as,
é é Lo
i) & on e T Vel
Gpi(8) =4 5= [ ]@ 0" 8 [aw XY
d(s) &) Sie - _—w oY
e écC ZCig
é (szC +1)L ZC o
} 2 G éVgcu
[1 O]es LZC +sL+Z s LZC+sL+Za~ (4.36)
sZCL G e L a '
5 5 e 00
és LZC +sL+Z s’LZC+sL+Z H
_é (szc+1L ZC ueVdCH (szC +1) v
- - € - d
&21L7C +sL+7 2LZC+sL+Zue0 0 2LZC+sL+Z
The transfer function of the pulse width modulator is obtained as,
K
Grp(s) =) __Erb (437)
V; (s) 1+sTy
) . 1 .
where the gain K, is given by K = and the delay Ty, is given by
ramp ,max - Vramp,min
1
b = ——
2be
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The current control system of the buck converter uses a proportional control and the current
control loop is shown in Figure 4.4. The proportional gain of the current controller is designed

such that the response is extremely fast.

Jk
lL d 1
Ky L
Gi(s) ™ ! Gpils >

) 1 Trer bi(5)

Current Converter

L Controller

Figure 4.4 Current Loop of the buck converter system

The transfer function of the output voltage to the inductor current can be derived from (4.35) and
(4.36) as,

Vils)_ Vils) dfs) _ z
iL(s) d(s) iL(s) sZC +1

The closed loop buck converter system is shown in Figure 4.5. The voltage controller is designed

(4.38)

to be of a proportional type. The gain of the controller is set such that the output response has a

minimal overshoot as well as fast response.

iy iL Z Vi
Gy(s) = Gpls) ZC 1 -

Voltage Current Loop
Controller System

Figure 4.5 Closed Loop Buck Converter System

4.2 Simulation of a Practical Buck Converter Driven SRM System

The buck converter is described in Chapter 3. The drive system is shown in Figure 4.6. One of

the key points to be noted in this set of simulations is that it is assumed that,

i_‘j=wrp q= gndt (4.39)
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Currents Position
i P Encoder
dt O

Figure 4.6 Block diagram of the SRM Buck Converter Drive System

The reference speed W? is compared to the actual speed of the machine, W,, to obtain the speed

error, We,, . Therefore,

Werr:V\ék'Wr (4.40)

The speed error is passed through a PI controller whose output is the reference current i

Normally, the output of the PI controller is the torque reference T: . But in the experimental

system, accurate position system was hard to obtain and hence the current is directly controlled

instead of using a torque to current conversion table. Therefore,

ES

i =K pWer (4.41)

where K, is the proportional gain. The reference current is limited to the allowable maximum
current. Since the reference current can be positive or negative, consequently, the reference
current can also be positive or negative. Since the converter itself uses only unipolar current and

the current polarity is normally used only to decide which phase has to be excited, the main
reference current ii can be written as,

*

iL:

K

i (4.42)

As seen from Figure 4.7, the reference current is compared with the active phase currents to

obtain the current error as,
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iy err =ii - iy,X = a,b,c,d based on active phase (4.43)
Based on the rotor position and the quadrant of operation, the equations to obtain phase a current
is described below. The logic can be extended to the other phases. It should be noted that during
the operation of each phase, the current in the phase has to be regulated. Although, the reduced
input voltage will have the effect of limiting the current in the phase, nevertheless the presence

of the capacitor C may lead to extremely high phase currents if not regulated properly.

Ve
+ ‘-
+ @ | p Controller Sample | Va
—>®—> + > & Comparator —p V,
f- Limiter Hold
i PWM Carrier
a
+ "o | p Controller Sample | Vb
S E
- Limiter Hold
i i PWM Carrier Triggering » Converter
; Circuit
+ G | P Controller Sample | V¢
S Ry B
- Limiter Hold
i PWM Carrier
C
" 'der | p Controller Sample | Vd
- Limiter Hold
ig PWM Carrier T
O

Figure 4.7 Current Controller and Converter Schematic
The current error is passed through a P controller with a gain of K;. The output of the P
controllers and limiters are passed through a sample and hold circuit operating at the same
frequency as the PWM carrier frequency to prevent multiple switchings in a single cycle of the
PWM carrier. The output of the sample and hold circuits, %, for k = a,b,c,d, represent the actual
control voltages used for comparison with the PWM carrier frequency. The PWM carrier voltage

is operating at a frequency of f; with a minimum value of OV and a maximum value of 2V. The

control voltage is given as,

vi =K;fit - i) k=abed (4.44)
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Obviously the control voltages are limited to maximum and minimum values of the ramp voltage

Vswitch ramp. For phase a, if the operation is in the I quadrant, i.e., 13 0and W 2 0, and it is the

active phase as a result of its rotor position, (1 3° - advance angle )f, q, £ (280 - delay angle ),

If vii ® Vywi , V, =V,

k switch _ramp > Ya i (4.45)
If v < szitch_ramp » Va =Vi- Vg
If the rotor position is (280 - delay angle )< g, or g, < (130 - advance angle ), and i, > 0, the
phase switch is completely turned off and the applied voltage is V, = Vi — Vg as long as the
current is flowing in the windings and when the phase current reaches zero, the applied voltage is

assumed to be V, = 0.

The triggering circuit decides the voltage that has to be applied to each phase. If the command

current i’ 2 0 , then the following logic is applied in the triggering circuit for phase a.

For (130 - advance angle )E q, £ (280 - delay anglelif Va  Viwitch ramp > Va = Vi

For (130 - advance angle )E q, £ (280 - delay angle ), if V4 < Vewitch ramp » Va = Vi

9 (4.46)
For (28° - delay angle |<q, orq, <{I3° - advance angle | if i, >0, V, =V; - V4.

For |28° - delay angle |]< @, orq, <{13° - advance angle }if i, =0, V, =0

where, Q; is the rotor position, V; is the voltage applied to a phase and V. is the dc link voltage.
The firing angles 13° and 28° are obtained from Chapter 2. Also it must be noted that when @ =

60°, the value is reset to 0°. The logic can also be decided for phases b, ¢ and d, as follows:
For (28O - advance angle )£ q, £ (430 - delay angle ), if Vi 3 Vowitch ramp > Vb = Vi

For (28O - advance angle )£ q, £ (430 - delay angle ), if Vi < Vawitch ramp » Vb = Vi = Ve

(4.47)
For |43° - delay angle |<q, or g, <(28° - advance angle | if iy, >0, V}, =V; - Vg,
For |43° - delay angle |]<q, or q, <|28° - advance angle ) if i, =0, V}, =0
For (43o - advance angle )£ q, £ (580 - delay angle l if Ve 3 Viwiteh ramp > Ve = Vi
For (43° - advance angle )£ q, £ (580 - delay angle ), if Ve < Viwiteh ramp > Ve = Vi = Ve 448)

For |58° - delay angle |<q, or q, < {43° - advance angle | if i, >0, V, =V, - Vg4
For {58° - delay angle |<q, or q, <|43° - advance angle | if i, =0, V, =0
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For (58O - advance angle )E q, £ (130 - delay angle l if V4 3 Vswitch ramp » Vd = Vi

For (58O - advance angle )E q, £ (130 - delay angle ), if V4 < Vswitch ramp » Vd = Vi = Ve (4.49)
For {13° - delay angle | < g, or g, < 58° - advance angle | if 14>0,Vq4 =V, - V4

For |13° - delay angle |< g, or g, <{58° - advance angle }if iy =0, V4 =0

If the command torque i <0, Te* <0, then the following logic is applied in the triggering circuit
for phase a.

