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The continuing desire of industry to further improve process efficiency,
through tighter control and energy conservation, has prompted users to pay closer
attention to Adjustable Speed Drives (ASDs). The conventional ASDs consist of
induction or synchronous motors controlled by power electronic controllers through
the adjustment of supply frequency and line voltage. The drawback of these
conventional ASDs lies in the high cost of the power electronic controllers which

have the same rating as that of the machine itself.

The Brushless Doubly-Fed Machine (BDFM) ASD has proven, both
analytically and experimentally, to provide a cost effective and a wide range of
precise speed control. The experimental BDFM prototypes built to date were
designed and constructed individually based on designers’ experience with self-
cascaded machines. The success with these prototypes has promoted the idea of
standardizing the design procedure for all future BDFMs. This thesis offers a
general design procedure for the BDFM, which can serve as a first step in
standardizing the manufacturing process of this machine. The procedure is
presented in the form of a demonstration, by applying it to the design of a 60-hp,

600 to 900 r/min, 460-volts BDFM pump drive to replace the currently utilized




conventional 60-hp wound rotor induction motor ASD. An ideal design, which
determines machine details such as physical dimensions, slot specifics and
conductor details based on conservative magnetic and electric loading assumptions,
is one form of the design procedure. The other form, the practical design, involves
utilizing a specified physical dimensions and slot details to determine the associated
conductors’ details and to insure the compliance of machine loadings with up-to-
date industrial standards. In both procedures, the design will be made to satisfy, if

not to exceed, the existing conventional drive performance.




¢ Copyright by Abdulhadi Alajmi
October 29, 1993

All Rights Reserved




DESIGN PROCEDURE FOR
BRUSHLESS DOUBLY-FED MACHINE
USED AS A

LIMITED SPEED - RANGE PUMP DRIVE

Abduthadi M. Alajmi

A THESIS
submitted to

Oregon State University

in partial fulfillment of

the requirement for the

degree of

Master of Science

Completed October 29, 1993

Commencement June 1994




APPROVED:

Redacted for privacy
N e loe- 12 195%

Professor of Electrical and Computer Engineering in Charge of Major

| A
S

SN
Redacted for privac
P Y Nov - 12, 1993

X
Head of Departme@ of Electrical and Computer Engineering

~—

Redacted for privacy

Dean of Graduate @101 d

Date thesis is presented October 29, 1993

Typed by Hadi Alajmi




DEDICATION

To Aramco I dedicate this work.




ACKNOWLEDGEMENTS

I would like to express my thanks and gratitude to my company, Saudi
Aramco, for sponsoring my college and Master program education. In particular, I
would like to thank my department, Consulting Services, for offering me the
opportunity and expressing their confidence in me to continue my higher education. I
hope to fulfill if not to exceed the expectations set for this assignment. Thanks are due
to my managements, R.V.Boyd, Aziz Ashban, Pip Reah for their understanding and
cooperation and for being very helpful during the tough days prior to the
commencement of the assignment. Special thanks and appreciations to Rienk Tuin for
his continuous support and his invaluable guidance and advice before and during the
course of this assignment. 1 would like to thank Troy Mallory for his recommendations

to begin and encouragement to continue my higher education program.

I gratefully thank my major professor, Alan K. Wallace, for his support and
proper guidance and for his insistence on me to continue the thesis option. This is
truly an invaluable experience and undoubtedly is a major step toward specializing in
this field. His advice and encouragement in crucial times are critical to the completion
of this thesis in particular and the program in general. Thanks are also due to
professor René Speé for providing the data acquisition system, for reviewing the
design and giving his positive suggestions. Sincere thanks to Art Neelly for the time

and effort he gave to prepare the data acquisition system used for this project.

Thanks are also due to Dan Hanthorn, Dave Zinda, Kirby.... and the rest of
Corvallis Waste Water Treatment Plant personnel for their assistance and for making

my activity at their plant more convenient.

Finally my thanks are undoubtedly due to my wife and two children for their
| patience, understanding and support during these crucial two years of our lives. I am

sorry for the lack of time given to them and I promise them better days ahead.




TABLE OF CONTENTS

LIntroduction . . ... . ittt i i e e e 1
2. Existing System Study .. ... ... e 4
2.1 Process OVEIVIEW . . . . ot i vt i vttt it eiasena e 4

22 ASD Justification ... ......... it e e 6

3. Existing Drive Performance Analysis ............ .. oo, 7
31 TestsPerformed .. ...... ...t ieeniinennnn 7

3.2 TSt SetUP . v oo vt i it e e e 8

33 ANAlYSIS . ... i e e 9

4. Design of Brushless Doubly Fed Machine .. ............ ... 15
41Background ... ... ...l e e e i e 15

4.2 BDFM Design Procedure Overview . ............ccveeeenns 17

4.3 Machine and Winding Ratings . ......... ... .o, 18

4.4 Six Pole Winding Design ... ......oiiiretrnian e 26

4.4.1 Magnetic and Electric Loadings (B, Q) ............... 27

4.4.2 Stator Slot Calculations ...........covuveeeeunenns 30

443 Winding Factor (d) ....... ... .oty 32

4.4.4 The Physical Volume of The Machine (D**L,) ........... 33

4.4.5 Diameter and Axial Length Determination (D, L)) ......... 37

4.4.6 Number of Conductors Calculations (C,Z) ............. 38

4.4.7 Slot and Tooth Width Determination .................. 39

4.4.8 Conductors Sizes and Numbers .. .......... ..ot 42

449 Required SlotDepth .. ....... ... i, 43




4.4.10 Number of Turns and Winding Resistance ............. 44

4.4.11 Winding Resistance and Copper Loss . . . .............. 45

4.4.12 Core Flux Density and Depth .. .................... 48

4.4.13 6-Pole Winding Iron Loss . . .. ...... ... vt 49

4.5 Two-Pole Winding Design .. ......... .0t 51

4.6 Common Calculation For Both Windings . . . ... ............... 52

47 BDFM Rotor Design .. ........c0ttiiiniiieteneeannnnnns 54

4.7.1 Preliminary Calculations ...............c.occtinne. 55

4.7.2 Rotor Bar Currents and Sizes ............c.cocen.n 57

473 Slotand Teeth Width ........... ... oo, 59

4.7.4 Rotor Resistances and Copper losses .. ............... 60

4.7.5 Flux profile and Iron losses . . . ....... ... cvivnnn. 62

47.6 Calculatedefficiency ...........ccivevivennnn. 63

4.8 Practical Design .. ..... ...ttt 63

4.9 Design Sheets and Their Layouts .. ............oovieean. 65

5. Conclusion and Recommendation . . ... .......ccovttiinenoeeons 67
6. Bibliography . ........c.uuiiiiiii ittt e e 69
Appendix-I; Pump Station Flow Chart, Irregular Flow .. .................. 71
Appendix-II; Pump Station Flow Chart, Steady Flow ..................... 72
Appendix-IIT; Raw Data Averaging Sample .. ........ ... 73
Appendix-IV; Collection of All Raw Data Averages, Stator . ............... 74
Appendix-V; Collection of All Raw Data Averages, Rotor .. ............... 75
Appendix-VI; Existing Drive Performance Analysis Table ................. 76




Appendix-VII; Slot Combination Table ............... ... .. ciian. 77

Appendix-VIII; Winding Layout and Corresponding MMF Waveform, 6-Pole . . .. 78
Appendix-IX; Winding Layout and Corresponding MMF Waveform, 2-Pole . . . .. 79
Appendix-X; BDFM Ideal Design Spreadsheet . ........................ 80

Appendix-XI; BDFM Practical Design Spreadsheet ...................... 98




Figure

Figure 2.1
Figure 2.2
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 4.1
Figure 4.2
Figure 4.3
load)
Figure 4.4
load)
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10
Figure 4.11
Figure 4.12
Figure 4.13
Figure 4.14
Figure 4.15

LIST OF FIGURES

Page
Pump station load duty cycle (1-month period) ............... 5
Pump station load duty cycle (6-month period) ............... 6
Existing drive test Set-Up . . . ... .ottt 8
Per phase equivalent circuit and associated measurements . .. ... .. 10
Drive power flow diagram . ............ ... oo 11
Existing drive input/output pOWer . . .. ....cooiiee e 13
Existing drive external resistor losses . .......... ... 13
Existing drive and pump performance . . .. ........ ...t 14
Existing drive performance ........... ... 14
Brushless doubly fed machine (BDFM) drive . ............... 17
BDFM- frequency and speed schedule ..................... 24
Power factor variation of 3-phase induction motor (at 100% rated
................................................. 26
Efficiency variation of 3-phase induction motor (at 100% rated
................................................. 27
Electric loading of air-gap periphery of induction motor ......... 30
Slotand tooth Jayout ...........c.coiviiiiniinonnnnnn 44
Winding length schematics ............. oottt 45
Polyphase machine flux path . . ....... ... ... 438
Iron 10sseS PEr POUNA . . ..o vvviie e eenensaneassoosos 50
BDFM flux waves interactions . . .......c.c.ceoeeceeceeeeooons 53
BDFM 10tOr StIUCIUIES . . oo o v v vv o vaoas s oo vnnnnseees 55
Rotor nest currents distribution . . ... ... ..o it i i een 58
Rotor slot and tooth configuration . . .. ... 59
Slotareaequivalent . . . ........voiiueeet i naeeeonnn 65
Design spreadsheets layouts .. .........c.ooviiiiiiien 66




LIST OF TABLES
Table 4.1 BDFM windings rating .. ... ... .. ..

Table 4.2 Equivalent induction machine winding ratings .. ...............




DESIGN PROCEDURE FOR
BRUSHLESS DOUBLY-FED MACHINE
USED AS A
LIMITED SPEED-RANGE PUMP DRIVE

1. Introduction

Adjustable Speed Drives (ASD) popularity is increasing rapidly due to pressure
from industry for more efficient and reliable drive systems and the ever increasing
advancements and confidence in power electronic controllers and their capabilities. In
the past, the drawbacks of such drives were primarily due to the high capital cost
associated with the power electronic controllers which limited the payback to
investments in such drives [1]. Therefore, ASDs were only employed in critical
processes and their popularity was limited. However, the advancements in power
electronics in recent years has made it possible for manufacturers to provide the
market with ranges of highly reliable and less expensive controllers [2]. This in turn,
along with the world awareness to conserve energy, has prompted industry to renew

their interest in such valuable alternatives.

In industry, ASDs find most applications in pumps, compressors and fans,
where normally process operation requirements were met through the employment of
recycling valves and dampers. Such means of control are not only an additional capital
investment and source of maintenance trouble, but most importantly a waste of limited
energy resources. A typical ASD consists of a conventional induction or synchronous
motor controlled by varying the supply frequency and voltage to attain the desired
speed. As a result, the controller rating must at least be the same full load rating as
the machine itself. This causes the cost of the controllers to increase significantly,

especially in applications where high power drives are required. Other concerns
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involve the high harmonic contents, associated with the currents drawn by these power

converters, which pollute utility’s lines or which require investments in harmonic

filters in order to comply with the newly established IEEE Standard 519 [1,2,3].

The above economical and reliability concerns has prompted the ECE Energy
Systems group at OSU to investigate both the ASD and Variable Speed Generator
(VSG) since early 1980s [1]. The Brushless Doubly Fed Machine (BDFM), where self-
cascading induction motors incorporated in one frame are employed, was the result of
these investigations [1,2,3]. Since then, proof of concept prototypes were designed
and tested over a wide speed range in both motoring and generation modes and by
using conventional Pulse Width Modulation (PWM) and an experimental Series
Resonant (SR) converter [1]. These experimental prototypes have demonstrated

several advantages over conventional ASDs.

In contrast to conventional ASDs, the converter rating was shown analytically
and experimentally to be a fraction of the machine rating depending upon the
particular application speed range. This not only offers a low capital investment in
controllers but also reduces, if not eliminates, the harmonic content returned to the
supply line through the adjustment of the control winding excitation. Further, it was
shown that this machine offers a more precise control over a wide speed range and a
high system availability due to flexibility in operating as a regular induction motor in

the event of controller failure [1].

Three phases, out of a possible four phase program, in the research and
development of BDFM, have been completed with promising success. In the first
Phase, technical feasibility, machine modeling and operation predictions were the
focus of the study [1,4,5]. The encouraging results were then capitalized upon in Phase
Two by emphasizing improvement in machine design, speed range and control strategy

[ 6].




Phase Three of this program involved the optimization of construction techniques of
the lab prototypes and paved the way for an industrial application prototype in Phase
Four [6,7].

The continual success in the analysis and the proof of concept designs of this
machine through Phase Three has increased the confidence in BDFM capabilities to
be a valuable alternative as conventional ASDs. This confidence has prompted OSU
faculty and Corvallis Waste-Water Treatment Plant (CWWTP) operations personnel to
consider the replacement of the current 60-HP Wound-Rotor Induction Machine
(WRIM) ASD drive with an equivalent BDFM drive. In the current drive, speed
control is achieved via external resistors where energy is dissipated as heat. From
several available alternatives, BDFM was sclected for trial installation because of the

advantages, discussed above, it offers in this application.

This thesis will present a detailed design procedure for the BDFM in general
and for this application in particular. The design will be based on the design procedure
for induction machines, but keeping in mind the unique stator and rotor structure of
the BDFM. The design will be carried out by means of spreadsheets, which allow for
variable adjustments and future modification to suit any future designs. For the
purpose of this project, a study of this particular application and an investigation of
the existing drive performance will also be presented. This will help set up the

performance requirements for the BDFM.




2. Existing System Study

2.1 Process Overview

The Corvallis Waste Water Treatment Plant (CWWT) includes an influent
pump station which is required to lift the influent fluid from wet well level to plant
level 37 ft higher. Four pumps are utilized for this application, three of which are
rated @ 125 HP with capacity of 14 Million Gallon Per Day (MGPD) each and one is
rated @ 60 HP with capacity of 7 MGPD. The four pumps are commonly know as P-
2211, P-2212, P-2213, P-2214 with the 60 HP as P-2213. This project is concerned
with the drive to the smaller pump, P-2213.

P-2213 has the lowest rating of all the pumps with capacity of 7 MGPD which
make it a good candidate for being used as the follow pump in the sequence during
peak operation periods ( wet season ). However, in the dry season it is generally used
as the follow pump only during peak hours and as the main pump running during
non-peak hours. In the latter application, the pump drive is almost always operating at
its full load speed 870-rpm, even though the pump capacity is not yet reached. These
periods usually occur when the wet well level increases beyond the speed capability of
the drive, thus mandating another pump to be turned on for a short period of time to
fulfill the well’s level increase requirements. This causes a cyclic switch-on and
switch-off of the follow pump and leads to an irregular operation pattern. Two plant
flow charts are attached in Appendices-I and II which demonstrate the severe
irregularities in plant flow due to the above operation sequences and a desired steady

plant flow respectively.




When the small pump is used as the last follow pump in the sequence, it is
always in the variable speed mode. However, as will be shown in Chapter 3, the drive
performance at too low speed is unstable, which in turn minimizes the speed range of

operation and causes an irregular plant operation, as discussed above.

P-2213 is driven by a 60-Hp, 3-phase, 460-volts, 60-Hz, 8-pole, 900-r/min
wound rotor induction motor. The designed speed range is 600 to 870 r/min and speed
control is accomplished by varying the rotor external resistors. It was not possible to
determine this particular drive’s load duty cycle alone as was anticipated, due to the
lack of individual pump flow meters. The only flow meter available is installed on the
main header and records plant total flow. However, from this flow data it was
possible to obtain the pump station load duty cycle which is an indication of the
individual pumps’ duty cycles. Two load duty cycle graphs are presented here. The
first one corresponds to flow data obtained for the month of January 1993. The second
graph correspond to flow data, obtained from plant records, for a six month period of

the previous year.
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2.2 ASD Justification

From the above two graphs and the flow charts in Appendix I and II, it is
evident that the pump drives are required to operate for very significant periods at
lower than their rated top speed and output power. Hence, an ASD is justified in this
application and, in particular, it can be concluded that this drive is suitable to a precise
speed control which we believe can be achieved by the employment of BDFM
adjustable speed drive. In addition, operation personnel have expressed their preference
to increase the upper speed limit from 870 to 900 rpm, a criteria which can be

accomplished readily by the BDFM.