For (32o +delay angle )E q; £ (470 +advance angle )7 if Va? Vswitch ramp > Va = Vi

For (32° + delay angle )E q, £ (470 +advance angle ) if Va < Vswitch ramp » Va =

i Ve (4.50)
For |32° +delay angle |>q, or g, >|47° +advance angle } if i, >0,V, =V; - Vg4,
For |32° +delay angle |>q, or g, >|47° +advance angle } if i, =0, V, =0
The logic can also be deduced for phases b, ¢ and d, as follows:
For (470 + delay angle )E q, £ (20 +advance angle ), if Vi 3 Viwitch ramp » Vo = Vi
For (470 + delay angle )E q, £ (20 +advance angle ), if Vi < Vswitch ramp » Vo = Vi = Ve 450
For (47° + delay angle |>q, or g, > (2° +advance angle ) if i, >0, V, =V; - Vg4,
For |47° +delay angle |> g, or g, >(2° +advance angle | if iy, =0, Vi, =0
For (20 + delay angle )£ q, £ (170 +advance angle ), if Ve ® Viwitch ramp > Ve = Vi
For (20 + delay angle )£ q, £ (170 +advance angle ), if Vo < Vswitch ramp > Ve = Vi = Vde @52)
For (2° +delay angle |>q, or g, > {17° +advance angle } if i, >0, V, =V, - Vg4,
For EZO +delay angle |>q, or g, >|17° +advance angle } if i, =0, V, =0
For (17O + delay angle )£ q, £ (3»20 +advance angle ) if Va2 Vswitch ramp » Vd = Vi
For (17O + delay angle )£ q, £ (3»20 +advance angle ) if Vg < Vswitch ramp » Vd = Vi = Vde 453)
For |17° +delay angle |> g, or g, > ({32° +advance angle | if iy >0, V4 =V; - Vg,
For |17° + delay angle |> q, or ¢, > (32° +advance angle | if iy =0, V4 =0
Now that the phase voltages are obtained, the flux linkage for each phase is calculated as,
d(ll—thVk- Ry, for k=a,b,c,d (4.54)
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The knowledge of the phase flux linkages and rotor position allows the calculation of each phase
current from the two dimensional table relating the flux linkage and rotor position for different
current values. This table is obtained by finite element analysis as shown in Chapter 2 and is

plotted for phase a in Figure 4.8. The other phase linkages are offset by the requisite amount.

1

0.9
08|
0.7}
0.6

| . osf

0.4

0.3 F

A

0 i 1 1
0 10 20 30 40 50 60

Rotor Position, deg.

Figure 4.8 Plot of phase a flux linkages vs. rotor position for different currents
The torque due to each phase current, Tek, is obtained by straight-forward two-dimensional
interpolation of the values in the table of torque vs. rotor position for different currents that is

plotted in Figure 4.9.

40

-40

Rotor Position, deg.

Figure 4.9 Plot of torque vs. rotor position for different phase currents
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The total torque developed in the machine is calculated as,

Te :Tea+Teb+Tec+Ted (4-55)

The machine speed Wy, can be obtained from,

dw,, _ T, - Ty - Bwy,

4.56
dt J ( )
where, Tj is the load torque, J is the moment of inertia and B is the friction coefficient.
Finally, the rotor position can be obtained from the machine speed since,
dg,
— =W, 4.57
g Vi ( )

It has to be noted that if g, exceeds 60°, it is reset to (f and if it goes below 0° (reverse rotation),

the value is reset to 60°.

In equation (4.45), it is assumed that the voltage V; is available. This voltage is generated as
follows. The reference voltage Vi* is obtained from

V; =R,i] +Kw,, +C, (4.58)
. di, : :
The constant value G is used to compensate for the L, o factor instead of actually calculating

the value.

The back emf of the machine can be defined as,

E =Kpwy, (4.59)
During the falling inductance region of phase a when the current is being forced to zero, the
equation of the machine is given by,

Ria+L‘,11d(i1—?-E:Vi-\/dC (4.60)
Unless the condition V4, >V; +E is enforced, positive voltage is applied to the phase. Hence,
the above condition is the limiting factor in deciding the maximum speed at which the machine

can be run.
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The reference voltage is compared with the actual input voltage and the error is passed through a
proportional controller with a limiter. The upper value of the limiter is restricted to the current
reference value obtained in (4.48). The output of the limiter is the inductor reference current.
This is compared with the actual inductor current and the error is passed through a proportional
controller with a limiter that limits the value to the maximum and minimum value of the PWM
ramp. The control voltage v, is calculated as,

1

Vep = (4.61)
vramp ,max " Vramp,min

This control voltage is compared to the PWM ramp to obtain the on and off period of the main
switch.

The control voltage is limited as follows,

Veb = Vramp,max A Vep > Vramp ,max

. (4.62)
Veb = Viamp,min > F Veb < Viamp , min
The main switch is controlled by the following logic,
If vo, 2 V. , T is turned on
co - Tramp (4.63)

If vy < Viamp > T is turned off

When the buck converter switch T is on, the input voltage to the machine phases can be written

as,

\ :%c‘jcdt (4.64)

where ic is the capacitor current.

The above equation can be rewritten as,

dV; _ic

b dvi=Cqr=L"3 kg4 g =apcd (4.65)
it C C C

where 1 1s the inductor current.

The equation for the inductor current can be written as,
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Ve = d(;_tL"'Vi (4.66)

The above equation can be rewritten as,

diL — Vdc - Vl
dt

b di =¥d‘[ (4.67)

Equations (4.65) and (4.67) are the equations used in the simulation when the switch T is on.

When the switch T is off, equation (4.67) is replaced by the following equation,

diy =%dt (4.68)

Using the Euler’s method of integration, the new input voltage is obtained as,

Vi =V, +dV;, (4.69)

and the new inductor current is obtained as,

iL =iL +diL. (470)

The voltage V; that is obtained in (4.69) is used in the simulation of the phases.

4.3 Design of the prototype SRM Buck Converter Drive

The test machine has the following parameters:

Power Output P, = 0.8 h.p., Speed N = 1500 r.p.m., Maximum DC link voltage = 200 V, Number
of stator poles = 8, Number of stator poles = 6, Stator resistance Ry = 0.8 W, J = 0.03 kg—m/sz, B
= 0.018 N.m/rad/sec, PWM switching frequency of the main switch = 20 kHz.

If the peak ripple current is limited to 1.25 A, the inductor L can be calculated as,

A 200
2f.i

cla,rip

= =4mH
2*20000*1.25

Assuming that the stored energy can be depleted in n= 45 cycles, the capacitor C is designed as,
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2i 2i *
Czoppamax _, Hamax e 2710 o000
f.Vye f.Vye 20000* 200

The rated torque is given as,

P, _ 0.8%746 _ 596.8
w, ap*15006 157.08
60 @

Te,rated = = 3.8 N - m.

Assuming that the load is proportional to the speed, at rated speed and rated load torque,

T.__ 38 _,
w, a2pA5006
60 &

Bgz

The total inertia of the machine can be calculated as,

B; =B+B, =0.018 +0.024 =0.042 N-m/rad/sec

. Lamax _ 10071073 _
R 0.8

S

From the prototype design in Chapter 2, the rate of change of inductance with respect to position

can be approximated to the maximum value as g, = 0.34 H/rad.

Setting,
i *
pe Lol Waoge o 1 1 157.08%034 ..
T, t L, 0714 0125 19p*10°3
and
2.2 % 22
ezl  WmogL gl _ 1 | 157.08%034 034°%° _, ...,

Tt  TmLa  LpJ  0.714%0.125 (.714*100*10°° 100*10° > *0.03

T, and T, are calculated as,

. 2 _ . - 2 _ 4%
7, =b ; 4 _ - 54347 J543.;17 4% 264734 _ 1o oo
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Cb+b2 - de - 54347 +4/543.47% - 4% 264734

- T2 = =-492
2 2
Assuming operation at rated speed and load, the input voltage is calculated as,
*
Vi =R, eq T KyW,, +C; =0.8*7+0.34* 7% %+ 10 =389.45V.

It can be seen that the back emf'is calculated as,

2p* 1500

E =Kyw,, =0.34*7* =373.85V.

It has been shown before that the condition V4. > V; +E has to be satisfied. Therefore,

V, - R -C
Vy >2E+Rgi  4+C  or, W, =—% slrated” “L Therefore,
2K,
200- 0.8*7-10
w = = 38.74 rads /sec =369.93 r.p.m.
fnax 2%0.34*7 P

To obtain a speed of 1500 r.p.m., the dc link voltage has to be increased.

The maximum input voltage is given by,
V; =Rgirgteq T KpWy, +Cp =0.8*7 +0.34*7*38.74+10 =107.8V.
The gain of the converter can be calculated from

\V 107.8

K, = =53.9

Vramp ,max ~ Vramp ,min 2-0
The current control loop transfer function is written as,

SKiKr

L
Gic (S) = 2

s Sng +T,)+ LSLS, g+T1T2
La o

Selecting the current controller proportional gain K; =100, the frequency response of the

current controlled system is shown in Figure 4.10. The bandwidth of the system is approximately
55000 rads/sec. This is far greater than the required bandwidth of 6283 rads/sec (1/20 times the

switching frequency).

148



S A NV o N
T
1

Magnitude, dB

Phase, deg

-80 : r » e reslb : + » v+ oeel : + =+ » s el : + + o+ 2eel
10 10 10° 10° 10" 10°

Frequency (rad/sec)

Figure 4.10 Frequency response of the current controlled system

The speed controlled system has a transfer function of,

SKiKr&K

Wi _ L, B ’

* .
W, & K:K.0 0 KK K
M G2 4Gl +T,) + L 2 Ty T, ST, + K 0
g L. & 17} a By

Selecting the speed controller proportional gain K¢ =10, the frequency response of the speed

controlled system is shown in Figure 4.11. The bandwidth of the system is approximately 811

rads/sec. This is greater than the required bandwidth of 628.3 rads/sec (10% of current loop

bandwidth). Figure 4.12 shows the step response of the system. The step response shows no

overshoot and a fairly quick settling time.

The equivalent load impedance of the buck converter can be calculated as,

. *
7 = Rslamax + KpWin +Cp _ 0.8*7+0.34* 7*38.74 +10
7

=15.4W

13, max
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Figure 4.11 Frequency response of the speed controlled system
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Figure 4.12 Step response of the speed controlled system
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The transfer function from the inductor current to the duty cycle is given by,

_ip(s) . (sze +1 _ 15.4*450*10" ©s +1
Gpi(s) = == 2( ) Vic = — r ( 6 ) 3 200
d(s) s“LZC+sL+2Z S“4*107° *15.4*450*10°° +4*10 °s+15.4
(1.386s +200)
2.772%107°s2 +4* 107 3s +15.4

The closed bop current control loop with a proportional gain of the controller as 1 is calculated

as,

i (1.386s +200)

i 69371071053 +2.782% 107552 +1.39s + 215.4

The step response of the closed loop system is shown in Figure 4.13. The response shows an
overshoot which is acceptable since the peak value is lesser than the absolute maximum value of
10A.

The closed loop voltage control system with a proportional gain of 2 is given by,

Vi _ (42.69s +6160)

Vi 4.802%1072s% +1.935%107 75> +0.009663s> +45.57s + 6375

The closed loop step response is shown in Figure 4.14. The system shows no overshoot and a

fairly small settling time. The response is acceptable for the system.

Step Response

10

To: Y(1)

Amplitude

Time (sec.)

Figure 4.13 Closed loop response of the current controlled buck converter system
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Figure 4.14 Closed loop response of the voltage controlled buck converter system

4.4 Drive System Simulation

Figure 4.15 shows the simulation of the switched reluctance motor with a buck converter front
end. The speed is initially commanded to 1 p.u. or 38.74 rads/sec. The input voltage is seen to
rise with the reference speed. The sequence of currents in the positive direction is seen to be abcd
from Figure 4.16. The torque, which is not regulated, is seen to have ripples. After the speed
settles to the commanded value, the torque is seen to supply primarily the load torque. After
0.08s, a negative speed of 1 p.u. is commanded. The sequence of currents when the machine is
running in the negative direction is seen to be dcba. While the machine is changing directions,
the currents in the phases are still active, signifying that the machine is operating in the fourth
quadrant. During the reversal of direction, there are some portions when he developed torque is
almost zero. This is due to the fact that the phases are firing on the negative slope and since two
phases are not energized at the same time, there could be portions when the developed torque is
extremely low even for high currents. The operation in the negative direction is seen to be very

similar to that in the positive direction as expected.
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Figure 4.15 Simulation of a speed drive system with a buck converter front end

The simulations of the drive show excessive torque ripples. This is a definite indication of the
phase current not reaching zero before the negative inductance slope region begins. Although
there is a positive torque output from the machine that will sustain the rotation of the machine,
the acoustic noise of the drive will be high. The only way to avoid this would be to advance the
firing of the phase and also the point of commutation of the current. In the experimental
prototype, the point where commutation begins is fixed. In the prototype, commutation has to be
done within a period of & of rotation. This leads to the calculation of maximum speed practically
obtainable from the drive if the maximum phase current is restricted as well as the maximum

voltage is known. During commutation, assuming that the speed is N rpm and (. is the angle

available for commutation in degrees, the following equations can be used to calculate maximum
speed.
di

V;- V4. =L—
i dc dt
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Figure 4.16 Plots of phase currents and phase voltages
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For the prototype, with K, = 0.34, RR=0.8 W,1=7 A, CL. = 10V, V4 =200 V,L =110 mH and
g, =8°, the maximum speed can be calculated as N= 223 r.p.m. It should be clearly noted here

that if the commutation angle were larger, the maximum speed would also increase significantly.

Figure 4.17 shows the plot of the drive with the maximum speed set to 223 r.p.m. It can be seen
that the torque response has much lesser ripples. This indicates that the currents are completely
commutated before the negative slope of the inductance starts. The small ripples that are seen in
the torque is the effect of firing a phase current tefore the command to commutate the previous

phase current is given. This will not cause large acoustic noises.
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Figure 4.17 Simulation of the speed drive system with a maximum reference of 223 r.p.m.

4.5 Experimental Correlation

The switched reluctance with the buck converter front-end was experimentally implemented. The
first plot in Figure 4.19 is the experimental plot of the commanded speed. The machine is
commanded to a speed of 223 r.p.m. with a dc link voltage of 200V. After a suitable time, the
command is changed to a negative value. As the controller is implemented in a DSP, it appears
as though it the commanded values goes to zero and then goes back to a positive value when in
fact it goes to the negative commanded value. This will be evident in the plot of currents. The
second plot in Figure 4.19 is the plot of actual speed of the machine. After initial small delay, the
machine is seen to rise to the commanded value. When the speed command is changed to the
negative reference, the speed is seen to come down to zero and then rise back in the negative

direction. The output voltage of the buck converter V; is dependent on reference speed and

follows the reference speed. The eference inductor current i;: is also plotted. Figure 4.18 shows
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the simulation plots for the buck converter system. The plots are seen to be very similar to the

experimental plots shown in Figure 4.19.

60
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*
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-60
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Time, s

Figure 4.18 Simulation plots of the switched reluctance motor

Figure 4.19 Experimental plots of the switched reluctance motor with the buck-converter front

end. (an and Wy, are 15 rads/sec per division, V; is 80 V/division, 1, is 2.1A/division, the time

is 0.4 s/division)
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Figure 4.20 Simulation plots of the currents of the switched reluctance motor during reversal of

direction
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Figure 4.21 Phase current plots of the switched reluctance motor drive (1 vertical division =

2.5A, I horizontal division = 0.1 s)
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the negative direction. The simulation plots of the phase currents during speed reversal is shown

in Figure 4.20. The simulation plots are seen to be similar to the experimental plots.

4.6 Summary

This chapter shows the development of buck-converter front-end based switched reluctance
motor drives. The design of the drive and the controllers are explained in detail in the chapter. A
linear model based controller is developed and is verified to work for the nonlinear model by
simulations. The design of the drive for a prototype machine is described and simulation results
are presented. Experimental results for the prototype system are shown. The results from the
experimental setup are seen to closely match the simulation results. The development of the
drive is a unique contribution of this dissertation. In prior research, only the description of the
converter was given in [KRI96]. This dissertation follows through with the simulations and

experimental verification of the prior research.
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Chapter 5. Permanent Magnet BrushlessDC Motor Drive:

Converter and Control

Permanent Magnet Brushless DC (PMBDC) motors share a few characteristics with the
Switched Reluctance Motors that bring up the possibilities of the two machines sharing the same
converter configuration. A 3 phase PMBDC motor that has 3 windings with an access to the
neutral point (trapezoidal PMBDC) has a constant back emf for 120 electrical degrees both in the
positive and negative half cycles that is analogous to the rising and falling inductance profiles of
the SRM. The main difference is that the magnitude does not change like a SRM, whose
inductance changes with rotor position and varying currents, making the control easier. Different
converter strategies for control of trapezoidal PMBDC machines are described in [KRIO1]. A
particular configuration of operation of the PMBDC called half-wave operation [KRI98] uses
only unipolar currents in the windings very similar to the SRM that leads to the possibility of
using the same converter for both the SRM and PMBDC. The control strategies would vary but
if it is implemented with a DSP, the implication is that only the right program has to be
downloaded to the chip.