3. Existing Drive Performance Analysis

3.1 Tests Performed

To insure that the performance of the proposed BDFM drive satisfies the
current and future operation requirements, the performance of the existing drive was
investigated. Two tests were conducted on this drive in order to characterize its
performance. The first test consisted of collecting data from the machine every
minute for a 30 minute period. This test was conducted while the drive was operating
in parallel with another one. Plant operational perssonnel expressed concerns that the
small drive might not be able to handle the complete requirements at that time. The
result of this test will not be presented in this document since such data does not
reflect the actual drive performance as a result of the load being shared by another
drive. However, the second test was conducted with the drive operating in isolation
and data were collected every 10 seconds for a 5-minute period. The results of this

test will be presented and discussed in this chapter.

For both tests, data for voltages, currents, power profile and speed were
collected from both the stator and the rotor. The tests were repeated for different
operating speeds, (870, 820, 800, 780, 760, 740, 720, 700 r/min). An attempt to
conduct the tests at lower speeds failed due to high oscillations in speed due to very

low load torques.




3.2 Test Setup

Fig. 3.1 below, is a schematic of the equipment set-up used for this test. The

two sets of data acquisitions employed consist of a power analyzer (DMMP), a

personal computer (PC) and associated software. An additional dc voltmeter with

serial communication port was employed in conjunction with the stator data

acquisition system for recording speed voltage.

converter converter
Rs—22 i Tl
L1 l_:] ma=
Rs-232 RS-232
De PC for date DHHP e PC for data
volimeter oquisttion Anolyzer Aralyzer oquisition
Power f[: /-\ . To -
Supp! P / \\ External
pply £
] N \ j / 7 Reslstors
speed voltoge
from sensor
mounted on shaft
Figure 3.1  Existing drive test set-up

The stator and rotor line voltages, currents and speed are recorded and the

associated phase voltage, watts, vars, va, power factor and frequency are derived and



recorded by the program at the instant of polling. Recording occurs at the
predetermined interval (10-sec) for the duration of the test (5-min). The first test was
conducted at the drive full load rated speed (870-rpm), wet well level at 192-ft above
sea level and full speed flow of 7-MGPD. The test program was concluded at the
lowest possible speed that could be achieved (680-rpm), wet well level at 193.5 and
plant flow of 1-MGPD. The collected data were then converted into a spreadsheet and

a complete analysis was made.

3.3 Analysis

The data collected above were averaged over the test duration as can be seen
from the sample sheet in Appendix-III. These averages are then compiled in one sheet
showing the average quantities ( voltages, currents, power, frequency ) and their
corresponding speeds for both the stator and the rotor, Appendices-IV and V
respectively. Due to the unbalance in the measured voltages and currents they were

recalculated as

v=\) (Vo2 V' *Ve) (3.1)
P 3

and similarly for the currents

I =\J (1~ * 1) (3.2)
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where V,, V,, V, L, I, I, are the measured voltages and currents.

The stator and rotor resistances were separately measured across the winding
terminals to be .16 and .19 ohms respectively. The corresponding phase resistances
were calculated to be .08 and .095 ohms, based on the assumption of a Y-connected

balanced winding assumption. The stator and rotor copper losses were calculated as
Py =3 *I2*r (3.3)

The rotor powers calculated by the data acquisition system reflect the power
consumption by the external resistors based on the measurements. Figure 3.2 below

shows the per-phase equivalent circuit and the associated measurements.
1
P Lsl o ~ Lrt Ir

rs
V-phase

rc Rex

Figure 3.2  Per phase equivalent circuit and associated measurements

From rotor external power and from the rotor phase current, the external resistor

corresponding to the particular test speed was calculated as

exl (3.4)
3%I°

ex
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The output power can be calculated as per the following power flow diagram.

Pin Pgap Pmech Pout

1 !
Peuls J’—\L

Pculr Pex

Figure 3.3 Drive power flow diagram

The machine iron losses cannot be measured directly but has been assumed to be a

constant 2.5 percent of the motor rating, a typical value for this machine rating.

P;=.025%P,_ . .4 (3.5)

The friction and windage is dependent on speed and can be assumed to be 2.5 percent

of the input power at that particular speed.

P, =.025%P, (3.6)

input

The output power can be calculated as
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P (3.7)

out=Pinpu!:_Pculs_Pfl—Pculr_Pex_wa

and the machine efficiency, in percent, is found from input and output power as

n=—24 %x100% (3.8)

T = out (3.9)

where P, is in watts and speed o in rad/sec. The complete calculation results for all

oul

test speeds are attached in Appendix-V1. The resulting drive performance is shown

below in Figs. 3.4 - 3.7.



E;: £0.00

c 40.00

o

— INFPLUT

> & 30.00 1 : ‘

gg 20.00 iy POV, T POWER

= 1000

£ 000
y 2 8 8 - § B3 8§
- — o -r r- o) — o
(™ {nm] o0 (wm ] o0 oo (] (]

Speed (%)

Figure 34  Existing drive input/output power

5.00 M
4.00

3.00

2.00
1.00

0.00

External
resistances losses

7722

61.19

6e.68

84.b65

R 8717

Speed

Figure 3.5  Existing drive external resistor losses

89.21

91.87

13



14

2 700.00 '
® © 600.00 b flow
3 & 500.00 D0l
T = 400.00 1 ; (NM
« ¥ 300.00 ]
u ¥ well
- £ )
T = I - - [
2 0.00
o [y} (mm] LD M — M~ o
o — = © — o o )
~ o & = & B o =
Speed (%)
Figure 3.6  Existing drive and pump performance
o g 100.00 -
g - o0.00 oY
&% B0.00 '
g€ 4000
£ 3 2000
Y2 oo
od =) mm) M- — M~ Iy
M~ — [N ] M~ [n ) ™ w
M~ (=] [m ] [m ] () = 3] (=]

Lo
(L]
=T
[mm]
Speed (%)

Figure 3.7 Existing drive performance



15

4. Design of Brushless Doubly Fed Machine

4.1 Background

The design process of any machine involves the determination of the
dimensions and the electrical and magnetic particulars of that machine to satisfy given
specifications which include horsepower, speed, efficiency, power factor, temperature
and type of service[8]. In designing commercially available and established machines,
such as induction motors, the design process is more practical since tabulated values
are widely available and the designer’s task is relatively simpler[9]. For special
purpose machines though, including some of the highly specialized and commercially
available machines, the task of the designer is somewhat more complex and a
customized design process is required. The Brushless Doubly Fed Machine (BDFM) is
a special type of a machine due to the existence of two windings on the stator side
and the customized cage-like rotor[1,2,3]. This in turn requires a design process
which can satisfy the special structure and operation requirement of this hybrid

machine.

The BDFM stator consists of two windings which can be considered as two
separate induction machine windings utilizing the same iron, sharing the same slot and
contained in one frame. Therefore, the standard design process for the induction
machine can be utilized here with some modifications and by adding more constraints.
The constraints include slot dimensions requirements, instantaneous flux density
considerations, operational speeds, horsepower ratings etc.. The BDFM rotor design
on the other hand, is significantly different from that of an induction machine and a

customized design process for the rotor is required.
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The similarity in structure and operation between BDFMs and induction
machines dictates the careful examination of the manufacturing process of the latter.
Generally, the manufacturing of small and medium size induction machines uses
standardized frames which cover a wide range of machine sizes and speeds. Therefore,
a limited number of frames can accommodate different requirements of designs
satisfying various ratings, speeds and voltages. Various machine sizes are
accommodated in a particular frame by adjusting the core diameter and the lamination
stack (axial length) [8]. Moreover, manufacturers rate a frame by its 4-pole, 1800
rpm, 60-Hz, maximum horsepower in order to standardize as much as possible of a

design range[8, 9].

On the other hand, the ideal design of a machine involves the determination of
all variables (bore diameter, axial length, number of stator/rotor slots, slot dimensions,
number of turns, conductors sizes, flux densities, current densities and stator losses)
for specific horsepower, voltage, frequency and speed and subject to a specific
electric and magnetic loadings. The stator/rotor lamination are then fabricated to
satisfy the above dimensions and a frame-size is then selected or fabricated to house
these lamination. The design will be unique for this particular machine, and re-use of

this design to accommodate different size machines will be limited.

In this chapter, the ideal design procedure is discussed in detail. Later, the main
points of the practical design will be presented. The main difference between the two
procedures, however, is that in the latter one, physical dimensions of frame and
lamination details are known while they ought to be determined in the case of ideal

design.
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4.2 BDFM Design Procedure (verview

As mentioned above, the BDFM is a machine which consists of two induction
machine windings, 6-pole power winding and 2-pole control winding, on the stator
and a customized cage like rotor as can be seen from figure 4.1. The special rotor
structure is required so as to obtain good coupling with each of the two stator

windings [10].

In brief, the ideal design procedure for the BDFM begins by designing a 6-pole
winding stator for an induction machine. This involves the determination of the bore
diameter and axial length, slot specifics, conductors details and so on. At this point, a
conservative air-gap flux density is assumed in order to obtain these details. The
dimensions (D, La, ds, ws, wt) corresponding to bore diameter, axial length, slot width
and tooth width respectively, are then utilized to design a 2-pole winding stator of an

induction machine. In the 2-pole winding design, the flux densities are calculated from

POWER CONVERTER

fc
approx. =
25% of
BDFM rating
™~
Pc
fp

rotor

oo
POWER SOURCE O
\ Pp+Pc

Figure 4.1 Brushless doubly fed machine (BDFM) drive
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the available dimensions and other design parameters as will be shown later in this
chapter. Since both windings utilize the same iron, the design process monitors any
over saturation in both the teeth and the core due to the instantaneous sum of fluxes of
both windings. In both cases suitable current densities were assumed in order to

obtain conductor sizes.

Empirical data for induction machines were utilized in the above stator design
process. However, during rotor design, the process begins by assuming a uniform rotor
bars size and identifying the bar resistivities. These values along with others from the
stator design, are used to predict the actual rotor loop currents utilizing the general
BDFM machine variable simulation program [3]. Next, a relatively uniform current
density is assumed for the rotor bars and hence the actual bar sizes are determined.
The design is completed by determining the sizes of the different rotor slots and the

and by calculating the machine efficiency.

4.3 Machine and Winding Ratings

Before beginning the design procedure, the drive and winding ratings shall be
determined. This BDFM is designed to replace the existing (CWWT), 60-HP, 3-
phase, 460-volts, 900-r/min pump drive located in Corvallis Waste Water Treatment
Facility. Therefore, the rating of this machine will be the same as that of the pump

drive and the required operational speed range is 600 to 900 rpm.

For an induction machine, the winding rating is the same as the of machine
rating and is dictated by the application of the drive. In the BDFM, the machine rating
will still be dictated by the particular application as mentioned above as in the

induction machine. However, the winding ratings will be different.
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To determine the winding ratings, the BDFM and induction machine speeds,

frequencies and number of poles shall be investigated. For the BDFM the mechanical

speed 1s obtained from,

N=60*fpifc (4.1)
Dp+D,
or in r/sec
£ =tetle (4.2)
P,+P,
where

p,=power winding number of pole pairs
p.=control winding number of pole pairs
f =power winding supply frequency (Hz)
f.=control winding supply frequency (Hz)
f ,=mechanical speed in 1/sec

N=synchronous speed (r/min)

The rotor frequency is related to the power winding frequency, number of poles and

the mechanical speed by

Fo=E,~Dp*E (4.3)

m

where
fx= rotor frequency (Hz)

For the induction machine winding the mechanical speed is obtained from;
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f
=120 % = (4.4)
N: 0 2
where P=number of poles

The first three formulas came about due to the special structure of the BDFM
rotor and its unique interaction with the stator windings and their derivation can be
found in [1 - 5]. Therefore to satisfy the speed range required by the application, and
from equation-4.1, with the power winding frequency being fixed to supply frequency
60-Hz, the control winding supply frequency must range between -20 and 0-Hz. When
f, is zero, the BDFM synchronous speed, 900-1/min, is achieved and when f, is -20 the

lower design speed limit, 600-r/min is achieved.

The control winding effect can be viewed as either aiding or working against
the power winding. In the former one, power is being pumped into the control winding
via the power converter and BDFM operates in super-synchronous speed, 900-r/min
and above. In sub-synchronous speed, below 900-r/min, the control winding effectively
operates to extract energy from the machine and pump it back into the line via the
converter. For this application, the required operational range is in sub-synchronous

speed and hence the control winding is generating power.

At the upper speed limit, application rated speed, the power winding is
required to deliver the machine rating, 60-hp while the control winding is required to
extract approximately O-hp. At the lower speed limit, it is required that the control
winding extract the most power. The control winding rating at the lowest speed limit

can be computed from the converter rating formula as follow;
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£,
S.<5,*
£ +F, (4.5)

£_=20Hz

where
S, =converter rating

S,, =machine rating

Which means that for a 60-hp machine, the control winding shall be rated at
15-hp. Note that these ratings are required at speeds different than the synchronous
speeds of the two equivalent induction machine windings. Therefore, the equivalent
induction machine winding ratings shall be scaled up based on the difference in
speeds. The horsepower hp of an induction machine winding is related to speed and

other parameters by the following [11]:

_ D?*L *BxQ*N+d*n *cos@ (4.6)
4.07x*10%

hp

or, in general, and by requiring that all other parameters other than speed remain

constant

hp=K*N (4.7)

where
D=bore diameter (inch)
L, =axial length (inch)
B _air-gap flux density (lines per square inch)
Q=ampere-conductor per inch

d=winding distribution factor
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n=etficiency
cosB=power factor

K=constant

Another approach, is to require that the BDFM winding develops the same
torque at its synchronous speed as would its induction machine equivalent. That is; the
torque due to the 6-pole winding remains the same at both BDFM and the equivalent
induction machine synchronous speeds. Therefore from the torque, power and speed

relationship

hp=Tx*n (4.8)

where
T=torque (Nm)

n=speed (rad/sec)

or from Equation-4.7, the equivalent induction machine winding rating can be

calculated from;

hpl_ hpz (4.9)
NI N2
or
hp2=M (4.10)
N1

where for the power winding,

hpl=horse-power at BDFM natural speed (900 r/min)
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N1 =BDFM natural speed (r/min)
hp2=equivalent induction machine horse-power

N2 =equivalent induction machine synchronous speed (1200 r/min)
while for the control winding,

hpl=horse-power at BDFM lower speed limit (600 r/min)
N1 =BDFM lower speed limit (600 r/min)
hp2=equivalent induction machine horse-power

N2 =equivalent induction machine synchronous speed(3600 r/min)

Therefore the power and control windings ratings based on the above formula, will be

80-hp and 90-hp respectively.

The supply voltage to the power winding is fixed to the line voltage, which 1s
460-volts, while the control winding voltage requires a constant volt per hertz ratio.
Since the maximum control winding frequency is 20 Hz at 600 r/min, the control
voltage at this condition will be 460 volts. The voltage of the equivalent 2-pole

induction machine will be 1380-volts based on the volts per hertz rule. That is

¥=CONSTANT (4.11)

The following schedule shows the relationships between both windings frequencies,

synchronous speeds, mechanical speed, supply voltage and the rotor frequency.
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Figure 4.2 BDFM- frequency and speed schedule

The winding ratings are summarized in the following tables based on the above

discussions.
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Parameter power winding control winding
horsepower 60 15
voltage 460 460
speed (rpm) 900 600
frequency-Hz 60 -20

Table 4.1 BDFM windings rating

Parameter power winding control winding
horsepower 80 90
voltage 460 1380
speed (rpm) 1200 -3600
frequency-Hz 60 -60

Table 4.2 Equivalent induction machine winding ratings
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4.4 Six Pole Winding Design

The ideal design process for the BDFM starts by designing the stator for the 6-
pole,1200-rpm, 3-phase, 60 Hz power winding at the equivalent horse power ratings
(80-hp) shown in table-4.2. In addition to these known quantities given in that table,
the design shall be carried out for an objective efficiency and power factor
corresponding to this rating. These values can be obtained from established design
data for general purpose induction motors found in various references. The graphs
below are reproduced from similar ones given by Still and Siskind [11]. The first one
provides the approximate power factor (%) versus the brake horsepower, and the

efficiency (%) against brake horsepower is given below.