The chapter is organized as follows. Section 5.1 outlines the principle of operation of the
PMBDC in the half-wave mode. Section 5.2 describes the proposed converter and the operation
in different modes. Section 5.3 goes over the design of the passive components of the proposed
converter. The design of the speed and current controllers of the drive as well as the controllers
for the front-end buck converter and described in detail in Section 5.4. Section 5.5 describes the
drive schematic as well as the simulation equations of the motor and controller. Section 5.6
develops the parameters of a prototype drive with the proposed converter while Section 5.7
covers the dynamic simulation of the drive. Section 5.8 shows the plots obtained from the
prototype drive in operation. Section 5.9 focuses on the merits and demerits of the proposed

converter in detail. Conclusions are summarized in Section 5.10.

5.1 Principle of Half-wave Operation of the PMBDC

Assume the direction of the motor is clockwise, which may be considered as positive with a
phase sequence of a-b-c of motor phase windings. The motoring operation is initiated when the
phase voltage is constant positive for a fixed speed and with the duration of 120 electrical

degrees as shown in Figure 5.1. The average air-gap power is positive indicating quadrant I
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operation. The motoring operation is similar in the reverse direction, except that the phase

energization sequence will be a-c-b in the motor phase windings. This corresponds to quadrant

III operation. This can be visualized by imagining the rotor position from the higher to the lower

values. It can be noticed that the air gap power is still positive. That is not hard to imagine as the

consumption of power is assumed to be equal to a positive value. The operation during the other

quadrants are explained later although it can be mentioned here that the quadrants IV and II

operation have the waveforms as shown in Figure 5.2 with the motor running in the forward

direction and the reverse direction. The air gap power is negative signifying regeneration.

Cbs

50 100 150 200 250 300 350 400 450 500
6;.deg

Figure 5.1 Voltage, current and air-gap power waveforms of the half-wave converter based

PMBDOC in the first and third quadrants
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5.2 Converter Topology

A half-wave converter can be designed to be similar to the asymmetric converter described in the
chapter on converters for switched reluctance motors. In the case of a 3 phase PMBDC, the
converter would have 6 switches and diodes. This configuration has no significant advantages
over the full-wave converter while having an output equal to only half that of the full-wave
converter. Therefore, a pre-requisite for the converter is that it should have less than 6 switches
per phase. A converter with single switch per phase can be implemented but has the disadvantage
of not being able to operate in all 4 quadrants. Hence, configurations with more than one and less
than two switches per phase have to designed and implemented. A few different topologies have

been discussed in [KRI99]. One of the topologies is discussed here.

Cbs 0

}
1

0 50 100 150 200 250 300 350 400 450 500
0;,deg

Figure 5.2 Voltage, current and air-gap power waveforms of the half-wave converter based

PMBDC in the second and fourth quadrants
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The proposed converter circuit with four switches and diodes is shown in Figure 5.3. Switch T,
diode D, inductor L and capacitor C form a step-down chopper power stage. The chopper power
stage varies the input dc source voltage to the machine windings. Since there is only one switch
per phase, the current in it is unidirectional and similar to a half-wave converter driven PMBDC.
The motoring (I quadrant) and regenerative (IV quadrant) control of the PMBDC are briefly

described.

L i
N/ Wl A
T Ic A B C
T ph ph ph
L 1

Vic EEs ﬂ:cd DA C__ Vi D, |
D, +P
D3

v 19 A T

Figure 5.3 Converter topology with a buck converter on the front end

Motoring:

Assume the direction of the motor is clockwise, which may be considered as positive with a
phase sequence of a-b-c of motor phase windings. The motoring operation is initiated when the
phase voltage is constant positive for a fixed speed and with the duration of 120 electrical
degrees as in shown in Figure 5.5. Phase a is energized when the switch T is turned on and the
equivalent circuit is shown in Figure 5.4(a). To regulate current, T; is turned off, which initiates
routing of the current through the freewheeling diode D,, source voltage Vg4, and capacitor C,
applying a voltage of (V; — V) across the machine phases as shown in Figure 5.4 (b).
Waveforms of essential variables are shown in Figure 5.5. The average air-gap power P, and
input power P; are positive indicating quadrant I operation. The motoring operation is similar in
the reverse direction, except that the phase energization sequence will be a-c-b in the motor

phase windings. This corresponds to quadrant III operation.

162



i —
L

(a)

Figure 5.4 (a) : I Quadrant motoring operation with phase a of the PMBDC drive, switch T; on

Figure 5.4 (b) : I Quadrant motoring operation with phase a of the PMBDC drive, switch T; off

with continuous current in phase a
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Figure 5.5 I Quadrant Motoring Operation: waveforms of the variables
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Regenerating:

To transfer energy from the load to the supply, the PMBDC has to be operated as a generator,
i.e., by providing negative torque to the machine. Negative torque is achieved by turning on T
during the negative constant emf period. The essential waveforms are shown in Figure 5.7 and
the equivalent circuits during on time and off time of switch T; are shown in Figure 5.6(a) and
Figure 5.6(b), respectively.

i

RS RS
+ +
\ A

LS LS

i +§ ”
D,

+ 1
]— Vdc
©) (d)

Figure 5.6 (a) : IV Quadrant regenerative operation with phase a of the PMBDC drive, switch T}

on

Figure 5.6(b) : IV Quadrant regenerative operation with phase a of the PMBDC drive, switch T,

off with continuous current in phase a

5.3 Design of Buck Converter Passive Components

The design of L and C in the buck converter is done by the procedure outlined in [KRI96]. The
inductor rating is based on the ripple current rating that allows minimum energy storage to

enable faster charging of the capacitor C. The maximum capacitor ripple is,

. V,
AlC,max = L(fi‘z :Ip (5.1)

If the peak current is limited to twice the rated current, the inductor L can be calculated as,
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Figure 5.7 IV Quadrant Motoring Operation: waveforms of the variables

Vdc

-~ . >
chla,rated

(5.2)

The capacitor C is designed so that the energy stored can be depleted in n cycles of PWM and

transferred to the machine windings. Therefore,

Vil 2i
%cvﬁ =n ;p 0@ op_dmaed (5.3)

¢ cVvi

The minimum value of capacitance is obtained when V; = V.. Therefore,

2ia,rated
chdc

C=2n (5.4)
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5.4 Design of Current and Speed Controllers

The current and speed controllers are designed by the procedure outlined in [KRI99]. The design
of the controllers can be primarily considered when a single phase is conducting at a time
although there will be some portions when two phases are conducting at a time. It may not be
necessary to design for the short periods of multi-phase conduction unlike the full-wave
converters where two phases are always conducting at any given instant.

Assuming that phase a is under consideration, the voltage equation with this particular half-wave

converter is written as,

. di : di
Vi =Rgi, +L, d—:‘ +e, =Rgi, +L, d_ta +Kp 0y (5.5)

The electromagnetic torque can be calculated as,
T, = Kii, (5.6)

Assuming that the load is proportional to the speed, at rated speed and rated load torque,

B, -t (5.7)

Wi

The total inertia of the machine can be calculated as,

B, =B+B, (5.8)

The last two blocks in the forward loop of the block diagram can be replaced by a single block as

1 i T
a K, Lv(%}—v 1 > Wy,
R +sL, B+s]

Kp

shown in Figure 5.9.

* Current
a Controller

Converter

la

Figure 5.8 PMBDC and current control loop.
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Figure 5.9 PMBDC and current control loop — Simplification 1

The machine transfer function is given by,

1 1
W (s) _ Ky Ry +sL, _ K R sk,
Vits) Bysly, 1 KpK¢ B+l (Rg +sL, )(By +sJ) +KpK; o
R +sL, By +sJ (R, +sL, ) (B +sJ) (5:9)

Kt
(R +sL, ) (B¢ +sJ) +KpK;

Defining the mechanical time constant of the machine and the electrical time constant of the

machine respectively as,

T =—, 5.10

m=p (5.10)
L

T=—2, (5.11)
RS

equation (5.9) can be rewritten as,

Kt
wm(s) — Kt = RSB'[ (512)
Vis)  RB (1+s1)(1+5Ty, ) +KpK; (1+57)(1+5T,,) + KKy
" Rth

To calculate the current loop transfer function and its response, it is necessary to calculate the

transfer function,
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1 1

i,(s) _ R, +sL, _ R, +sL, _ (B, +sJ)
Vis) 4 1 KpKy (Rg+sL, ) (B +sJ) +KpK,  (Rg +sL, ) (B, +sJ) +KpK;
R, +sL, By +s] (R +sL, ) (B, +sJ)
5 0 (5.13)
Bid+s—
_ 0O Bt _ (l+sTm)
0, OB, RO RB, KK O, O1 DO 1 K,KI
LI +s b+ S+t 470t 9 | T A¢% 41—+ +—— +—0 >t
L Ly T Y T, T T Loy
Setting b =L +l and ¢ =L+%, T, and T, are calculated as,
m T T,t L,J
—b=+/h2 —
-T, :u (5.14)
2
2
- + —
_, = 0FVbT e \“2340 (5.15)

Therefore, (5.13) is rewritten as,

ia(s) B +sT,,
Vis) LaTm((L+TT1)(2+T2) (5.16)

The current control loop is shown in Figure 5.10.

Lk
las G d Kr Vl 1 1+STm ia
. S |—-]
i©) 1+5T, LT (s+T )5+ T2)

; Current Converter
as Controller

Figure 5.10 Current control loop.

The transfer function of the pulse width modulator is obtained as,

_dl) _ K
Gr(s)_ V; (S) - 1+5sT, (5.17)
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Vi and the delay T, is given by

where the gain K, is given by K, =
vramp,max _Vramp,min

The current controller is of the proportional type. It is represented as,
G;i(s)=K; (5.18)

The closed loop transfer function of the current loop system is given by,

K, (1+sT,,)
Gic(s): 1 1+5T, LaTm(S+T1)(S+T2) (5.19)
K, (1+5sTy)
1+ Ki
1+sT, LaTm(S +T) )(S + TZ)
The following approximations are made in the vicinity of the crossover frequency as,
1+sT, 01 (5.20)
1+sT,, OsTy, (5.21)
The current loop system is simplified as,
KK, S sK; K,
Gils)= Lo(s+T s+ T>) _ Ly(s+T s+ T)
¢ s L,(s+T)s+Ty)+sKK,
1+K;K,
Ly(s+Ty )s +T2) Lo(s+Ty)s+T)
KK (5.22)
1T
— sKiK; La

Lo (s + T )(s + T2)+ KK, _Sz+s T +T )+KiKr T.T
1) 1T2

a
If the value of K; can be designed to have a bandwidth of about 1/20 times the switching

frequency.
The speed control system is shown in Figure 5.11.

The speed controller is of the proportional type. It is represented as,

G4(s) =K, (5.23)
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Figure 5.11 Speed control loop

The transfer function of the overall system is given by,

SKiKr &
Ks La Bt
KK 1+sT
S +SET1+T2)+ Ii rE"Tl 2 m
Wy a
= (5.24)
Wy KK, Ky
L B
1+K, 2 L
. 1+sT
s? +S%TI +T, )+ Kiks Eﬁﬂz Sm
La
Using the assumption in (5.21),
SKiKr &K
S
L, B, 1
K;K sT.
s? +sHT +T, )+ o E‘rTlT2 m
('01'1’1 — a
m =
©m 2 +sHT, +T, )+ Kiky TT, (8T, ¥ SKiky s Ko
La La Bt (5 25)
2 KK, sTy, ’
s +sHT, +T, )+ 3 T, T,
a
SKiKr &K
0 (*)m — La Bt )
m =
Pmo B2 50T +T,)+ Bikr T 8T, + Bkl K B
La La Bt

The value for K can be designed such that the speed loop bandwidth is about 10% of the current
loop bandwidth. It should be remembered that the output of the speed controller is normally the
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torque and the torque constant should be accounted for in the process of obtaining the current

command.

Unlike the traditional inverter used in PMBDC motor drives, a buck converter is used in this
configuration. From equation (5.5) the required input voltage to the machine V; can be calculated
from the actual speed of the machine. The buck converter circuit can be assumed to be a system
that delivers the required input voltage to the machine windings and can be considered as an
independent system. The converter can be modeled as follows. The equivalent circuit of the buck

converter is shown in Figure 5.12.

L ip i,
\ S f“ﬂ‘“\—» —a >
T 1c
T +
Vic t__— DA C Vi Z
I 4

Figure 5.12 Equivalent Buck Converter Circuit

If the maximum allowed current in the machine is restricted to i, max, the equivalent load Z can be

calculated in steady state as,

Rsia max +wa;kn +CL
7 =samx (5.26)

1a,max

The value C; represents the product of rate of change of current and self inductance and is

assumed to be a constant. Although the machine normally operates at the rated current, it may be
wise to design for a maximum current since the current controllers are designed with the
maximum value in mind.

When the main switch T is on, the state equations can be written as,
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iy O U ag
U T Mo
%({}i B: O If HI- E‘]dc =Ax+Bju
> -— Vi
&0 T zco (5.27)

mlip O 10
O 7 Mo o
({17:1 0= 0 If o %%\’dc =Ayx+Bou
O e -—=0h (5.28)
Odt 0 C zcO :

If d(s) is the transfer function of the input duty cycle, the converter transfer function can be

obtained as [MOH&89],

Rl YRV NERCE S OB RGNS (529)

where C=dC;+(1-d)C,=C,andA=d A; + (1 -d) A, =A,.

Therefore the transfer function is calculated as,

B ool -+m D
: 0 - c
Go®=D = |y ‘mg  Lm Op
a(s) 4 sHE Lo B
B C ZzZcm
0 (zc+)L ZC O
) 2 0 Vg O
:[0 1]@ LZC+sL+Z s"LZC+sL+Z a7 O
7L sZCL L
O OHo H (5.30)
B2LZC+sL+Z s?LZC+sL+Z

o zL sZCL do
> > L
[$°LZC+sL+Z s°LZC+sL+Z[Ho H

z 1

‘ \Vy. = \%

(SZLZC+SL+Z) e A2rc sk +1H e
0 Z 0
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The transfer function of the inductor current to the duty cycle can be obtained as,

0 1
-— V4. O
G =450 =[ dig OS% L o0
d(s) s0g -—m HoH
| [C crg
0 (szCc+1)L ZC 0
=i 0]%2LZC+SL+Z _szLZC+sL+ZS[%V£S (531)
0 7L sZCL DHIG ] '
B2Lzc+sL+Z  s?LZC+sL+Z B
(zc+)L  zC deo  (szC+1)

]
R 2 L 2
$“LZC+sL+7Z s“LZC+sL+Z 0 H s“LZC+sL+Z

The transfer function of the pulse width modulator is obtained as,

K
Grp(s) =) = Bb (532)
Vi(s) 1+sTy
where the gain Ky, is given by K, = ! and the delay Ty, is given by
ramp,max vramp,min
Tip =
2f .