100
X 80 ]
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b
= 40
o
2 2
g <0

0

o = o = [} o [ Lo = Q =

(RN =T [Eu} o0 o [ | = [fu] jwm) = [N
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Horsepower

Figure 4.3  Power factor variation of 3-phase induction motor (at 100% rated load)
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Figure 4.4  Efficiency variation of 3-phase induction motor (at 100% rated load)

4.4.1 Magnetic and Electric Loadings ( B,, Q)

The magnetic and electric loadings are the two design constraints which are
monitored throughout the design process and their values dictates the machine
particulars. The air-gap flux density Bg, constitutes the magnetic loading and shall be
moderate to avoid excessive teeth and core saturation. The average value of the air-
gap flux density over the pole pitch is defined as;

L]
= 4.12
9 1xL, ¢ )

where
®=the total flux lines per pole

t=the pole pitch
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The maximum tooth density is related to the air-gap flux density by;

_ A
Ben=/Z*Bgx—- (4.13)
where

A=slot pitch

wt=tooth width

and the core flux density is related to air-gap flux density by

L

72 (4.14)
¢ L,xcrd

since only half of the flux produced by a pole flows in the core. So by substituting for

® from equation-4.12

g = Ba*? (4.15)
¢ 2xcrd

where

crd=core depth behind the slot

Therefore higher values of air-gap flux density B, will lead to higher values in
teeth and core densities which in turn produce higher iron losses, as will be shown
later. Moreover, the magnetizing currents are also dependent on flux densities and it
is usually desirable to keep the magnetizing component of the stator current as small

as possible.

The usual values of Bg for 60 Hz excitation, lies between 23,000 and 38,000

lines per square inch with 26,000 as common value [11,12]. Higher values occur in
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machines of larger output and diameter and lower voltage and number of poles. As a
rule, the higher the flux in the teeth, the wider the teeth and the narrower the slots
shall be made. Furthermore, different values of flux densities leads to various torque

characteristics.

The additional constraint which shall be considered in BDFM design is the
presence of the two windings which produce two fluxes in the same iron. It is the
instantaneous sum of flux densities due to both windings which shall be monitored and
kept within the above range limits compared to the flux due to one winding as in
induction machine design. Therefore it will be wiser to design the 6-pole winding with
a more conservative assumption of an air-gap flux density in the beginning in order to
account for the 2-pole winding contributions later in the design. Note that a different
air-gap flux density will be recalculated later in the design, the value of which will be
considered as the design value. The variations between both quantities are due to
assumptions and rounding functions made in the process of determining the machine
physical dimensions and the number of conductors per slot. Refer to Appendix-X, the

ideal design spreadsheet, items 11 and 46, for details.

The ampere-conductors per unit length (Q) of the periphery of the air-gap is
referred to as the electrical loading and is directly proportional to the I’r losses. Its
value is dependent on machine size, voltage and type of ventilation. The value of Q is
obtained from established tables and is related to the number of conductors, conductor

currents and bore diameter by the following equation:

o= %1 (4.16)

where
C=number of conductors per slot

[,=phase current
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The graph below was reproduced from a similar one given by Still and
Siskind and it provides curves for the approximate values for stator ampere-conductors

per inch of the air-gap periphery of induction motors.
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Figure 4.5  Electric loading of air-gap periphery of induction motor

4.4.2 Stator Slot Calculations

Generally the stator slot selection depends on the number of slots per pole per
phase (nspp) and the rotor slots used (nr). In induction motor design, the slot per pole
per phase shall be greater than or equal to 2 for either winding, to avoid excessive

leakage reactance [8,12]. Furthermore and for satisfactory results in induction motor
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operation, it has been proven that the number of stator slots shall not be equal to the

number of rotor slots and that the difference between them shall not be:

equal to or a multiple of +/- 3p
equal to +/- (p,2p,5p)
equal to +/- (1,2,p+1,p+2)

where

p= number of poles

The last three combinations were proven to causes motors to cog, develop
synchronous cusps in the torque-speed curve or operate noisily respectively [8,11,12].
These effects are largely due to air-gap harmonics found in the flux wave due to the

relative positions of the stator and rotor slots.

There are two types of BDFM proven rotor structures for a 6-pole/2-pole
machine as will be shown later. The first one consists of 4-nests and each nest consist
of a number of loops which are contained within a cage. The other type consist of
only the four nests and their loops. Therefore, the BDFM rotor slots can only assume
certain numbers. The table in Appendix-VII compares various stator-rotor slot number
combinations against the above restrictions to determine the best combination for the

design.

The stator slot number selected for this application is 72 which meet both
criteria above and is common for equivalent induction motors of the same ratings.

(refer to stator/rotor slot combination table in Appendix-VII).
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4.4.3 Winding Factor (d)

For induction machines, double layer windings, Y connected, semi-closed slots,
short chorded coil-span and lap type coils are the most common. In this BDFM
design, a fractional pitch of 5/6 was implemented for both windings as can be seen

from the winding layout schematics shown in Appendices-VIII and IX.

Since this is a distributed winding with at least 4-slots per pole per phase
which employs a fractional pitch of 150/180, the winding factor is calculated as the

product of the winding distribution factor and the pitch factor.

d=fa*f, (4.17)

where
f,=winding distribution factor

f,=winding pitch factor

The distribution factor can be calculated from the slot pitch in (electrical degrees) and

the number of slots per pole per phase (nspp) as follow;

sin(nspp*ﬁ)
£u= 2 (4.18)

nspp*sin( —g— )

where

B=slot pitch in rad
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The pitch factor can be computed based on the coil span and the number of layers of

the winding as follow;

fp=sin (L) (4.19)

where
Y=coil span in electrical degrees

2=for double layer winding

So for the 6-pole winding the slot pitch in electrical degrees is 15, the coil span
is 150 and the number of slots per pole per phase is 4. This gives a distribution factor
of .958, a pitch factor of .966 and the winding factor of .93 as can be seen from the

design sheet.

4.4.4 The Physical Volume of The Machine (D**L,)

The output equation of a polyphase motor is

HP*746=3*ExI *cosO#n (4.20)

where
E=phase voltage

I,=phase current

The derivation of the phase voltage involves calculating the induced voltage in a

number of turns due to the flux per pole. The flux cut per revolution is



=@ xPxN (4.21) ‘
and per second
= Q*PxN (4.22)
60

The average value of induced emf in the number of series conductors per phase for a

distributed chorded winding is

- dxZx® *xPxN (4.23)
60%10° )

av

where
=number of conductors per phase

®=total flux per pole in lines

on the assumption of a sine wave flux distribution, the form factor is 1.11 and the rms

value of the induced voltage after substituting for (P*N) by (120 *f) is

E=2.22f*d*®*Z*x10711 (4.24)

The same equation can also be derived from the total flux per pole, under the

assumption of a sinusoidal flux waveform, as follow;

¢ (t)=®xsin(wx*t) (4.25)

where

O®=peak flux



oO=2xf

The induced voltage due to this flux is

e(t) =NS*%‘£

=2*uxfxN xP*xcos (w*t)

=E xcos (w*t)

where
N =number of turns per phase

E,=peak emf
E =2*mxf*xN *x®

The rms of which

_Em

V2

_2%m

*f*Ng*@
JZ

=4 .44 %*N *P

since there are 2-conductors per turn, and by including the winding factor for

distributed winding, E becomes

E=2.22xfxd*Z*®
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(4.26)

(4.27)

(4.28)

(4.29)
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The flux can be represented in terms of the machine dimensions and flux density as

follows:

o=p T D*L, (4.30)
9 TP

from equation-4.4 above, the frequency is

F=ExN (4.31)
120

by substituting for flux and frequency in equation-4.29, the phase voltage can be

expressed as

E’=5.81*N*Bg*D*La*d*Z*10‘1° (4.32)

The electrical loading ampere-conductors per inch of the air-gap periphery is defined

as

_3*Z*1, (4.33)
T *D
solving for [,
,=Lxm*D (4.34)
3x7

and by substituting for E from equation 4.32, and I, from 4.34 in the output equation-

4.20 and solving for the physical volume (D’L,) we get
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DZ*L = 4.07*HPx101! (4.35)
2 B xQ+N*d+n *cosB )

This value has to be split into its components, the machine physical dimensions.

4.4.5 Diameter and Axial Length Determination (D, L)

The method of determining the physical dimensions of stator bore and
lamination stack length is generally not unique in contemporary machine design.
However, one of the simplest ways of determining these dimensions, is to consider
what is called the square polar law [8,11,12]. That is, the closer the pole face to a
square (pole pitch=axial length), the better the design becomes. Further, the general
practice is to restrict the diameter more than the axial length due to the limited

standard frame sizes available.

In the BDFM case, the two windings present in the same frame provides a
bigger challenge in choosing these dimensions. However, based on their pole numbers,
there will be more flux associated with the 6-pole winding compared to that of the 2-
pole winding. Also, smaller diameters are anticipated for the 2-pole winding compared
to that of the 6-pole which in turn may lead to thinner teeth, due to the requirements
to accommodate the conductors of both windings. This may compromise the
mechanical strength of the teeth. Therefore, it will be wise to employ the square polar
law in designing the 6-pole winding since larger diameters and flux requirement are

expected. Hence, for a square pole
L,=1=n*D/P (4.36)

where

T=pole pitch



From equation-4.35 it was found that

D?xL,=constant (4.37)
Substituting for L, in equation-4.37 from equation-4.36 gives

D3xq

=constant (4.38)
This gives the value of D, then by substitution in equations- 4.37 and 4.36, L, and ©

are obtained respectively. These values can be adjusted as necessary to adapt to any

design limitations such as teeth width, flux density or frame size.

4.4.6 Number of Conductors Calculations (C,, Z)

The number of conductors per slot can be derived from equation-4.34, by

solving for the number of conductors per phase as follow;

g=LQ*nxD (4.39)
P

for the 72-slot stator, there are 24-slots per phase and the number of conductors per

slot C, is obtained as;

__Z (cond/phase) (4.40)
5 24 (slots/phase)

substituting for Z from equation-4.39



(4.41)

I, is the phase current and can be found from the output equation and A is the slot

pitch and is determined from;

A=1/nspp (4.42)

where

nspp= number of slots per pole per phase.

The number of conductors per slot found from above must be an even number since a
double layer winding is employed. Therefore, C, must be rounded to the nearest even

number during the design.

4.4.7 Slot and Tooth Width Determination

The slot and tooth widths are selected to accommodate the number of
conductors ( or substitute conductors) per slot and the tooth flux density, allowed

without over-saturation of the iron, for both windings. The maximum apparent flux
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density in the teeth ranges between (75K and 105K) lines per square inch [11]. Note
that an assumption of a flux density here must take into account the flux density
required for the 2-pole winding. This suggests that the slot and tooth widths
determined in this part of the design can be modified later to account for the effect of

the 2-pole design. From equation-4.24, the flux per pole is calculated as

- Ex10° (4.43)
2.22xd*xf*Z7

The actual air-gap flux density corresponding to this flux can now be
determined, to reflect any assumptions or rounding during the determination of the

physical dimensions and the number of conductors, as follow;

B_= (4.44)

Before determining the tooth width, a flux density in the teeth shall be assumed. The
typical value is 85,000 lines per square inch [Still & Siskind]. The air-gap flux density

can be related to teeth flux density by

B.y*A. =B *A,

Bip*nNSpp*wt*L, =B, *T*L,
(4.45)

T
B *WEt=Bg,*
em " o™ nspp

B ¥Wt=Bg, x4
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where

B.=/2*B, (4.46)

and wt is the tooth width, can now be calculated as

wt=—9 (4.47)

It is important to note that the tooth flux density assumed here represents the
apparent flux density and assumes that all air-gap flux passes through the teeth.
Therefore the tooth width calculated here might be an oversize for a regular 6-pole
winding induction machine. However, for BDFM design it will be advisable to
oversize the tooth width calculated in the 6-pole design in order to anticipate the flux
density due to the 2- pole winding. Other elements which might affect the selection of
the tooth width include limitation on slot depth. Too wide of a tooth leads to narrow
and deep slots which in turn will lead to a larger frame and hence to an expensive
design. In all cases, the tooth flux density shall be recalculated to reflect any

modification of tooth width. The slot width can now be calculated as

wsS=A-wt (4.48)

Note that in this design a parallel sided tooth and semi-closed slot is assumed.
Therefore the slot width determined above represent the width at the narrow end of the

slot.
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4.4.8 Conductors Sizes and Numbers

The number of conductors per slot were already determined above to satisfy a
given electric loading. The sizes of these conductors can be determined by assuming a
certain value of current density (A), which meets recent industrial standards for
electrical winding insulations. This is generally between 3500 and 5000 amps per

square inch. The conductor area (c,) is then calculated from

ca=Ip/A (4.49)

For smaller motors where shorter end windings are required, the wire area which was
calculated above, can be substituted by a multiple, smaller number of conductors in

parallel. The number of substitute conductors (C,,) is determined from

CSS*CaS=CS* Ca

Cpc, (4.50)

ss
Cas

where

¢, ~area of substitute conductors
Again the number of substitute conductors must be an even number since a double
layer winding is employed. Furthermore, in this design, an integral number of uniform

area substitute conductors is employed. Therefore the number of parallel conductors

(P.)



Cos (4.51)

C

s

b=

must be an integer. This will lead to a different value of current density and care shall

be taken not to exceed the upper limit suggested above.

4.4.9 Required Slot Depth

At this point, the required 6-pole winding slot depth can be calculated based on
the number of substitute conductors and the slot width available for conductors. The
procedure involves the determination of the slot width available for wires by
subtracting the slot insulation thickness from the previously calculated slot width. The
number of conductors which can be accommodated in parallel in the slot, width wise,
and the number of rows of these parallel wires are then calculated. The slot depth is
then calculated by adding up the depth of the wires stacked in the slot, together with
the double layer spacer, slot lining and the allowance for spaces between wires. Refer

to the schematic below and to Appendix-X for illustration and calculation formulas.
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conductor

tooth thickness

wedge thickness

A

Figure 4.6  Slot and tooth layout

4.4.10 Number of Turns and Winding Resistance

For a 72-slots double layer winding, there are two coil sides per slot, 24-coils
per phase and 4-coils per pole per phase. The number of turns per coil is determined

from the number of conductors per slot found above. The number of turns per phase
(Ny)

N =N_*cph (4.52)

where
N.=number of turns per phase

cph=number of coils per phase
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4.4.11 Winding Resistance and Copper Loss

One winding turn will travel twice the axial length and twice the end winding.
The end winding length depends on the type of conductors used and the number of
poles of the winding. Larger wire (lower AWG) is stiffer and hence requires a longer
end winding. In addition, smaller number of poles require longer end windings due to
a longer pole pitch.The mean length per turn can be calculated based on the following

schematic derived from a similar one by Kuhlman [12] for diamond type windings.

J ot
SN

< N
<~ T

Figure 4.7 Winding length schematics

The angle o can be calculated as

a=sin- (3L (4.53)



where
dl=wsm+s

wsms=slot pitch at the mean depth

$=0.12 inch for 300-600 volts applications
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(4.54)

Note that (d1) represent the thickness of the coil plus the clearance between two

adjacent coils at the end windings. The thickness of the coil may be assumed to be the

same as the slot width at its mean depth, while the clearance is obtained from

empirical data and its value varies with the applied voltage [12]. The slot pitch and

width and the pole pitch at slot mean depth can be assumed to be equal to the slot

pitch,width and pole pitch at the air-gap in the ideal design, since these dimensions are

not known beforehand and the slot width is assumed to be uniform. However, in the

practical design, the actual slot pitch at the mean can be calculated and a better

approximation of the winding length is obtained.