The current control system of the buck converter uses a proportional control and the current
control loop is shown in Figure 5.13. The proportional gain of the current controller is designed

such that the response is extremely fast.
K3
1L d i
K L
Gi(s) [~ — 2 Gii5) [~
1+ STrb

; Current Converter
L1 Controller

Figure 5.13 Current Loop of the buck converter system

The transfer function of the output voltage to the inductor current can be derived from (5.30) and

(5.31) as,
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Vils)
iL(s) d(s) iL(s) sZC+1

The closed loop buck converter system is shown in Figure 5.14. The voltage controller is

Vis) ds) -z (533)

designed to be of a proportional type. The gain of the controller is set such that the output

response has a minimal overshoot as well as fast response.

iy

|

Gs(s) [ G 5)

Voltage Current Loop
Controller System

sZC +1

Figure 5.14 Closed Loop Buck Converter System

5.5 PMBDC Drive System Schematic

The PMBDC speed drive schematic is shown in Figure 5.15. For convenience, the torque drive
without the outer speed loop is first discussed and the conversion from the torque drive to the

speed drive is left to end of the section.

HALL SENSORS

& ry
+ P 1 L P
* — E PWM p{ CONVERTER
—»(g)—b + ABS —> + TP
Om - | Limiter K¢ i + - Limiter
1 1‘_ e
%T il % ¢

Figure 5.15 Schematic of the PMBDC Drive System

Let us assume a reference torque T, is to be generated in the machine. In the torque drive, it is

generally assumed that the speed is constant. The reference current can be calculated from the

reference torque as,
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(5.34)

Since the reference torque can be positive or negative, consequently, the reference current can

also be positive or negative. Since the converter itself uses only unipolar current and the current

polarity is normally used only to decide which phase has to be excited, the main reference

current ii can be written as,
(5.35)

*

i

Lk
1, =

The reference current is compared with the active phase currents to obtain the current error as,

L err = i*L —14,X =a,b,c based on active phase (5.36)
The three phase functions are written as,
6 T
6, et 0<86, <E
1, T_Ts er <5_T[
6
fo= (m-g)2, T<g LT (5.37)
6 6
_1, 7_T[ < er <£T
6 6
6 1Im
-2n+Q)—, — <@ Lmn
(om+q), <
-1, 0<6, <—
D2_T[+erD6’ Egﬁr <ﬂ-[
ET 3 m 2 6
STt in
f, = 1, —<0, <— 5.38
b 6 T 2 ( )
DSH_erD6’ 3m_ ) AT
H3 THr 2 6
-1, £[ser <2m
6
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1 oser<g
am 06 T T
-6, —<0. <—
5% 5%
1! 7T
f. = -1, —<0, <— 5.39
c 5 =0 <~ (5.39)
O 41 06 71 3T
-+ — < <
03 %0 5 =% <5
1, 3?T[s9r<2n

In the above three equations O; is the rotor position and it repeats every 2Tt radians. The three
functions are plotted as shown in Figure 5.16.

The three phase back emfs are calculated as,

€k :Kb%fkﬂ k =a, b,C (540)

where, K, is the back emf constant and wy, is the machine speed in rads/sec.

Based on the rotor position and the quadrant of operation, the equations to obtain phase a current
is described below. The logic can be extended to the other phases. It should be noted that during
the operation of each phase, the current in the phase has to be regulated. Although, the reduced
input voltage will have the effect of limiting the current in the phase, nevertheless the presence
of the capacitor C may lead to extremely high phase currents if not regulated properly.

The current error is passed through a PI controller with a gain of K to obtain the control voltage
v that is limited to the maximum carrier ramp voltage used for comparison. The PWM carrier
voltage is operating at a frequency of f, with a minimum value of OV and a maximum value of

2V. The control voltage is given as,
Vk:K&{—m) k=a,b,c (5.41)

Obviously the control voltages are limited to maximum and minimum values of the ramp voltage
Vwitch ramp- FOr phase a, if the operation is in the I quadrant, i.e., i" >0 and Wn = 0, and

L[S er SS_T[’
6

6
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Figure 5.16 Plot of the back emf functions

If vic 2 Vyiten ramp> Va = Vi
If vic < Viyitch ramp> Va = Vi ~ Vdc

7T

(5.42)

If the rotor position is %T <6, s?, and i, > 0, the phase switch is completely turned off and

the applied voltage is V, = Vi — Vg as long as the current is flowing in the windings and when

the phase current reaches zero, the applied voltage is assumed to be V, = 0.

The equation of the phase current a is given by,

di di
M A s R

The above equation can be rewritten as,

(Va —ea —Rgi,) dt —M(dip, +di)
La

di, =

177

(5.43)

(5.44)



Using the Euler’s method of integration, the new phase current is calculated as,

1, =1, +di 5.45
a~la a

The other phase currents can be calculated similarly in the appropriate regions. A scrutiny of the
phase functions will indicate the operational requirements in the other quadrants.

The torque developed in the machine is given by,
T, =K (faia +fpip +feic) (5.46)

where K, is the torque constant.

In a speed controlled PMBDC, the speed equation can be written as,

(T. Ty -Bwy, ) dt
J

dd—‘*’tm:Te -T)-Bw, O0d = (5.47)

where T, is the load torque, J is the inertia and B is the friction coefficient. The rotor speed can

be calculated using Euler’s integration method as,

Wy =Gy oy (5.48)

Closing the outer speed loop regulates the speed. The reference speed w;l is compared to the

actual speed Wy, and the speed error is obtained as,
Wm,err = Wn ~ 0k (5.49)

The speed error is passed through a P controller with gains of K to obtain the reference torque
T: . The reference torque is limited to a maximum positive and negative value.

*
To= KWy err (5.50)

From the reference torque the reference current is calculated as described in equation (5.34) and

hence the loop is closed.

In equation (5.42), it is assumed that the voltage V; is available. This voltage is generated as

follows. The reference voltage Vi* is obtained from
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V| =R,i; +K,w,, +C, (5.51)
The constant value Cy is used to compensate for the L% factor instead of actually calculating

the value. The reference voltage is compared with the actual input voltage and the error is passed
through a proportional controller with a limiter. The upper value of the limiter is restricted to the
current reference value obtained in (5.35). The output of the limiter is the inductor reference
current. This is compared with the actual inductor current and the error is passed through a
proportional controller with a limiter that limits the value to the maximum and minimum value
of the PWM ramp. The control voltage v is calculated as,
1
Veb = (5.52)

vramp,max - vramp,min

This control voltage is compared to the PWM ramp to obtain the on and off period of the main
switch.

The control voltage is limited as follows,

Veb = Vramp,max Af vy > Vramp,max

. (5.53)
Veb = Vramp,min JAf vy < Vramp,min
The main switch is controlled by the following logic,
If vip 2 Viamp, T 1s turned on
oo T (5.54)

If vVeb < Viamp, T is turned off

When the buck converter switch T is on, the input voltage to the machine phases can be written

as,
1 .

Vi =~ ficdt (5.55)
C

where ic is the capacitor current.

The above equation can be rewritten as,

%:lﬁﬂd\/{_ IL(tF iL_(ia+ib +ic)dt
dt C C C

(5.56)
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where 1;is the inductor current.

The equation for the inductor current can be written as,

Vg = dcll—tL +V; (5.57)

The above equation can be rewritten as,

diL _Vic = Vi
dt L

Vae 7V g4 (5.58)

0 dig

Equations (5.56) and (5.58) are the equations used in the simulation when the switch T is on.

When the switch T is off, equation (5.58) is replaced by the following equation,

di = E/i dt (5.59)

Using the Euler’s method of integration, the new input voltage is obtained as,

V; =V, +dV;, (5.60)

and the new inductor current is obtained as,

iL :iL +diL. (561)

The voltage Vi that is obtained in (5.60) is used in the simulation of the phases in equation

(5.42).

5.6 Design of a prototype PMBDC Machine Drive

The test machine has the following parameters:

Power Output P, = 1 h.p., Speed N = 1500 r.p.m., Maximum DC link voltage = 130 V, Rated
Current = 7.61 A, Number of poles P = 4, Stator resistance Ry = 0.41 Q, Self inductance L = 5.5
mH, Mutual inductance = 1.5 mH, Back emf constant = 0.275 volt/rad/sec, Torque constant =
0.624 N.m/A, J = 0.03 kg-m/s”, B = 0.07 N.m/rad/sec, PWM switching frequency of the main
switch =20 kHz.
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If the peak ripple current is limited to 10% of the rated current, the inductor L can be calculated
as,

Lo Ve _ 130
2foiqp 2020000 00.1017.61

=4.27mH = 4mH.