The pole pitch at the mean of slot depth

_mx (D+d,)

Tm )

*Cp

where

P = number of poles

cp=5/6; per unit pitch of the coil

The horizontal part of one end of the winding (hw)

m

cosa

2hw=

(4.55)

(4.56)



47

The over hang (oh) can be approximated to be equal to slot depth

oh=ds (4.57)

and by discarding the diamond tip, since it will not be used in this application, the
approximate mean length per turn can be calculated as follow:

mlt=2*L +4*ds+4*xhw (4.58)

and the total winding length per phase in feet is

wl=nN_ x2LE (4.59)
12

The specific resistance, 1’,, for a certain conductor in (ohms/1000 ft) @ 75 deg C can
be obtained from established data books, [13], and the per phase resistance is

calculated as

/
= s (4.60)
=~ T000+%p,

where

p.= number of parallel conductors

The winding copper loss is found as

W

[of

ul6=3*Ip2*rs (4.61)

where
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746 *HP
= (4.62
P 3xExnxcosO )

Note that at BDFM’s full load speed (900 r/min), the losses calculated above will be

less since lower currents will be drawn at that speed.

4.4.12 Core Flux Density and Depth

Only half the flux per pole will flow in the core of the machine as can be seen
from the graph below. The flux density corresponding to that flux must be within
acceptable range ( 50,000 to 85,000 lines per square inch ) to avoid excessive core

saturation. This requires the proper sizing of the core depth (crd) behind the slot.

Figure 4.8 Polyphase machine flux path
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Hence, by assuming a reasonable flux density at this point and by keeping in mind
that only half the flux per pole flows through the core, a first estimate of core depth

can be predicted to be

o
__ 2 (4.63)
¢ Lyxcrd

The core depth can be calculated from above and the outside diameter can be
determined. However, this will not be the design value since the 2-pole flux
contribution was not considered at this point. Since the design was carried out on a
spreadsheet a trial and error process can be implemented where various core depths
are assumed and the core flux density flag, in the windings common calculations
section, is monitored for over-saturation. In addition, the core depth determination will
be influenced by the selection of a suitable frame size which puts a limit on the

maximum outside diameter allowed.
4.4.13 6-Pole Winding Iron Loss

The iron loss includes losses due to teeth and core flux densities which are
obtained by first estimating their corresponding weights. For USS, M-36 26 gauge, the

density is .28 1b per cubic inch and the teeth and core weights are then calculated as

m.=.28*nx (D -crd) crd*L, (4.64)

for the core, and



for the teeth.
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m.=.28*wt*xnsxdsx*L, (4.65)

The watts per pound factors are then obtained from established test data,

similar to figure 4.9 below which was reproduced from USS Electrical curves for USS

M-36 steel sheets, for the calculated flux densities above. The corresponding losses

can be determined as shown in appendices-X and XI.

Core losses, (watts per
poubd)

Figure 4.9
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Flux density, (Kilolines per square inch)

Iron losses per pound

This concludes the 6-pole winding design and the design the 2-pole winding

follows. It is important to note that some of the values determined above may need to

be recalculated in order to account for the 2-pole winding design.
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4.5 Two-Pole Winding Design

The 2-pole winding design procedure is practically the same as that of the 6-
pole winding. The difference is that the machine physical dimensions and slot and
tooth width are known to us. Therefore, the flux density will now be calculated rather
than assumed. However, the electrical loading (Q) will still be assumed from fig 4.5
above. The power factor and the efficiency for this design horsepower rating are also
obtained from fig-4.3 and 4.4 respectively. Note that this machine will be designed to
cause rotation in the opposite direction to that of the 6-pole winding. This will make
the corresponding frequency and speed to be negative which will lead to negative

fluxes and fields which rotate in the opposite direction.

Since BDFM natural speed direction is the direction of speed corresponding to
the 6-pole winding, The 2-pole winding will be in the generation mode for the speed
range specified for this design. The current calculated from formula-4.62, will be
different in this case since mechanical power is the input and is converted to electrical

power. The current in this case is given by

- HP*746 *n (4.66)
P 3xE*xcosb

With the air-gap flux density calculated from above, and the knowledge of the slot and
tooth width from the previous section, the tooth flux density can be calculated as

follow,

B,,=/2*Bx izg (4.67)
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where
sag= periphery surface area at air-gap

tsa= teeth surface area

The same current density assumed for the 6-pole winding may be assumed here
for determining the winding conductor sizes, then the corresponding slot depth
required to contain them shall be calculated in the same way as previously shown in

the 6-pole design.

4.6 Common Calculation For Both Windings

The common calculation for both windings includes the calculation of the
stator total slot depth, monitors teeth and core flux densities and provides required
information for the simulation program to be used in rotor design. In addition, a

summary sheet which summarizes the design results is also included in this section.

The total slot depth required to contain both windings copper is calculated as

d,=d +d ,+wdt+tt+s,, (4.68)

where
d,=6-pole winding slot depth
d,=2-pole winding slot depth
wdt=wedge thickness
tt =tooth thickness

Sex=spacer between the two windings

Refer to fig-4.6 for illustration. Note that this depth assumes a uniform slot width



calculated in Section 4.5 at the air-gap periphery. The actual slot depth will be

somewhat smaller when the slot shape shown in fig-4.6 is conside‘}ed.

As indicated earlier, the flux densities in both teeth and core must be monitored
to avoid any excessive iron saturation. This can be done by maintaining the
instantaneous flux densities to be within the limits mentioned earlier. The 2-pole
winding produces a negative flux waveform; that is a flux traveling in the opposite
direction of the 6-pole winding flux waveform and at a different speed. The
maximum instantaneous flux density corresponds to the instant in which both
waveforms coincide in an aiding fashion as can be seen from the demonstration graph

below.
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Figure 4.10 BDFM flux waves interactions

Therefore, the maximum teeth flux density is

Bin=Bims* | Bemz| (4.69)
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and the maximum core density is

ch=ch6+chm2l (4 ’70)

The absolute value is required to account for the negative sign associated with
the 2-pole winding fluxes. Based on these peaks, the slot and tooth width, core depth
and number of turns may need to be tuned in order to avoid excessive saturation.
During the design of each winding, it was required to approximate a core depth to
accommodate each winding flux profile. Either core depth may not accommodate the
maximum instantaneous core flux density. Therefore, a suitable core depth must be
chosen to satisfy the allowable limits and the frame size. Too large a core depth will
lead to a larger frame size and increased cost. These modifications are easily
accomplished since the design process was implemented on a spread sheet. Refer to

Appendix-X and XI for illustration.

After the core depth is calculated, the outside diameter is calculated and then
the suitable frame size is selected. For this ideal design and for an outside diameter of
D,=22 (in), the frame which has the closest dimensions to this is NEMA frame-445.
The selection shall be made so as to minimize the change of the core depth calculated

above.

4.7 BDFM Rotor Design

In order to support the two air-gap rotating fields of different pole number, due
to the simultaneous excitation of the two stator windings, a special rotor structure is
required [1 ; 5]. Two proven structures are capable of accommodating the two winding
requirements; refer to graphs below. A cage like rotor which consist of four nests of

isolated loops at one end of the rotor and connected to a common bar at the other end,
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with the outer loops ( cages ) connected to the common rings at both ends. The, other
type consist only of the four nests of loops connected at one end, and is referred to as
the cage-less type. Both types were previously built and tested as labarotory
prototypes. The cage-less structure will be the subject of discussion in this design

procedure.

— _
_1 [ 1] L
() BDFM CAGE-LIKE ROTOR
_] [ 1 [

(b> BDFM CAGELESS ROTOR

Figure 4.11 BDFM rotor structures

4.7.1 Preliminary Calculations

The number of nests mentioned above is determined by the combination of the
pole pairs of the stator winding as was analytically showed by Creedy during the early

development of the rotor structure for this kind of machine [14].

nst=P,+P, (4.71)

This number can also be considered as the number of poles of the rotor. The

selection of the number of rotor slots depends on the number of stator slots, the type
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of rotor structure and the number of loops per nest used. In addition to the restrictions
discussed in section 4.5.2, it was found that satisfactory results for induction machines,
were obtained when the difference between stator and rotor slots is between 15 and 30
percent. Therefore, the rotor slot number is recommended to be between 50 and 94 ,
excluding nr=72, which is the number of stator slots. The rotor structure selected can
only assume some of the numbers within this range. For example, by selecting the
cageless rotor, rotor slot numbers can be (56,64,80,88). The restrictions discussed in
section 4.5.2 are then applied to select the suitable rotor slot number (n,). In the

following discussion and for illustration, n=40 is assumed.

The rotor diameter can be assumed to be equal to that of the stator bore, since
the air-gap length is very small. However, and for completeness, the air-gap length

was computed and the actual rotor diameter was used in the rotor design.

Most design books suggest that the air-gap length shall be as small as
mechanically possible [8,11,12]. In addition, too large an air-gap ought to be avoided
since it leads to the substantial increase in the magnetizing current. Khulman, suggests
that the approximate minimum air-gap length can be determined from the empirical

formula

10.17
1,=.125-—"—— (4.72)
g > D+390

therefore, the rotor diameter is

D,=D-2x1, (4.73)
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4.7.2 Rotor Bar Currents and Sizes

Due to the existence of the two stator windings and the unique rotor structure
the values of the rotor bars currents are not uniform like those of induction motors.
From previous simulation results and from experience with laborotory prototypes, it
was evident that rotor outer loops carry higher current values compared to inner ones.
In fact the current values increase gradually from the inner loops to the outer ones.
With this fact in mind and by assuming a required uniform current density in all the
loops, the rotor bars sizes that can satisfy that density can be obtained. This is no easy

task if one begins from scratch, due to the difficulty in determining the rotor currents.

In the early development of the BDFM, a simulation program was developed to
simulate the 36/44 stator/rotor slots combination, based on the knowledge of machine
ratings, voltages, speed, coils specifics and so on. Later, this program was modified to
accommodate any stator/rotor slot combination and any winding configuration.
Therefore, the rotor currents were calculated from these simulation programs for an
assumed uniform rotor bar area and based on the stator details discussed above. Note
that the design sheet produces a summary sheet for use in the simulation program to

obtain the rotor currents.

Customarily, the current density in rotor bars for induction motors ranges
between 15% to 30% higher than that of the stator current density [12]. This is
because no insulation is required for the bars and better ventilation exists; and hence
higher temperatures are allowed. Based on this current density and the rms values of
the individual loops currents, the corresponding bar cross sectional areas and

dimensions are then calculated.

1 "

x"=a sub-script used for loop designation throughout the rotor design,
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Ca=I (4.74)

—X
X AI

(U,V,W,X,y,Z....)

The end-ring size is calculated based on the maximum current flowing in any
section of the ring. This happens to be the innermost section corresponding to the
innermost loop. The sum of all loop currents per nest, since they are all in phase, flow
in that section thereby dictating the design to be carried out at that current level.
Assuming the same current density as in the bars leads to the determination of the
minimum end ring size and dimensions. Refer to the following figure and Appendices-

X and X1 for illustration and calculation details.
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Figure 4.12 Rotor nest currents distribution
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Figure 4.13 Rotor slot and tooth configuration

4.7.3 Slot and Teeth Width

Due to the non-uniformity in the conductors sizes of the rotor bars, the slot
widths will also be be non-uniform, unlike the induction machine. On the assumption
of square bars to be used in this design, the slot widths can assume the corresponding

bar width plus a tolerance.

W =dia,+.03 (4.75)

where
x =bar designation, (u,v,w,x,y,...)

dia=bar width or diameter

Therefore the slot width is dependent on the bar size. The tooth width,

however; can be assumed to have a uniform width and can be calculated from
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Y= (m=*D,-2*nst*(wg,,)) (4.76)

tr n

r

and the corresponding slots pitches are calculated individually as shown in the design
spreadsheet and as per fig 4.13 below.The following schematics shows the rotor

lamination shapes which reflect the above discussions.

Similarly the slots depths will also be dependent on the bar sizes as

ds,=dia+tt (4.77)

where
tt=tooth thickness

x=loop designation

For the selected frame size, the corresponding shaft diameter can be determined
from NEMA standard tables, then the core depth behind the deepest rotor slot can be

calculated.

4.7.4 Rotor Resistances and Copper losses

Similar to the calculation of stator resistances, The rotor bar resistances can be

determined by first determining the mean length per turn as

bl =2xL,+A, (4.78)
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where
A=the slot pitch corresponding to that loop

x =loop designation

Assuming that copper bars are to be used in this application, the resistivity for B18§7

copper is obtained from standard handbooks, [13], to be

p=1.7504 (4.79)

in pu€Q.cm which is equivalent to 689 uQ.inch. Therefore, the individual rotor bar

resistances can be calculated as

r= bl xp

p.4

(4.80)
dia,?

Similarly, the end-ring resistance can be calculated in same manner, except in
this case, the resistances will be for sub-segments of the end-ring. The total end-ring
resistance will be the sum of all the sub-segments resistances. This method was
employed in order to calculate the copper losses in these sub-segments individually,

since they carry different current levels as shown above. Refer to Appendix-X for the

sub-segment resistances calculation formulas.

The rotor-bar copper losses are calculated based on the above resistances and

the rms currents

C-ZX:HSC*IXZ*IX (4.81)

and similarly the losses in the end ring



62

1l,=nst*I2xrsub, (4.82)

The total rotor copper losses is the sum of the above two losses.

4.7.5 Flux profile and Iron losses

The total flux crossing the air-gap and entering the rotor may be assumed to

be the total flux due to the 6-pole winding plus that of the 2-pole winding.

O, = xp,+P,*P, (4.83)

From this the flux densities in both the teeth and the core behind the deepest slot can
be calculated in the same way as that of the stator. The core losses can be calculated
by first obtaining the iron weights then estimating the watts per pound for the flux
densities calculated above from established graphs, then scaling these values to be
compatable with rotor frequency which is 15-Hz. These losses are expected to be very

small due to the low frequency and flux densities.

The rotor teeth weight

mtr=.28*wtrxL,* (3 xdsu+2*dsv+2*dsw+2*dsx+dsy) *4 (4.84)

Refer to fig 4.13 for illustrations. Similarly, the core weight can be calculated in the

same way while accounting for the shaft and any vents holes..
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4.7.6 Calculated efficiency

When the BDFM is operating at full load speed, the 2-pole winding excitation
is almost dc and iron losses are zero. Therefore the total machine losses at full load
will be the sum of the 6-pole winding total losses plus the 2-pole winding copper

losses and the rotor losses.

ml=wlé6+wcul2+wlr (4.85)

The efficiency if the machine can be calculated as

n= 746 xHP (4.86)
746 *HP+ml

This value may be less than what was assumed in the beginning of the design since
various assumptions and approximation were required during the design process.
Another note is that all stator loss calculations were made at the equivalent induction
machine windings ratings (currents, voltages, speeds). These values are expected to
change when operating as a BDFM. The stator current will drop therefore reducing

copper losses which should improve the calculated efficiency.

4.8 Practical Design

The previous sections described the ideal design process of the BDFM, from

which the machine physical dimensions and slot specifics were obtained. Hence a
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resulting product may not be cost effective. Therefore, such design procedure can be

used as a guide for future special purposes BDFM applications.

In a practical design, the physical dimensions are known quantities beforehand
and are dependent on the frame size utilized. For this application NEMA frame size-
445 was selected due to availability and compatibility with the existing drive frame
size. This fixes the outside diameter to a known value. Various lamination
configurations, corresponding to different ratings requirements, with various slot
widths, slot depths, bore diameters and lamination stack lengths can be accommodated

1n this frame.

To accommodate the two BDFM windings, a lamination configuration
corresponding to an induction machine which is one standard rating (75-hp) higher
than the proposed BDFM rating (60-hp) was selected. In addition, 72 semi-closed
parallel teeth slots were selected. Therefore, the stator bore, slot area and tooth width
are known quantities while the axial length can vary up to an upper limit. With these
variables known, and for the winding ratings described in Section 4.4, the same
design procedure as described in Sections 4.5 to 4.8 were followed with minor

differences.

The air-gap flux densities for both windings are now calculated from equation-
4.35 rather than assumed. For a suitable electric loading, obtained from fig 4.5
corresponding to the winding rating, the number of conductors per slot and per phase
are calculated as was done in the ideal design. This in turn will lead to the calculation
of the air-gap flux per pole and the air-gap flux density can then be calculated. These
two densities should be comparable and any discrepancies are due to approximations

in electric loadings and slot conductors.

The number and sizes of conductors to be used in this design are calculated in

a similar fashion as previously discussed. However; since the actual slot dimensions
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are available, a better prediction of the compatibility of the available slot area with the
number and sizes of conductors used are obtained. This was done by calculating the
actual slot area then comparing it to the total area of all conductors of both windings
when at most a 76% fill factor was assumed. Refer to fig 4.14 below and the design

spreadsheet for the details.
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Figure 4.14 Slot area equivalent

4.9 Design Sheets and Their Layouts

As mentioned above, the design processes were carried out utilizing
spreadsheet programming. The spreadsheet programming is the most suitable tool for
this process since a lot of modifications and fine tuning of the design parameters are

required.

Two design spreadsheets are provided in this document, one for the ideal

design (BDFMID.XLS) and another one for the practical design (BDFMPD.XLS).
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Each spreadsheet consist of 24-columns divided into 4, 6-columns sections
corresponding to 6-pole design, 2-pole design, common design and rotor design
respectively. Each section constitutes an item number, variable description, variable

symbol, formula used, the corresponding value and a remark column.

The design sheets include two important features which need to be reckoned
with by future users. The first one deals with variables the values of which are either
known, to be approximated or assumed. These variables are then labeled as design
inputs and designer must update them every time design parameters changed. It is
important to note though, that not all variables with "input” label need to be updated
each time a design parameter is changed. Instead only relevant ones need to be
updated. The second feature are built in checking flags which monitor critical design
variables and warn the user of possible design faults. These flags include: number of
conductors selection; slot depth; slot area sufficiency to accommodated design
conductors; current densities limits; flux densities limits. Fig-4.15 below is shown

here to serve as an illustrative guidance for future users of the spreadsheet.

6—pole 2—-pole common rotor
design design colculations design

Figure 4.15 Design spreadsheets layouts
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5. Conclusion and Recommendation

The procedures for the detail design of the BDFM were presented in this thesis.
Two forms of design were considered. An ideal design, where the physical
dimensions, slot details and conductors specifics were determined based on
conservative assumptions of the machine loadings. The second form involves
designing the BDFM, by determining conductor details and the associated machine
loadings, based on the knowledge of the machine physical dimensions and slot details.
In both cases a detailed "walk-through" example was employed by performing the
design process to satisfy the proposed 60-hp pump drive. The new drive required
performance was set by the existing drive performance and plant operational personnel
preferences. This dictated the study of the existing drive system and the analysis of its

performance.

It is important to note that this design procedure should be regarded as the first
step in standardizing the manufacturing process of this machine. The design was
limited to the BDFM 2-pole/6-pole stator winding configuration, which is one form of
possibly many BDFM winding configurations. Should it become necessary to design
such winding configurations, it will be necessary to modify the design spreadsheets to
reflect these new changes. The most apparent changes would occur in the rotor
number of nests which is dependant on the power and control windings pole-pairs

numbers, and which in turn would affect the stator/rotor slot combination allowed.

The numbers of stator and rotor slots chosen in this design were intended to be
viewed as a guide. Future users of the design sheets must select the slot combinations
suitable for the particular application. However, it is known that better induction
machine performance were obtained when the difference between stator and rotor slots

1$ within 15% to 30%.
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So for this application it is recommended that for the 72-stator slots, a 56-rotor slots,
which is recommended as per Appendix-VII table, shall be used. This also provides a

better copper to iron ratio in the rotor.

This design procedure can be considered as a link in the BDFM program
completion. Other links involve the dynamic modelling and the steady state simulation
program which are currently available. For successful use of these design sheets and
an optimum utilization of the existing BDFM program tools, it is highly recommended
that the general BDFM simulation program, which can provide machine variables
(inductances, currents, voltages,...), be completed as soon as possible. This program is
essential to the proper design and sizing of rotor bars capable of handling the specific
application ratings. In addition and based on simulation results, fine tuning can be
made to the design sheet to obtain better results before commencing the construction

stage.

Two features, the input statement and the checking flags, were included in the
design spreadsheets. Expansion of these features to be more specific in the case of the
input statements, and to increase the number of interlock flags is recommended. Such
addition may enhance the use of these design sheets. It is recommended that the
standard values in the flag fields, which compares a design value to an equivalent
allowable value, be up to the latest industrial standards in order for the design to be

current.



6.

6Y

6. Bibliography

A. Wallace, R. Spee and H. Lauw, "The potential of Brushless Doubly Fed
Machines for Adjustable Speed Drives," Proceedings, IEEE 1AS Pulp and
Paper Industry Annual Meeting, pp 45-50, June 1990.

A. Wallace, R. Spee and H. Lauw, "Dynamic Modelling of Brushless Doubly
Fed Machines for Adjustable Speed Drives," Proceedings, IEEE 1AS ~ Annual
Meeting, pp 329-334, October 1989.

Wallace, R. Spee and H. Lauw, " Performance simulation of Brushless Doubly
Fed Adjustable Speed Drives," Proceedings, IEEE 1AS Annual Meeting,
pp 738-743, 1989.

R. Li, A. Wallace and R. Spee, "Two-axis Model Developement of Cage-Rotor
Brushless Doubly-Fed Machines," Transactions IEEE PES, pp 453-460, march
1991.

R. Li, A. Wallace and R. Spee, "Dynamic Simulation of Brushless Doubly-Fed
Machines," Transactions I[EEE PES, pp 445-452, march 1991.

M. A. Salim and R. Spee, "High Frequency Cage Rotor Designs," [EEE IAS
1992

G.C. Alexander, R.Spee and A. K. Wallace, "Phase 3 of Brushless Doubly-Fed
Machine System Development Program,” Technical report prepared for BPA,

EPRI, PSP&L.

M. G. Say, "The Performance and Design of Alternating Current Machines,”



70

Pitman and Sons, 1961,

9. S. Heller, " Multispeed and Standard Squirrel Cage Motors," Volume-1,
Datarul, 1984.

10. A. Wallace, P. Rochelle and R. Spee, "Rotor Modelling and Development for
Brushless Doubly-Fed Machines," Int’] Conf. on Electric Machines, 1990

11. A. Stilt and C. Siskind, "Elements of Electrical Machines Design," McGraw
Hill, 1954.A.

12.J. H. Khulmann, "Design of Electric Apparatus,” Wiley and Sons, 1950..E.

13 D. Fink and H. Beaty, "Standard Handbook for Electrical Engineers," 12th
Eddition, McGraw Hill, 1987,

14. E. Levi, "Polyphase Motors," Wiley and Sons, 1984.

15.  F. Creedy, "Some development in multi-speed cascade induction motors,"

Juornal Institution of Electrical Engineers, London, vol. 59, pp 511-521, 1921.



APPENDICES



71

Appendix-1; Pump Station Flow Chart, Irregular Flow
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Flow Chart, Steady Flow
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ROTOR VARIABLES OVER

SPEED RANGE
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32.50
3594
38.24
42,09
4100
49.46
52.53
41.68

AMPS C
AMP

42,80
45.81
46.53
48.88
50.38
§1.23
49.24
38.21

K. WATT
KW

LSe
1.13
1.22
0.95
0.54
0.69
031
-0.05

K. VAR K. VA

KVAR  KVA
0.00 4.9
4.00 438
0.00 4.06
-0.71 3.65
0.28 3.9
0.00 1.78
0.00 1.98
0.00 0.59

PF,

.19
0.03
0.62
0.46
o.1¢

FREQ.

11

13.57
10.87
6.4
0.00
0.00
0.00
0.00
0.00

FLOW
MurD

0.9y
.14
2.34
3
4.54
4.96
5.59
6.61

A-Xipuaddy
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EXISTING DRIVE PERFORMANCE ANALYSIS TABLE

STR STR INPT
SPEED  SPEED  SLIP Vph Iph PWR
pm % VOLT AMP KW

694.97 77.22 0.23 258.27 67.54 26.66
730.75 81.19 0.19 258.02 68.92 29.06
744.15 82.68 0.17 251N 69.91 Jo0.38
761.85 84.65 0.1§ 258.00 71.85 32.82
784.50 87.17 0.13 251.39 73.90 35.42
802.91 89.21 (N]] 261.09 71.24 37.76
826.85 91.87 0.08 261.12 79.28 40.56
866.93 96.33 0.04 261.45 82.72 44.88

STR STR IRON RTRX

SPEED P.F. INPUT CullOSS LOSS RLOSS
rad/sec % KW KwW Kw KW
72.78 50.89 26.66 1.09 1.12 4.97
76.52 54.33 29.06 1.14 1.12 4.31
71.93 56.08 30.38 1.17 1.12 an
79.78 58.88 32.82 1.24 1.12 3.68
82.15 61.99 35.42 1.3 1.12 3.21
84.08 62.29 3176 1.43 112 2.70
86.59 65.14 40.56 1.51 1.12 1.87

90.78 68.98 44.88 1.64 1.12 on

STR
K. VAR
KVAR

44.95
44.75
44.70
44.90
4.71
47.31
47.13
46.97

RTR
Cu LOSS
Kw

0.37
0.44
0.43
0.56
0.65
0.70
0.76
0.84

STR
K. VA
KVA

§2.34
53.44
54.12
55.68
§7.10
60.59
62.23
65.00

F&W
PWR
Kw

0.67
0.73
0.76
0.82
0.89
0.94
1.01
1.12

I.F.

0.51
0.54
0.56
0.59
0.62
0.62
0.65
0.69

OTPT
PWR
KW

18.44
21.32
22.74
25.41
28.25
30.86
34.29
39.44

RTR
Yph

VOLT

45.94
36.53
33.47
27.718
22.46
18.18
12.08
4.37

EFF

69.16
73.35
74.85
77.41
79.75
81.73
84.54
87.88

RTR
Iph
AMP

36.05
39.37
40.92
44.16
47.63
49.53
51.56
54.30

TORQUE
NM

253.40
278.55
291.86
318.45
343.86
367.05
396.04
434.41

RTRX

R LOSS

KW

4.97
4.31
4.11
3.68
2
2.70
1.87
0N

FLOW
MGPD

0.99
214
2.4
3.70
4.54
4.96
5.59
6.61

STATOR WINDING RESISTANCE rs=.08
ROTOR WINDING RESISTANCE rr=.095
IRON LOSS= .025 * 44.88KW

FRICTION AND WINDAGE LOSS =.025 * INPUT POWER
TORQUE=OUTPUT POWER (watts)/SPEED(rad/sec)

RTR X
RES
OHMS

1.27
0.93
0.82
0.63
0.47
0.37
0.23
0.08

WELL
LVL
FT

193.45
193.25
192.95
192.71
192.50
192.40
192.30
192.10
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ne (72(72|72172{72|72{72)72(72|72|72[72| 72| | 54(54|54|5454|54)|54]54|54|5a]5a)54]5a| [36]36|36|36|36] 36| 36] 36 36] 36] 36 36
nr 120/24) 28 32| 36 [40{ 44| 48)52] 56|60l 64 68| | 20]24)28(32) 36|40 44|48 |52|56| 60646 o 24] 28(32] 36| 40] 44| 48] 52! 5660} 64
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Stator/Rotor Siot Combination Schedule For ns=72,54,36; nr=from 20 to 68
X; Indicate a non-recommended combination
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Appendix-VIII; Winding Layout and Corresponding MMF
Waveform, 6-Pole
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MMF waveform; iA=I, iB=-I, iC=0
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Appendix-IX; Winding Layout and Corresponding MMF Waveform, 2-Pole
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MMF waveform IA=], IB=-1 IC=0
A-phase
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C-phase

current out
of page
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Appendix-X; BDFM ldeal Design Spreadsheet
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BDFM DESIGN; 6-POLE WINDING

item |DESCRIPTION sym  |[FORMULA VALUE REMARKS
| _1_|motor ratings (Hp) Hp [design parameter $0.08  |°°* inputeee
3 _[Wofphases | ™ 3.8 [eec inputoee
3 [rms fine voltage (volts) vt 46999 [*o¢ jnputees
|4 _|frequency (Hz) fs i 60.00 *04 inputts®
$ [synchronous speed (rpm) N [reesnnmmnnnnnin 120000 [*9¢ japutess
6 |¥of poles P _|given; =120°1/N .90
| _7_ jfull load power factor pf__ |design parameter 91 *4¢ [ppateee
8 _[tulttosd efficiency h revnnannnnennuien .92 *44 nputsee
N i!ﬂ flux density In main pole (lines/sqr in} Bg d 160E+04  |*** Input®**
19 |elec. specific loading (amper-cond/in*2) Q |determined from given graphs 675.00  |*°¢ lnputtee
11 [total ber of stator stots ns  {given .08 *4¢ input*te
n of slots per pole per phase vspp |nspp=ns/m*p 4.00
13 |# of slots per pole nsp [such that # of dts/pole/phase >=2 12.9¢
_14 18 of slots per phase nsph |spph=aspp®p 4.00
18 _|# of electrical degrees between slots P |vets=180°p/ns 18,08
16 inrsd P |in rad=beta(deg)*pi188 0.26
1 lon factor 4 |td=sin(nspp*beta/2)/nspp*sin(beta/) 0.9¢
18 |coll span in ical degres [ 1 Ined from winding scb L 150.9¢ *9¢ inputeee
19 |col pitch (pu) cp d for the design to be 8/6 0.833333333 [#00 inputeee
16 [phch factor fp  {fp=sin(gsmma/2); 2-for double layer winding .97 gamma converted (o radias
21 [winding factor 4 |d=td*fp .93 typical values between (.98 to .96)
11 [stator inside and length {int3) DA 2% | (4.7 Hp*10*11)/(Bg*Q*d*Neeata®pl) 199637
| 23 |phase voltage (volts) E |Visqri(3) 165.58
14 |fult load phase curvent (amps) lp |746*Hp/(3*E*eata’ph 89.47
pij
6 i hbdad D, Ia DETERMINATION
ny o
18 _|the cslculsted axiat length s |la=the qubic root(4°pI°*D*2%1a/p* 3) 8.87 based on square polar law
29 |stator lnside dim (in); appr d D' [D'=sqrt(D*2¢La/La) 1501 square polsr principle
30 |stator inside ¢ (In); app D |setected 1508 {*% inputese
’> 31 [pole plich: designed (in) tau_ |Deplecplp 6.84 design value used for calculatl
31 [stator gross core tength in), axla tength ta_[a*29wD42 w
H -
M S B
38 |DESIGN DIAMETER D 15.00 444 must updste if different than above **¢