Assuming that the stored energy can be depleted in n = 30 cycles, the capacitor C is designed as,

2i
C=ppiamx _ppmg 200 =461.5UF = 450F.
f.Vye 2000030

The rated torque is calculated as,
T, =1,K; =7.6110.624 =4.749 N -m.

Assuming that the load is proportional to the speed, at rated speed and rated load torque,

T, _ 4749
By=—%= =0.03
T w,  2ma500

60

The total inertia of the machine can be calculated as,

B =B+B, =0.07+0.03 = 0.1N-m/rad/sec

T,=—=—"2-=03s
OB, 0.1
3
r=la J35X07 61345,
R, 0
Setting
b= +l=l i 1 57096

T, T .3 0.0134
and

I KeK(_ 1 027500.624
T,t L,J 0300.0134 550073 0.03

Cc =

=1288.76

T, and T, are calculated as,
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—b-b2 -4c _ —77.96-/77.962 - 4111288.76 _
2 2

—b+b? —4c _ ~77.96+177.96% ~ 40128876 _ ~23.79
2 2 |

Assuming operation at rated speed and load, the input voltage is calculated as,

+K,w, +C, =0.4107.61+0.275 D%+S =51.32V.

—54.168

V, =R,i

s rated

The gain of the converter can be calculated from

V; _51.32

K, = =25.65

Vramp,max - Vramp,min
The current control loop transfer function is written as,

SI(iI(r

L
Gic (S) = .

K:K
52 +SET1 +T2)+ ]i L E’TITz

a

Selecting the current controller proportional gain K; =2, the frequency response of the current
controlled system is shown in Figure 5.17. The bandwidth of the simplified system is
approximately 9320 rads/sec and the bandwidth of the full system without simplifications is
about 11000 rads/sec. This is far greater than the required bandwidth of 6283 rads/sec (1/20
times the switching frequency).

The speed controlled system has a transfer function of,

SI(iI<r &K
('Om — La Bt ’
L
KK KK, K
©m §2+5§T1+T2)+ i Y%TﬂzgnﬁS ifrg b
La La Bt

Selecting the speed controller proportional gain K¢ =100, the frequency response of the speed

controlled system is shown in Figure 5.18. The bandwidth of the system is approximately 740
rads/sec. This is greater than the required bandwidth of 628.3 rads/sec (10% of current loop
bandwidth). It can also be seen that the frequency response of the simplified system described
above and the frequency response of the overall system with no simplifications show minor

differences thereby making the assumptions made in the design valid. Figure 5.19 shows the step
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response of the system with no simplifications. The step response shows no overshoot and a

fairly quick settling time.

0 T T i =T
m Simplified
< -10} \ J
5} N\
g \
2 \
'S 20F \
& C e 2\
‘2“ Non-simplified \
-30 0 ‘ 1 ‘ 2 ‘ 3 ‘ 4 : 5
10 10 10 10 10 10
50 T T
O = 4
~_ Simplified
_%D 50+ =~ P 1
2 -100t \ 1
é Non-simplified
-150 - N
200 L L L L
10° 10' 10° 10° 10° 10°

Frequency (rad/sec)

Figure 5.17 Frequency response of the current controlled system
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Figure 5.18 Frequency response of the speed controlled system
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Figure 5.19 Step response of the speed controlled system with no simplifications

The equivalent load impedance of the buck converter can be calculated as,

211500
Rsiamax +wa*m +CL 041D761+0275*T+10
Z= B = =7.4Q.
1 7.61

a,max

The transfer function from the inductor current to the duty cycle is given by,

i) (szc+1) _ (7.4 (450010 ©s +1)
Gbi(S) - - 7 VdC - 2 -3 -6 -3
d(s) s“LzZC+sL+7Z s“4010° *7.40450 010" ° +4 010 s +7.4
_ (0.4329s +130)
13221010782 +4 010 s +7.4

The closed loop current control loop with a proportional gain of the controller as 1 is calculated

130

as,
ip _ (0.4329s +130)
ip  3.330007'%3 +1.34201073s% +0.4371s +137.4

The step response of the closed loop system is shown in Figure 5.20. The response shows an

overshoot which is acceptable since the peak value is lesser than the absolute maximum value of

10A.
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Figure 5.20 Closed loop response of the current controlled buck converter system

The closed loop voltage control system with a proportional gain of 5 is given by,
Vi

Vi (16.025 +4810)
* -12 4 -8.3 2
Vi 11090107 s +4.5030107°s” +0.001469s +16.91s +4948

The closed loop step response is shown in Figure 5.21. The system shows very small overshoot

and a fairly small settling time. The response is acceptable for the system.

5.7 Drive System Simulation

Figure 5.22 shows the simulation of a speed drive. The machine is commanded to 1 p.u. speed as
a ramp. The maximum torque is limited to 1.314 p.u.. The input voltage is seen to have minor
oscillations. The sequence of operation is seen to be as abc signifying positive direction. The
torque and the current drop to lower values once the machine speed is close to the reference
speed to supply the load torque.

Figure 5.23 shows the simulation of a speed drive. The machine is initially commanded to 1 p.u.

speed and at 0.3 s is commanded to —1 p.u. speed. The maximum torque is limited to 1.314 p.u..
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Figure 5.21 Closed loop response of the voltage controlled buck converter system
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Figure 5.22 Simulation of a speed drive
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During the reversal of direction it can be clearly seen that the sequence of excitation changes
from abc to acb. The current as described before is unidirectional but positive and negative
rotation as well as positive and negative torques are obtained. During quadrants I and III, the air
gap power and input power are positive signifying that the machine is operating in the motoring
mode but during the quadrant IV operation, the power is negative signifying regeneration. The
simulations show the speed command as a ramp similar to the real system. Step changes was
attempted but showed high inductor currents as well as phase currents which activated the over

current protection circuits of the real system thereby shutting down the system.
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Time, s Time, s

Figure 5.23 Simulation of a four quadrant speed drive
Figure 5.24 shows the simulation of the speed drive with higher values of moment of inertia and
friction similar to the experimental prototype system. The simulation shows a delay in the rise of
the actual speed when compared with the rise of the reference speed. The previous simulations
assume lower values of moment of inertia and friction to show the operation in various

quadrants.
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Figure 5.24 Simulation of a prototype speed drive

5.8 Experimental Results

The buck converter described above was built and verified. The waveforms of the various
variables are shown below. Figure 5.26 shows the plot of reference speed and actual speed. The
reference speed rises to 1500 r.p.m. After it reaches that commanded speed, it is commanded to a
speed of —1500 r.p.m. The initial reference speed takes about 2 seconds to reach the rated value.
The actual speed is seen to reach the commanded value in about 3.8 seconds. This discrepancy is
present due to the larger than anticipated friction and moment of inertia of the machine. Also the
limits placed on the reference input voltage slow down the response of the actual system. It must
be noted that since these values are captured from the DACs of the DSP, 0 r.p.m. is represented
by 2.5V. Also the code in the DSP was written to accept only absolute value of the command and
the reverse direction was obtained by changing the firing sequence of the switches. Hence it
appears as if the speed reaches zero and goes back to positive maximum speed when in fact,

there is a reversal in rotation. The speed reference and actual speed variables from Figure 5.24
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are plotted again in Figure 5.25 with absolute values to provide a comparison with experimental

values.

0.5 8

0.5+ 4
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Figure 5.25 Simulation plot of speed reference and actual speed with absolute values to compare

with experimental results
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Figure 5.26 Plot of reference speed and actual speed

(1 vertical division = 721.15 r.p.m. , 1 horizontal division = 2 secs.)
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Figure 5.27 Simulation plots of speed reference and buck converter output voltage
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Figure 5.28 Plot of reference speed and output voltage of the buck converter

(Speed: 1 division = 721.15 r.p.m, Voltage: 1 division is 25V, one horizontal division is 0.2 secs)

Figure 5.28 shows the plot of reference speed and output voltage of the converter V. The

converter has a fixed minimum voltage of 10V to account for the L% factor described

previously. The input voltage rises with speed and stabilizes at a fixed level and when the speed
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drops, it also falls and then rises again as the speed increases as the voltage is dependent on
speed. This is can be cross verified with the simulations shown in Figure 5.27.