I8



36 |DESIGNLENGTH =~~~} W | o 390 ¢ mus update I different than sbove**®
3y -~
38 st pitcn i) | emencauwetamsperpie 1 e85 |eatcutated ot air-gap B ]
40 |# of stator conductors per slotcalcutated | Cs' |Cs mdallp 411 ulcul-le;;l mean Iengm.“ )
41 [remeanannieaneannnaniineneiennn selected | Cs | # of cond slot must be even # for dbl lyr wadng N '_WA 40_0 T e Inputees ) :_: e _:__
42 Wofstator conductars per phase Z |Z=Cs'aspp’p 9.9 -
b
44 |air-gap flux per pole (lines "maxwells" ) ¢ |phee=E*10"8/(2.22¢d°M*Z) 2.25E+ 06 ~ ]
_45 |corrected alr-gap density (lines/in*2) Bg |Bg=phee/tsu®la 38544.91
B } alr gap density (Hnes/in*2) Bgm [Bgm=sqrt(2)*Bg 54510.73
47 jmaxi appearant flux density (lines/sqr In) Bim' to be 85000 85000.00  [*** input **¢ typlcal
48 [tooth width (o) wt' _ |wi=Bgm*lamda/Btm .35
K. wt lected [ %]
_§_°,. the siot width, (in) ws |wszlamda-wt .21
il teeth density corrected, (liney/in*2) Bim | Btm=Btm'*wt'/wt 87444.09  [shall be made small enough (o for 2-pole
51
$3 |current denslty; d, pin*l) A d. (3500 - 5000) ampy/in*2 4500.00 4¢¢ inputsee
84 |cond. cross sectionsl area, cal (in*2) ca'  |ca'=lp/delta 0.019882392 |awghé area is 02061 in”*2, .162 In dia
55 _|actual cond dt Ithi (in) dia  [to fit the above srea 0.162 +9% [nput *o¢
5§ |ronmunnwnnunnnnnnngrey (in42), (In} ca_ |one awghs at 926 in"2 0.02061  |*** input *¢*
57 [substil d area (in*2) cas  [one AWGHLIT @ 001609 0.801609 ¢4 inpug *o*
58 _|substitute cond di (in) dias |one AWGHIT @.04526 0.04526  |*** input *¢*
§9 [# of stator ¢ nductors per siot Css' |Css'=Cs*(calcas) $1.13679384 | Css musi be even Tor double Iayer wind}
6 Css _[chosen so that it is even and satisfles ca' 4 *%¢ jnput ***
P_ilw # of conductors ln parallel pe_ |pe=Css/Cs 16 FLAG: integer parallel conductors OK
61 [current density, calculated, (amp/In*2) A |delta=1p/(Css*cas/Cs) 3475.40 FLAG: CURRENT DENSITY LOW
63 [CHECK IF # OF SUBSTITUTE CONDUCTORS SATISFIES c»' "ecereeeee>  [FLAG: CALCULATED AREA SATISFIED
64
(1]
66
67
8
_69 |thickness of § (in) fi] 1i=15/1900 0.01 typicsl of now 8 days | fixed
70 {siot width avaliable for wires, {in) wsw  |wsw=ws.2% 0.185415391
il of cond. which can fit slot width wnl_|wol=lnteger(wsw/dias) 4
71 |# of rows of wires In the slot wr |wr=css/wnl 16
73 lected wr ~ 16 *9¢ Inpug s*¢
>7; depth of wires stacked in the slot, () wd |wd=wr'dlas 8.72416 R
75 [double tagerspacer dis lais=30r000% 003 |nxed _
76 shot Walong w U thickness 001 fixed

8



n for spaces b wires all  {all=3/1000" .3 fixed
18 _|slot depth of the §-pole (in) dsé  |dsé=wd+dis+is+all 4.79416
1 -
LI S —
L) .
81 _|# of colls sides per slot csps_|caps=2; for double layer windings 2.0 *90 jnput **¢
83 |# of coll sides per phase csph_|csph=nsph®csps 3.0
84 |# of colls per phase cph _|cpb=csph/csps 24.00 3-colle sides per colt
85 1% of coll per pole per phase cpph_|cpph=cph/p 4.00
86 |# of cond s per coll side cpes_|epes=Cs/csps 1.8
| 87 |# of turns per coll Nc  [Nc=cpes 2.00
| 88 |7 of urns per phase In series Ns _ [Ns=Ncecph 48.08
8
"
91 |coll thick plus o end colls(In) 41  |dl=wses .33 s was d to be 12
/91 | approximate angle of bend of end winding (rad) slphs [alph: in(d A ambd 0.64
93 |pole plich st the meaa of the slot (in) taum |t t d for mow 6.54
94 {end windlng horizental length of one end 2aw |2b /i P s.16
| 95 |overbang length oh d to be the size of the slot depth 168
96 {mean length per turs of stator winding wit_ [mli=2%1a+4%h4 2%(20w) an
97 |winding length per phase (ft) w |wi=Neowt/12 16287
” per M 0t of specified rs' |trom NEC® 75deg C 506 000 jmput *¢*
” per phase ohms s |rs=wi®rs'/1008°pc 0051847356 per 1000 it given by AWG wive table
190
181 |IR drop per phase (volts) IR _|IR=lp*ns 4.61
102 |total stator copper loss, §-pole (Waits) Weulé |Weuls=3*1p*IR 123791
103
104 {fiux density In Iron of stator lines/in*2 B 70000 70000.00  [*°° Input **
108 |Nux in stator core/pole (Hines) pheec to be half that of ale gap L12E+06
106 |core depth behind slots; §-pole (in) crd' _|crd’=pheec/(Ia*Bc) 138
107 ide dl! (In) Do |Do=2(crd+ds)+D 2191 fated
198 {outsid di chosen Do [select to sult a frame and avold core L 12.00 *% [nput **¢ chosen to fit frame designation G
199 |core depth behind slots (in) crd  |crd=(Do-2%ds-D)/2 7 d
110 [Rux deasity in lron (tines/in*2) Be  [Be=p /(Ia%crd) 46616.91
im
12
13
s welght of iren lu stator core (Ib) mc_ |me=.28°p1*(Do-crd)*crd*ls 408.72 ing .281/cublc In; for USS M-36
s welght of iron in stator teeth (10) mt__|mi=.28%wi*ns*ds*ls 48.45 ing uniform tooth whith
]é ;_;m per pound for core L'SS-M-36, 26 gage wibc ined from graph @Bc=66K lines/in*2 L1e *40 pputte®
117 [watts per pound per cycle for faath "ot wibt |1 renususesunnnaniien @ Bi-§7k lines/in®2 .10 490 [nputeee

13



wel  [wel=wibc*me

449.59

7 wil_ [wit=wiberme IR 0 .
wsilé=wcl+wil __551.33 o e
; 1789.20028] o

v8



-

1

|

BDFM DESIGN; 2-POLE WINDING

-

Lo #k_ S U

vem [DESCRIPTION " lgm _ [FoRMULA T lvawe[remamks o
_ 1 _ |moter ratings (Hp) _] Hp_[|known - 90.00 *¢¢ input*** -
.1 |#ofphases __)._m_ lknown 00 ¢4¢ Input***
_3__|ems line voltage (volts) o Vi (known ~ 1380.00 *** lnput*** o
4 [frequency (Hz) - fs {knowo -60.08 *4¢ input*ee
3_‘ |synchronous speed (rpm) 1N |known +3600.00 |9 input*ee -
6 leofpotes | plgiven; z0200t9N .00 .
7__{full load power factor o _L_pf_ |known 91 **¢ jnput*se T
& |fuli toad efficlency e _l_.n_ |known _ .93 **¢ input®ee
. ] T
 10__|elec. specific loading (smper-cond /in*2) Q  [determined from glven graphs 675.08 ¢4 input®ee _»_h‘
11 [tota ber of stator slots ns Iven 72.00 *¢¢ input®** (stator | ion design)
n ber of slots per pole per phase nspp [nspp=ns/m°p 12.08
13 14 of slots per pole nsp [nsp=ns/p 36.00
14_|# of slots per phase asph _|spph=nspp*p 4.00 _
15 ¥ of electrical degrees between slots P [beta=180*p/ns 5.0
16 Inrad B |In rad=beta(deg)*pl/180 0.09
17 i factor fd_ [(d=sin(nspp*beta/2)/nspp®sin(beta/2) 0.9
18 icall span In electical degres g biained from winding L 156.00 44 Inpul***
_ 19 lcoll pltch (pu) o for the design to be 5/6 0.833333333 |e* |pputese
| 10 lplech factor fp__|fp=sin(gamma/2); 2-for double iayer winding (224 amma converted to radlan
L 21_|winding factor d_ |d=mderp 0.92 typical values between (90 to .96)
12 [gap flux density in main pole (lines/sqr in) Bg [Bg=4.87°Hp*19*11/(D*2*1a*Q*d*N*eata*pl) -9-644E+03 |based on di jons found from frame design
2 ]
24
25 |phase voltage (volts) E_ |Visqrt(3) 796.74
26 _[full foad phase current (amps) _lp |746*Hp®eata /(3*E*pN _ 28.71 note effect of efficiency compared lo 6-pole
U T o
31 _|pole phich: designed (in) tau _ |[Depitcplp e 19.60 design value
T U — j «

CR



I U
i ) 7 e e
38 |slot pitch (In) o A |tamds=tau/nsp N _ .54 |calculated of the air-gap - T
R I R e e
48 _|¥ of stator conductors per slot calculated Cs' |Cs=Q%mdalp Iculated at mesn length S
R R e ) " selected Cs ¥ of cond slot must be even # for dbi Iyr wndn;: 777 ‘I;p;l::__ -
41 _|# of stator conductors per phase Z B -
s _ T B
44 [alr-gap Nlux per pole (lines "maxwells" ) ¢ Iphee=E*10°8/(2.22*d*r*2) -1.70E+06
45 _|corrected alr-gap density (lines/in*2) Bg |Bg=phee/tau®ia -15484.74 “4
% I alr gap deosity (lines/in*2) Bgm |Bgm=sqre(2)*Bg -21898.73
47 |surface area st sir-gap sag |sag=pi*D*La 419.40
48 [teeth sucface area o isa  Jtsa=wt*La*ns 217.37
$ [tooth width e wt _ |selected .34 same as in the §-pole
50 the slot width, (In) ws |ws=lamda-wt [ #1} same as In the §-pole
i teeth denslty corrected, (lines/in*2) Bim |Btm=sag*Bgm/tsa -42154.96
§3_|current deasity; d, (amp/in*2) A d; b (2000 - 3008) amps/in*2 450000 44¢ [gput ***
54 |cond. cross sectional ares, cal (in*2) ca'  |ea'=Ip/deita 0.006379265 (awghi8 area is 00815 in*2, .1019 in dia
_55_|actual cond dismeter/thkckness, (In) dia [to it the above area 9.1019 *¢¢ input **¢
56" """area, (In*2), (in) ca _ one awph5 at 026 in*2 0.00815 *¢9 joput **¢
_ 57_|substitute cond area (in*2) cas [one AWGHLT @ .001689 0.001609 *%¢ jnput ***
58 [substitute conductor d) (in) dias jone AWGH17 @.04526 9.84526 **¢ |nput ***
59 [#ofstator L s per dot Css' |Css'=Cs*(ca/cas) 50.65257924 | Css must be even for double iayer winding
1] Csas _ |chosen so that it is even and satisfles ca' [1) *¢¢ jpput *e*
61 _|# of conductors lu parsllel pc {pe=Css/Ca [] FLAG: integer paraliel conductors OK
_$2_[current denslty, calculated, (amp/in*2) A |deta=zIp/(Css*cas/Cs) 2971.8§ FLAG: CURRENT DENSITY LOW
_63 _|CHECK IF # OF SUBSTITUTE CONDUCTORS SATISFIES ca’ i FLAG: CALCULATED AREA SATISFIED
Tl
|
[
K
-
69 _[thickness of Insulation (ln) o [ti=15/1000 [ X)) typical of now a days | fixed
| 70 siot width avaitable for wires, (in) wsw [wsw=ws.2%1 0.185415391
n ber of cond. which can fit slot width wnl |wnl ger{wsw/dias) 4
71 |# of rows of wires in the slot wr |wr=css/wal 18
L U fected wr 15 +0 jnput o¢+
?{‘ depth of wires stacked in the slot, (In) wd  |wd=wr*dlas 0.6789 N
75_[doublelayerspacer dis _|dis=30/10007 — f. 803 |fixed S
76 -[slot lininng Is__[Is=Insulation thick ness 9.01 Nxed
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77 a8 for spaces wires all [ali=3/1000" 0.03 fixed
78 |slot depth of the é-pole (in) ds) [ds2=wd+disiis+all 4.7489
79
] _
LI -
$2 |# of colls sides per dot csps |csps=2; for double layer windings 2.00 o8¢ Input **¢
$3 |# of coll sides per phase csph _jcsph=nsph*csps 8.0
84 _|# of colis per phase cph _ Jcph=csph/cspe U0 2-colle sides per coll
85 |# of coll per pole per phase cpph |cpph=cph/p 12.00
86 _|¥ of cond per coll side cpes [cpes=Co/cps s.00
_ 87 _|Wofturas per col Nc_ [Ne=cpes s.00
88 _|# of turns per phase In series Ns  |Ns=Nc*cph 120.08
(1
”
91 lcolt thickness plus cf b end ( a1  |dl=wsss .33 s was d to be .12
| 92 | approxi angle of bend of end winding (rad) | alpha |alph In(d 1/} .64
93 | pote pitch at the mean of the slot (in) taum |t 4 d for now 19.60
94 |end winding horizental length of one end 2hw 2N /i ipha) 2448
95 loverhang length ob d to be the size of the slot depth 1.63
96 {mesn length per turn of stator winding mit  |mit=2%12+4%b+2¢(2hw) 73.30
97 {winding length per phase () wi |wi<Nemit/i2 733.00
98 |r per M i of specifled rs' [from NEC@ 15deg C .06 *4 inpul *¢¢
99 |resk per phase chms rs  [re=wi®rs'/1000%pc 0.618655414 Iresk per 1008 it given by AWG wice table
100
101 |IR drop per phase (volts) IR |IR=lp*ss 11.76
102 |totsl stator copper loss, 6-pole (Walts) Weulé | Woulé=3*1p*IR 1529.48
103
194 {flux density In iron of stator lpes/in*2 | 70000 70000.00  {**¢ Input ***
108 |Nux In stator core/pole (lines) pheec to be half that of sir gap -0 3SE+06
106 {core depth behind siots; 6-pole (In) crd' _|crd'=pheec/(la*Bc) pA Y
197 ide di (Is) Do |Do=2(crd+ds)+D 11.64 lated
198 loutsid chosen Do  |select to sult a frame and avoid core L 12.00 **¢ [aput **¢ chosen o fit frame designation G
189 {core depth bebind slots; 6-pole (In) crd  erd=(Do-2%ds-D)/2 118 iated
110 |Nux density in Iron (lines/in*2) Be  |Be=p /{1a®crd) -55159.92
m
12
"3
114 |weight of iron In stator core [([}] mc  [me=.28*pI%(Do-crd)*crd®la 414.38 ing .281b/cubic In; for U'SS M-36
. _lls weight of Iron in stator teeth (1b) mt  |mi=.28*wt*ns*ds*la 45.69 Ing uniform tooth width
16 watts per pound for core USS-AL-36, 26 gage wite ined from graph @Bc=70k lines/In"2 1.50 **¢ input®s?
117 {watis per pound per cjcie for tooth wibt @ Bi=42k lines/in*2 9.60 ses jppute®

LY



118 Jwaus per pound for core @ fe=20-Hz

teeth s,

| [Wibc=wibe's20/60)22

122 fiotab stator Ironfoss (watts) o imw T o
!g! total stator luss ( §-pole), walts e _,,A*,!ﬂ’!‘i’,‘l’! e
) | ] .

) _ 4]

S S _ A — ]
—_1

| SR — —-—f
J R A U MR
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1
"] COMMON CALCULATIONS FOR BOTH R B AR e
N WINDINGS e - —_ Y S
R e
t . 1 .
1 [ [ TOTALSTATORLOSSES || | N
3
4 total stator gu;i)er loss (watts) ) e B iml weul=weulé+wenl2 71237.91 o o
§ _|total stator Irun Joss (watts) wsll {wsli=wsllé 551.33 I |
_ & _ [total stator Joss (watls) wsl  [wsl=wcul+wsH 71789.24 for both di
7
N i
3 | | MAX.INSTANTANOUS TEETHFLUX | | | T
1 DENSITY
i; + .
wl A - ]
(1) In: flux density Btm |Btm=Btmé+Btm2 129599.95 [FLAG; HIGH TEETH FLUX DENSITY
1L sta core flux density Bem [Bom=Bcé+abs(Bcl) 101776.83 [FLAG; FLUX DENSITY WITHIN RANGE
[s]__ .
]
11| [ CALCULATED SLOT DEPTH AND ]
[} CONDUCTORS AREA
19
w) o
21 {wedge thickness (In} wdt  |wdt=30/1000" 0.05 *e4jnputses
/22 {taoth thickness (in) 1t d .3 |*¢¢lnputeee
1 13 {spacer between the two windlngs (in) 562 | may not be required 6.03 [***Inpute**
_ 24 (total slot depth, (in) ds  |ds=dsé+ds+wdtstt 165
L1
II total # of conductors in the slot ¢ |e=Cssb+Css2 124.00
_27 |area of conductors _ cas from the 2/6-pole designs 6.001609
28 [total area required by ali cond s ln the slot st |cal=cas*c 020
19 _ e o
EL] r REQUIRED SLOT AREA CALCULATION } —- - ]
T ) M- o _ _,_
£ . - e —
L2208 D - [
U3 (Mifactor | 7% . 076 |**tinputt??
38 [required stotareatinry) | wse (rsasbMeea
36 - |stot arc radius {in) re  fre=2171, d 0.22 *+4input*+*, typical
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| Jslot depth excluding the arc and area below wedge | eqd [eqd=ds-wdt-ae-re 1.3559¢
equiient stobwidth ity ] esw Jesws(rsapitrct V2yieqd T o
O e e ]
[ SUMMARY SHEET |.. - . .. S [N - —
o - | | 6-POLE WINDING | _ -
type of winding used e ____|double layer winding - .
wirestewsed . - ¥ 17AWG _
fractionat pltch e _ tp d for this design .83 S/6 th (ractionst pltch used
total number of conductors used/slot Cssé 4.0
_{number of paraliel cond e peé . 16.00 .
bet of colls per pole per phase e cpph 4.00
u of turns per coll _ Nc 290
of turns/phase Nsé 43.00
o ] 2-POLEWINDING | _
| _|type of windiog used double layer winding
wire size used #17AWG
fractions) pitch tp d 053 5/6 th fractional pitch used
63 [total pumber of conductors used/slot Css2 _ 60.00
ber of paraliel cond pe2 6.0
65 [number of colls per pole per phase cpph 12.00
__|pumber of turns per coll Ne¢ 5.0
of turns NS2 120.00
——— S R — - .
_|DESIGN DIAMETER (in), (m) D (i), (m) 15 0.381 .
1_|DESIGN LENGTH (in), (m) Ia__ (in), (m) 8.9 0.22606
DESIGN AIR-GAPLENGTH (), (m) Lg [Lg=.125-(10.17/(D+%0)) 0.028142857 [0.000714829
13 |DESIGN AIR-GAP LENGTH(wm) ] 0.714828571 B
. . — 1
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[
SIMULATION PROGRAM

REQUIRED DATA F—

82 |stack length(m) ___ e e o L8 calculated previoudly R YT SO
!!7 machine E\Eldt d'ﬂi‘ﬂeﬂ (“_\! N ] ,.,E.,A, trears i I 4.381 "’;7 . ;:) T
I 0008714829
sigma nrhm R e 1.7§ *4¢input*ee
,'.!. ed rotor bar srea {c. mills) car |from tables for AWGH ) 33690.00
i - i
[1] -
89 |# of turns per coll (power winding) o Np .00
98 |[winding length per coll (ft) mitcp Imitcp=mit*Np/12 6.7 .
91 |coll esistanceobms rep _frep=rs'*mitcp/1000 9.055035474
L2
23 # of turns per coll (controt winding) N¢ 5.00
94 [winding length per coll fi mitcc [mitcc=mit2*Ne/12 30.54
95 |coll resk ohms rec |rec=rs2'*mitcc/1008 0.671920378
”%
”
” ber of rofor slots or 40.0¢
” ber of nests nst |knowa for BDFM 4.00
184 |rotor turasfoop Np_Jrossnnummininn 1.5 ¢+ inputeee
101 [rotor foops per nest nstl 5.0
— 1
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BDFM ROTOR DESIGN ] .

item . description sym_ B vale | S
L) S R R o
! |numberofrotorpoles | pr_|constant for bdfm . —
3 18 |1g=.125-(10.17/D+90) 0.03 o
4| _Dr_ |Dr=D-2%g 1494 e o
s [number of rotorslats e nr _ |chosen to avoid cogging,cusping & noise 40.00  |***input .
6 |number of nests o nst  |known for BDFM 4.00 *9% inpui *o¢
7 |oumber of siots per pole ...} nrp_ |arp=nripr 10.00 e
8 [rotor slot plich in degrees L lamdar' ftamdar'=3600¢ 000 ] 9.00 e e
9 |rotor slot pitc B lamdar |lamdar=lamdar'*pi*De/360 117 R _ .
10 |poleplichqln) o taur_ [taur=pi*Dr/pr . 11.74 .
it
” ASSUMED ROTOR SLOTS DIMENSIONS - B
1] R AND ROTOR BARS CHARACTERSTICS -
] T ) USED TO CALCULATE BAR CURRENTS
sl .
i
17 [rotor slot width (in) wsr' asize to fit AWG M di .30 *4¢ input **¢
18 |diameter of conductor to fit ln the slot (in) dis’ [from tables for AWG#4/0 9.29 *2¢ |nput **¢
19_[the corresponding ares of conductor (in*2) car (X1 *4* [npug ***
20 [area |n circular mitls car 83690.00 |*** lnput ***
i! area in mm*2 car 4241  [*** input ***
22 |arealn cm*2 car .42
i; rotor bar resistivity (micro-ohms.cm) sigma |from table for copper, B187 1.78  |**®input **¢ .
u .
25
] CALCULATED CURRENTS FROM BRIAN'S PROGRAM
ni .
8 e e
1, el eSS S O U U U [ — - -
_iq ) ?9;“1_.__“‘ _‘_‘i"_"L . lu_ |from program BDFM ]_.300.00 {*¢¢input e
I 450.00 [*+¢ input **¢
L A o] 600.08 |sesinput ese e
T i ) B 750.00 {*** input *** R
B SO | 90000 e input eer —
T v ) i-peak/sqri(2) ) AMZIIB rms

[43)



LN e e Ny (hpeakisgri2) . .
I lbpeskisqrid) : o
Ix  |Fpea/sqrti) 7 )
Iy jhpeakisqri) - ]
M fxelyew 16673
dyxw [Tyxw=ly+Ix+dw e 1590.9%
Tyxwy [lyxwy=zly+IxsIwelv } 1969.19
faww [lyswvustysbodwetvae 1.8 -
$0.|rotor current density deltar_ |deltar=1.20deita; 2 assomed 40000 feermpuees T T T
St _ o o o
sl oz o i T
53 |conductor areaforloop wu(intl) cau'  fcau'zlu/deltar R .08 calculated _ _ T
54 [conductor area for loop u (In*2) ~ cou  [selected @00 00 020000 .05 **¢ {nput if different area than d one **¢
7557_4_ uctor dia meter _/ !!ﬂ(ln) ey [selected .22 **¢ input if different than square bar oo
56 current density in bar u (amp/in*2) deltau |deltau=lu/cau e 4500.00
A cay' |cav'=Ivideltar o 0.87  |calculated —m
60 |conductor ares ] _cav_ [selected .97 **¢ input if different srea than calculated one **°
&1 |conductor dlameter /width(ln) | diav |selected 9.27 *¢¢ input if different than square bar ***
62 [current densily In bar v (amp/In*2) deltay |dettav=Iv/cav L . 4500.00
ol ] : _ _
ey ] . .
1§§ cggd_yg_lgf»grj!_ﬁf foop w(in*2) _ ] eaw caw'=Iw/deltar R 0.09 1]
. 66 |conductur area furloop w (in*2) caw [selected o ¢.09 *+¢ Input If different area than calculated one **¢
_&7 |conductur diameter { width (In) diaw |selected - 031 *** input If different than square bar **¢
68 [current density in bar w (amp/in*2) deltaw |deltaw=Iw/caw . 4500.00
ol )
Wl ]
71 |conductor area fur loop x(In*2) cax'  eax'=Ix/deltar e 8.12  [calculated .
72 |conductor areaforloop x(In*2)) | cax |selected 00 e 812 |**¢ input If different ares than calculated one ***
73 [conductor disn [width(im) _diax__ [selected _— s (K1) *** lnput If different than square bar **¢
74 [current density inbar x (ampfin*2) deftax deltax=Dx/cax e e e 4500.00 - -
7 _ e b ] S SR B
wlo e
7~1 conductor ares for loop y (in*2) cay'  |cay'=ly/deltar 0.14 calculated
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78 [conductor area forloop y (In*2) | SAy selected _J220 Input If different area than calculated one *00 |
79 lconductor dlameter /width(lny | iy [selected *¢* Input if different than square bar *¢*
8¢ {current density In bar y (amp/in*2) - _’f“‘l"l',! deltay=ly/cay
w| T _“_‘ -L — [ ———
L e N
83 jconductor ares for end ring (In*2) | g’ cae'=lyxwvu/deltar o .47 Ing the same current density as I loops
84 v cae  |selected 0.50 *** jnput if different area than calculated one **¢ J
end ring di tons (In) o wx) |wxl=S5x1: copper plate o 8.5 |*** input If different than square bar ***

) (in) o 1.00 **¢ jnput if different than square bar *** _]

lcurrent density in end ring bar (amp.in*2) deltae |deitae=lyxwyu/cae 4242.64
P |EI’ OR SLOT AND TOOTH WIOTH j
9 T_rllc‘n_'_s_lcﬁ widthforbar-u@dm) | wsru |wsru=diau+.03 028 .03 altowance for Irrt;ulnrlly .
" jrator slat width forbar-v(in® wsry  |werv=diav+.03 _ 030
,’,5 rotor stot width for bar -w (in) _wsre wsrw=diaw+.93 .34 ]
96 [rotor slot width for bar -x [{1)] wSrX gs_r!fdlaun.u o 0.37
97 |rator stat width for bay -y (In) . wsry jwsry=diay+ 03 841
"
99 [rotor teeth width (in) wir  wir=(pl*Dr-8*(Wstu+ WSrv+Wsrw+ werx+wsry))/d 0.54 ng uniform teeth width
100
(12} T
102 |slot plich for loop -u (In) lamdau [wsruswir 1.09
103 {slot pitch for loop -v (in) famdy flamdv=wsrvi2wsrusdwir 3n
1904 |slot pitch for toop -w (In) lamdw |lamdaw=wsrw+2wsrv+2¢wsru+Swir 5.63
195 |slot phich for loop -x (in) lamdax [lamd: X4 IWsTw+2wsrv42*wsru+ Twir 8.03
186 jslat pltch for loop -y (in) lamday |lamday=wsry+Iwsrxs Iwsrwadwsrv+J* wsru+9wir 10.49

+| [FOTORSLOTS DEFTH |~ -
4 islot depth-u (In) N dsu  [dsu=diav+it | 025 |tt- tooth thickness

t j slotdepth-v(ly dsv  Jdsv=dlavett e (2]

:l(-:—! depth-wilm) 0 _dsw_ |dswzdlaw+tt _ 0.34
0 fsordepxdm | dslass-ataxn ) 83T L —
118 {slot depth-y {in) dsy  ldsy=dlay+tt 841
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119 [rotar dlamefer at the botom of deepest slot-in Drs _{Drs=Dr-2*dsy e 14.13
_120 |shaft dlameter (in) . Ds _ |fromexising drive datasheet ﬂ_H:_- T : 338 [eor mputere T
121 Jcore depth behind the deepestsiug (in) crdtr_[crdte=(Drs-Dsy2 T 538 [morethanencugy
12 o rr:ﬁ_l T o e ]
'8 | [ROTOR FLUXPROFILE | S U
W e B IS AU S, — . ———
us —— o - ]
126 {total Aux ing the alr gap ( U pheetr [pheet=phee6®pé+phee2*p2 8.07E+86 |Rux per pole times # of poles from both wlodln—.; T
127 [intal teeth area (In*2) At |A=nrtiatwir 299.68 e B
128 |maximum tooth flux density (lines/in*2) Btrmax [Btrmax=sqri(2) * pheet/At 3.81E+84 |compared to 115k lines per square Inch
mi
130 |core flux density (lines/in*2) Bc  (Be=pheetr/(2°crdirLa) 84288.12 |compared to 115k tines per square [ ]
131
132 | [ROTOR RESISTANCES - T
| = d
e o
os|
134 [bar length loop -u (In) blu _ |blu=2*La+lamdau 15.89
137 v (In) biy  [blv=2*La+lamdav .12
138 -w (in) blw  |blw=2*La. d 23.43
13 -x(lm) bix  |bix=2*La+lamdax 15.43
140 -y {im) bly  |bly=2*La+lamday 18.29
o
142 lrotor bar resistivity (micro-ohms.in) sigma’ lsigma'=sigma *104(-6)*(In/28.4 cm ) $.89E-08
143 Iresk toop -u (obms) ru__ |re=blu’sigma’/(cau*2) | S.86E-4
‘Il_l“ «v (ohms) v |re=biv®sigma’/(cav’2) 2.91E-04
148 -w (ohms) W  |re=blwsigma‘/(caw"2) 1.81E-04
146 -X (ohms) X fre=bix*sigma‘/(cax*2) _ 1.28E-84
I -f (ohms) 7 |re=bly*sigma'licay* ) $.75E-08
tag
14 1 the mean of deepest slot (in) Drm_ |Drm=Dr-diay s
150 |end ring length (in) e |et=pi*Drm 48.17
.|-:§; end ring {ohms) te sezel*sigma/iwl) $.JEN
152
_'52. {SUBSEGMENT RESISTANCES OF END-RING }
154
rsubu |rsubu=lamdau*sigma’/{w*l) 1.50E-97 |correspond to current fyxwyva
rsuby [rsuby=(lamday-lamdau)*sigma’/(w*l) | 3WIE-07 |correspond tocurrentlyxwy ]
T rsulmA —. bw={lomdaw-} )osigma'/(wel) 3.19E-07 [correspond to current lyxw
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ent-x (ohms) _ fsubx

~ )_gnrrespond to current lyx

161 |sub-seg y {ohms) .| _rsuby jrsuby sigma’/(w) correspond o current Iy
Wl B ]
- l’ ROTOR COPPER LOSSES :

ws| o e , . ]

166 {losses {n loop -u (walts) _ - el cluznst*lu*2%ro 1.05E+82 T
167 «¥ (watts) o _Jh_ oy clv=nst®lvAdery 1.18E+02 o 7]
168 w(watts) ] cw _ {cw=nst*IwA2orw 1J1E+802

169 -X (walts) clx [clx=nst*lx*2¢rx 1.44E+02

10 yteatty oy |cly=nst*ly*2¢ry 158E+02 |

m A

gy LOSSES OF END-RING SUB-SEGMENTS | o -
173

el ]
175 [tosses ln subsegment -y (watts) iy  |iy=nst®ly*2¢rsuby 5.50E-01 e
176 (losses in subseg -y Awutts) _ 1 bx  liyx=nst*lyxA2¢rsubx 180E+08 | e
177 [losses In subseg -yxW (watts) Ayow fiyxw=ast*lyxw*2*rsubw 3.13E+80 i
178 Jlosses in subseg -yxwy (watls) Ayxwy_Jiyxwy=nstelyxwy*20rsuby . 4.47E+80 4
179 Jlosses in g -yIWVL {walts) fyxwyvu [Iyxwva=nsi*lyswyvp*2¢rsubn 2.70E+98

18¢

::: [ TOTALROTOR COPPER LOSS t -
153

184 |1otat rotor copger loss (watls) wir__{wir=total loop losses+end-ring losses 668.77

185

186 «-ﬁ IRON LOSSES '~ —_
187

188
[ 189 [# of core vents ve d 1208  [**¢ inputeee

190 |vent di {in) vd d 1.00 **¢ inputse*

191 [rotor core vents volume (In*3) ¥y ¥¥=vn*vd*La/d 83.88

192 _ 1
.!!!i vl:';';f teeth volume (in*3) o A tv=wi*La®(3dsu+2dsv+ 2dsw+ 2dsx+dsy)*4 94.70 _
194 S -
igg éo_n,l slots volume (n*y) } 3 _ﬂ’;l(wsru‘hwsrv‘1nvsm*2¢wsrx“2¢wsry"I)Ln 4033 -~ N
1% . o ,

iéT shufl volume (In*% shy shy=pl*Ds*24La/4 _l na . .