Figure 5.30 shows the three gate drive signals to the various phases. The sequence can be clearly
seen to be abc indicating positive direction rotation. It must be noted that due to the restrictions
of the DSP, phases a and b are active low signals while phase c¢ is seen to be an active high
signal. Figure 5.32 shows the plot of the gate drive signals in the negative direction clearly
showing an acb sequence. The signals can be compared to the gate drive signals obtained from
the simulation in Figure 5.24 as shown in Figure 5.29 and Figure 5.31. The only difference is
that in the simulation, all the signals are active high whereas in the experimental setup, phases A

and B are active low and phase C is active high.
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Figure 5.29 Gate drive signals from the simulation in Figure 5.24 in the positive direction

Figure 5.33 shows the expanded scale of the currents from the simulation plots shown in Figure
5.24. Figure 5.34 shows the currents in the various phases when the machine is loaded to the
rated value experimentally. The limits on the DSP were set to restrict the maximum reference
inductor current to 8 A. The phase currents are seen to closely follow the reference current. The

experimental results are seen to closely follow the simulation results.
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Figure 5.31 Gate drive signals from the simulation in Figure 5.24 in the negative direction

5.9 Meritsand Demerits of the Proposed Converter

The merits of the proposed topology are listed below:
1. Only four switches and diodes are required for four-quadrant operation.

2. Reduced gating driver circuits and logic power supplies.
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Figure 5.32 Plot of the three phase gate drive signals in the negative direction
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Figure 5.33 Expanded phase current simulation results expanded from Figure 5.24

3. Full 4-quadrant operational capability
4. Reduced possibility of shoot-through fault, as switch is in series with the machine phase
winding

5. Possible to operate with one switch failure or one phase winding failure.
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T

Figure 5.34 Plot of the reference and actual phase currents (1 vertical division = 5A, 1 horizontal

division is 10ms)

6. Lower switch losses

7. Machine does not see high frequency ripple in steady state operation, thereby reducing losses
and noise associated with continuous switching.

8. Since the configuration is similar to that of the SRM drive, the same converter can be used for
both drives with changes in the control scheme which can be easily implemented in a DSP based
system.

The topology has a few demerits that are listed below:

1. Poorer utilization of the machine due to half-wave operation.

2. Larger self-inductance in machine results in large electrical time constant leading to a slow
response in current and hence in torque when compared to full-wave converter fed drive.

3. The control of the system requires the use of a voltage sensor in the buck converter circuit to
control the output voltage of the buck converter. Although, voltage sensors are now available
easily in the market and are about the same size as the current sensors, the extra sensor does add
to the cost of the system.

4. An inductor in series with the main current restricts the use of this converter to smaller rating
drives. For larger drives, the current flowing in the buck converter will be high and the size of

the inductor will increase.
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Table 5.1 Comparison of the proposed converter and full-wave based converter PMBDC drives

Aspects Proposed converter- | Full-wave converter-based
based PMBDC PMBDC

Number of power switches 4 6
Number of diodes 4 6
Phase and Chopper switch voltage (min.) Vie Vie
Phase and Chopper switch current (peak) I, I,
Motor phase current (rms) L, 2

—_ =1

V3 3°
Number of capacitors 2 1
Capacitor voltage Ve Ve
Number of isolated logic supplies for 2 4
isolated operaion
Number of gate drivers 4 6
Switch Conduction losses Ovewl, (1+ h) 2hvgy, 1,
Diode Conduction losses Ovgl, (1— h) 2v4l, (1 —h)
VA rating (peak) 4Vgclp 6Vyclp
VA rating (rms) (1 + \/g)vdclp 2\/§Vdc1p

5.10 Conclusions

The PMBDC drive with a front-end buck converter is successfully implemented. The results

obtained experimentally were seen to coincide with the simulations of the drive. It is successfully

shown that a single converter can be used for both SRM and PMBDC drives with only changes

in the code in the DSP and few minor changes in the hardware necessitated by the fact that the

load machines used were different as were the tacho-generator feedbacks.
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Chapter 6. Contributions and Future Work

The major contributions of this dissertation are summarized as follows.

1.

This dissertation covers the design procedure of a 8/6 switched reluctance motor from the
first principles. No major assumptions were made in the design procedure although a few
assumptions are made in the analysis section of the design procedure. This differs from some
of the sources cited in the procedure of designing the machine, which is simplified for a
person with basic knowledge of electromagnetics to achieve an intuitive procedure.
Extensive background knowledge of switched reluctance motors is not required to use the
design procedure outlined. Certain references such as [KRIOI] do have a design procedure
outlined but this does require a lot of background knowledge to implement. The methodical
approach to designing the machine is one of the major contributions of this dissertation.

The calculation of the unaligned inductance follows the basic principles of electromagnetics
and does not rely on any previous sources whose documentation is hard to verify. The
procedure outlined is easy to follow and while it has approximately the same error as in other
methods when compared to the finite element analysis, the value tends to be higher than the
finite element analysis value which is fortuitous as far as machine design is concerned since
the analytical output torque would be calculated to be lower than the finite element value or
the actual measured value in the machine. This would lead to a slight over-design of the
machine that would be perfectly acceptable rather than designing a machine that would not
produce the required output torque.

The procedure for calculating inductances for various rotor positions has been developed.
The selection of the wvarious flux tubes and their areas are intuitive with many
approximations. The results do show some variation when compared with the finite element
analysis. Better accuracy can probably be achieved by defining more regions of variations
but is not required. The values at the aligned and unaligned positions show a very small
margin of error and these values are used in the calculation of analytical torque developed in
the machine. The outlining of the procedure is in a manner to allow users to develop their
own procedure with minor modifications. This procedure has now been described in
[KRIOT1].

A detailed procedure to calculate the eddy-current losses was described. This procedure does

not rely on the approximations of the flux variations in a cycle but instead accounts for the

196



10.

rise time of the current and the variation of inductance with the current. The procedure also
helps to accurately predict the actual maximum torque developed in the machine and this is
an invaluable result, as other methods tend to approximate the possible output torque.

The process of finding the hysteresis losses although adapted from [HAY95] does not rely on
approximate flux profiles. Instead accurate flux plots are used to find the hysteresis losses.
The calculation and documentation of the iron losses is one of the significant contributions of
this dissertation.

The dissertation covers the description of a new converter configuration for switched
reluctance motors. The converter was first described in literature in [KRI96] and
subsequently in [KRIO1]. The different modes of operation are described in detail along with
the various advantages and disadvantages.

This dissertation describes the design procedure for a SRM drive using the new buck
converter configuration. This material has not been published before. The design procedure
was verified with computer simulations. Experimental verifications of the drive have been
done in this dissertation.

The unique nature of the buck converter allows it to be used to drive a permanent magnet
brushless dc motor in a half-wave configuration. This was first recognized in [KRI98]. This
allowed for the development of a universal drive, i.e., the same hardware could be used to
drive two different machines with only small changes in code.

The design procedure for the buck converter drive for permanent magnet brushless dc
machines was done in the dissertation. The design was verified with experimental
simulations that have now been published in [KRI99]. The experimental results were
obtained for the first time for such a drive.

The dissertation shows the implementation of two different drives using a DSP based
controller and a single converter configuration. This is a major contribution of the

dissertation.

The future work following this dissertation could be outlined as follows:

1.

There is a need to correlate the iron losses that have been calculated analytically with
experimental verifications. Towards that end, an efficient measurement method has to be

developed.
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2. Thermal models have to be developed for the switched reluctance motor and the temperature
rise in the machine has to be calculated so as © understand the requirements of cooling. The
definition of the losses in every portion of the machine in this dissertation will help to refine
the model for future researchers interested in thermal modeling.

3. The field of mechanical design of switched reluctance machines focused towards acoustic
noise reduction is a vast topic that has started emerging. There is a strong need to relate the
acoustic noise to the dimensions of the machine thereby refining the design procedure

towards building quieter machines.
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