198 I .

199 [solume of core bebng sttty forv  lorneptDrt e ivvavesvasi) ass | -

200

96



201 lmelght of iron In rotor teeth (1b) _|mir=28%y .51

_ ¥_‘ﬂl.ll e
nyolumetnry e f o T

05 [tutal Iron weight (b) L B
206 Imatts per puund for teeth USS-M-36, 26 gage  [wibwr' _ [from lines per square Inch, 3
wiber!  {from graph @ Be=70k lines per square Inch, fr=69-Hz
wibte wibtr=wibir'*(15/68)* 2

Jwiber  |wiber= ber'*(15/60)42

}.e88 1

o wid - wirl=wibtr*mtr . ] 0.76 e e
_|werl werl=wlbee *mer 53.60 e N
to = S il wril=wirl+werl 543 e
213 Jtotal rotor luss, watts e wir wir=writ+weur) 123.14 -
wel oo e
VI!S_ tatal machine foss @900 rpm, walts ] mt mi=wié+weul2+wir 4041.83 |2-pole iron loss not indlueded since DC applied
;l; -m;;hlm efficiency @900 rpm eata leata=60°746/(60° 746+ ml) .92
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| T
BDFM DESIGN; 6-POLE WINDING

wem [oBsCRipTIoN T T T T e eomaena Vatve Remamks
§ (machinerstedborsepower | Hp [requiea 80.00  *¢° Inputsee
2 [design diameter at sir-gap, inches . D actual ~ 14.28  (**¢ input*®e
3 |design axial length, inches fa  [newnnn 1128 [**¢ Inputeee _
4 {Wofphases o m __|3.phase 300 [seoinporeee
§ |rmsline voitage (voits) vi Vi=460 ¢0¢ inputese
6 |frequency My ] & fs=60Hz 009 [nputtes
7 [syachronwus speedtrpm) N [rated ++° laputres )
$ [votpoe L“lr'mm =120%0N o0 | o
3 [fult losd power factor o pl _ ldesignp (objective at full load) 0.90  [*¢% input®*s (typical vatue)
_18 [full toad efficiency = n [A2] +4* input*** (typical value)
!l phase _w:\ll”g [ volts) E Viisqry(3) 265.58
12_ {full toad phase current (amps) Ip 746°Hp/(3*E*eata’*pl) 90.46
13 _[total number of stator slots ns given 72.00 |04 [pput*e (stater lon design)
14 |number of slots per pole per phase nspp _ |nspp=ns/m*p 4.00
15 _[# of stots per pole nsp  |such that # of slots/pale/phase >=1 12.00
86 {# of slots per phase .| _wsph  [spph=nspp®p __uen
17 [# of elecirical degrees between slots B beta=180p/ns 15.00 L
18 " In rad ] In eadsbeta(deg)*pl180 .26 _
19_ |distribution factor d fd=sin(nspp®beta/2)/nspp*sin(beta/2) 4.9¢
2 ﬂ span In electical degres gamma_|obtained from winding sch 0 150.00  |*** input***
21 [coll plich (pu) - <p d for the design to be 5/¢ 083 [*** Inputeee
12 [pitch factor e fp fp=sin(gsmma/2); 2-for double iayer winding 09 gamma converted to radian
23 |winding factor [ Id: d*fp 693 |typical values between (.98 to .96)
24 |elec. specific loading (amper-cond./In) Q Ifrnm design curves (typlical) 675.00  [*4¢ inputeee
25_|average air-gap density (lines/in* 3) Bg |l|=l.07‘llp’ 197 11/(D*2°La*Q*d* N eata*pl) 2.30E+M4
16
7 DIMENSIONS ASSOCIATED WITH GIVEN SLOT | B -
L . e _ L
15 available slot depth given: Including tooth thickness, wedge and curve **¢ inputtse o _
3¢ |radusofcurssture ———— ghven -
3 Jrooththdcknes fixed e ~
32 (wedgethickness fixed — e
;g dismeter at bottom of slot (excluding thearc) Db=d+2%asd-rc) e
34 [dorpichatDb [amasbopiopbins e
:!5 slot width st Db [wsb=tamdab-wt

66



36 tooth widthai Db . o wi wi=lamdab-2¢rc this Is uniform since paralicl teeth are used

A7 [diameter at the mean depih of the stnt . . Dm  1Dm=Ds2%asd/2 ;
38 |dotpitchat Dm o famdam |lumda .‘!?I;VI/VII_SV ) _7 T T
39 lthe mean dot width : L wsm  jwsmzlamdam-wl . o o T )
40 [diameter at narrow end of the sio n 9’.‘:’!’&‘!1‘3}“’9 ) T e | T o i )

41 [dotpitch at the narrom end o | wmdun fumdancpiowms ) T
43 _[sot width ot the narrowend Do T A T

43 jsotphchatategapperiphery __ llamda  |lamda=pi*Dins ] o .
43 [poteplichidesignea ) | x o — i
FE S S I o _
46 [surfaceareaatalr-gap _ 1 _ssg  |sag=pl*D*La e S0364 | ——

47 Jeetsurtcearenststotmesndiumeter | wa fwaeweans | aem B

:: SLOT AND PHASE ORIGINAL ¥ OF CONDUCTORS J--w_»ww-—w —t e -

o o o N
51 (Nofstatorconductorspersiotcaleulated ) Cs' (Cs'=Q*lamdu/lp 4.64 o d at mean length e
§3 [rrvnnenanannaniinnoninnittt selected [ Cs ¥ of cond/slot must be even # for dbl lyr wndng 4.0 *¢¢ [nput**® (must be even) . _

§3 |# of statar conductars per phase I 96.08 e
84

s FLUX AND FLUX DENSITIES [ T

se | _ e ] _

57 {air-gap flux per pole Uines "maxwells") R TR iphee=E*10°8/(2.22°d*(*Z) 1.15E+8¢

58 [corrected alc-gap density (lines/ln*d) ) Bg Bg=phee/tau‘la 32098.21 |

5 gap density (lines/in*2) _. ). Bgm_ |Bpm=sqri(2)*Bg 4539373 | e
60 teeth density corrected, (Nines/in*2) Bim  [Btm=sag*Bgm/isa _93093.90 o

st SELECTED CONDUCTORS | — e - — -

63
_6-! ‘éénn( densl sumed, (amp/in*l) 1.8 b (2000 - 3000) amps/in”2 |_4500.80
65 |cond, cross sectional area, calculated {in* ) {1 o ca'=lp/delta e [ 0.02010331 [uwgdé area is 0206 in*2, 161 India e
66 _|actual /thiclk (In) dia |0 Mt the above calculated area __0.162 E:','_'lﬂ“"‘ S
67 freenen v garea, (in*2), {in) 1 e one awg#5 at 026 in*2 T .. *¢ Input**
68 |substitute conductor area _('ﬂAL) e cas one AWGHL7 @ 001609 N 0.001609 |*°¢ Inpul“f_*
69 |substltute conductor diameter (o) diss lome AWGHIT@04526 1 04526 _|++e taputese T
¥ of stator substitute conductors per slot __Css'  |Css'=Cs*(ca/cas) 51.236793 | Css must be even for double layer winding
-:t_______ L e Css _ |chosen so that it is even and satisfiesca’ | 64 ;::'Jl?‘:‘f:‘___
71 |Mof parallef conductors - i pc pe=Css/Cs . k FLAG: Integer paraliel conducters OK
7 [current density (amp/in*2) _ defta  |delta=lpipctcas) FLAG: CURRENT DENSITY WITHIN RANGE
74 |CHECK (F # OF SUBSTITUTE CONDUCTORS SATISFIES e0* | | |[FLAG: CALCULATED AREA SATISFIED .
15 S S F S AU DA I
76
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CALCULATED SLOT DIMENSIONS F

OR THE 6-POLE CONDUCTORS

thickness of Ipsul{ulﬁvg_ﬂ»ﬂrl o
slot width avallable for wires, (In)
number of cond. mhich can fit sl wldth

folruwsof wiresin thelot

oM Ju=15/t000

wsw  Iwswewsanleth
wnl_ lwnl=integer(wswidiss)
LW _(wreesshwnl

_{rounded to highest integer

wd=wrédlas

0.0
1034876733
BiaL LN
L AL L

T T L
Is ___liszinsulation thick ness

T selected -~

ked fn theslot, (im) -
double layer spacer
Howsnce for spaces wires .

|stot depth of Ineri-polev(ln)

all _ laii=3/1008"

fixed

fixed
fixed

dsé  |ds6=wd+dissiseall

DOUBLE LAYER WINDING CALCULATIONS |

# of colls sides per slot . _

¥ of coll sides per phase

i csps csp:;l; for dnubl;Q;r windings

csph __[cspb=nsph®csps

# of culls per phase

cph __|cph=csph/2

¥of coll per pole per phase

. |# of conductors per coll side

| _cppt__|cpph=cph/p

cpes  [cpes=Cy/csps

|# of turns per colt

Nc  [Nc=cpos

of turns per phase in series

Ns__ |Ns=Neteph =~

6-POLE RESISTANCE PER PHASE

4 |coll lﬁl&_ngsiggu: of

a te angle of bend of end winding (rad)
& |pote pitch at the mean of the slot (in)

nce between end coils(in)

d1 di=wsm+s

s was d to be .12

alphs |alpha=arcsin(d1/

| _taum__taum=pl*(D+asd)*cp/P

tuiat stator copper loss, 6-pole (Watls)

weulé [Weulé=3*Ip*IR

|winding length per phase (ft) e " wizNs*mit/13 .
resistance per M ft of specified conductor _ ts' |fromNEC@75degC
r :_ per phase ahms e f‘ rs [rs=wl*rs'/(1000*pc}
6-POLE COPPER LOSSES }_ T
T T T T B S S,
IR drup per phase {volts) S IR __|R=lptes

1451.08

end winding horizental lengthof oneend Awih‘ﬁ_w bl /i Ip 5 .79
overhang fengih e j ob ta be the slze of the siot depth L 115 -
mean length per turn of stator winding mit _ jmit=2%asd%ohe2*2) 46.63

101



e 6-POLE IRON LOSSES ‘f: o

023 [sev inputeer

121 fcore depth behind sin

122 [nux instator corelpole (tnes) T R S o
123 [ux density iniron of stator Nnes/in*2 Be-pheecitarcrd) 8136049 R o

Do=2(crdt+asd)+ D 19.00 caiculated

) ide diumeter, (In)

.2 R - L. -
L L
118 |weight of iron In stator core {ib) me  [mc=.28*pl*(Do-crd)*crd*la 215.48 ing .281b/cublc in; for U'SS M-36

. Ll" weight of iron in statur teeth (ib) o mt mt=28°wi*ds*ns*In 79.08 ing uniform teoth width

139 |watts per pound for core L'SS-M-36, 26 gage wibc ined from graph @Bc=81k lines/in*2 210 |***inputee
» 1!! “-!‘!‘VPC'. ?gu!ld Pg?!ﬂfﬁ’!«._no_'!:’/f" o ) “'h' DO O U D TR T T TN AL T G .'=1“ ||I‘I¢S/|IIA3 l". (11] I’IP““‘.
132 |coreloss i wel  [wel=wibc*me 452.51

133 lteethloss e wil  (wii=wibt*mt _ 150.28 i
B l;!i total stator iron luss (watts) wshé  [wsllé=welewtl 602.75 N
135 |1otal stator loss ( é-pole) wié wig=wicub+wsllé 2053.80059
_ i e Rty U [ I,

01
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BDFM DESIGN; 2-POLE WINDING |~

DESCRIPTION

_ REMARKS

DIMENSIONS ASSOCIATED WITH GIVEN SLOT

R

ble stot depth__

_ad_ [ghven: 1

ding tooth thickness, wedge and curve

30 Jradivsofcurssiare ] re glven

31 [tnoth thickness _ o |fixed ]
32 |wedgerhicknes | wdt Mxed

33 _|dtameter at bottum of stot (excluding the arc) Db=de 2% asd-re) e

34 [siot pitch at Db . o e

3§ {slot width at h

Hem )
1 [machine rated hurse power ] He freuives 1000
. 1 |DESIGN DIAMETER e D lactual 1425 [*** Inputtes
3 |[DESIGNLENGTH = LT — 10,25 {00% input?®s -
4 ~ _ pX ] *o |nput® e
s B 138000 |00 inputees T
K quenc, . 8- e -60.00 **0 jnput®e*
7 |synchronous speed (rpm) e ] N [rated -3600.00  1°** inputtee
8 |#ofpoles ) op |ptven; =120%MN o 2.00 **¢ input®®®
9 |tulltoad power factor pf__|design parameter (objective al full load) (X **% input®** (iypical values)
10 |fuil luad efficlency L [ e 0.9¢  [***Inpui®** (typical “nlues)f _
AL [phasevoltagervots) E ey M| L
12 {tullfoad phuse cucrent (amps) i lp_ (746*Hpesta/(3°E*pN 38.30 _ _[note the effect of efficiency compared to é-pole
13 !gtg number of stator stots _ns__[given 71.00 *¢* [nput®*e o ;m—i
14 [number of slots per pole per phase nspp |nspp=ns/m*p 11.8¢ ) o
1S |wofslotsperpote | ®p such that # of sits/pole/phase >=2 36.00 - T
16 [wofslotsperphase _msph_|spph=nspp’p 4.0 L
# of electrical degrees between slots B |betaz180%p/ns o 5.00 _ B o ]
" in rad P |In rad=beta(deg)*pl/180 0.0 o _
19_ldistribution n factor fd  |fd=sin(uspp®beta/2)/nspp*sin(beta/2) 0.9¢
electical degres gamma ined from ing sch k 158.00 o492 pput®ee
e P d for the design to be 5/4 .8 **¢ (npule*
22 | pltch factor L _fp fp=sin(gamma/2); 2-fer double layer winding (X gamma converted to radian o
13 _ winding factor e _ 4 |a=fd*tp 92 typical values between (98 to %)
24 [elec. specific loading {_u_q&(-gn_d_fh\_)___ __Q_ |from design curve (typieal) 70086 [**® input®*?
28 ggm!l!-!!pggpgy!(_ﬂgﬂl:l) _Bg _lg:d."'llp‘l."ll/(D‘I‘Ll‘Q'd‘N‘nu'pl) <1LIGE+04 | e

€01



. surhu ares al alr gnp

touth width a1t Db . .
dismeter at the mesn dpplh of the stut
stot pltch at Dm

the mean slof width
diameter at narrow end of the slut
slot pltch ut the narrowend
slut width at the narrow end D

stot pitch at ajr-
pole pitch: designed (in)

_w wislamdab-2*rc
_bm o |Dm-De2%asd/2
damjlamd. pt* Dm/ns

_ {this Is uniform since parullel teeth are used

dalgn nlne nsu’ for cnlnul-llnns o

|[chasen so that It Is Is even and satisfies ca

r o '=Q*lamda/lp [ S 1 U]
R et e sdecled # of cond Jslot must be even ¥ for dbl Ilyr wndng _1s00
’ ol smor conduclnrs_&[ Lhase e --‘.,L,, Z=Cs*aspp®p 240.00 . _
FLUX AND FLUX DENSIYIES ['—__"" T o T o
| te-gap Mux per pote ines "maxwells™ ) ¢ |phee-E*10rmi2.2200P2) “270E+06 - T
| _Bg [Bg=phee/tautia -12871.94 _ R o
| Bgm_ |Bgm=sqre2)*Bg -18203.67 _ e .
w leelh density rnrrec!ed, qllnes/ln"l) Bt |Btm=ssg*Bgm/tsa -31333.17
SELECTED CONDUCTORS — R — -
n a ; between (2000 - 3000) amps/in®2 | sroee
______ ca' [cw'=lp/delta ] 8010352339 |awght sreais S1031n"2, 1144 1n dia o B
dia |to fit the above calculated area . 0.1144 e pputttt
ca |one angh5 at 026 in*2 | _o.e1028 *o¢ jnputte? - L -
] _cas |one AWGHLT @ 00160 _ 0.001609  [***impurtes
| dias |oneawemr@oas2e 1 004526 [eeedoputrer
Css' |Css’=Cs*{cajcas) 63 39061529 | Css must be even for double Ia)et winding

FLAG: CURRENT DENSITY HIGH

FLAG: CALCULATED AREA SATISFIED

YO1



| T
;: CALCULATED SLOT DIMENSIONS FOR THE 2-POLE CONDUCTORS I N E— .
80 hinickaess of insutation tiny : W =151000 - . 001 iyplcat value, Mved o

81 [siot width availuble for wires, tin) wsw  (wsw=wsm-2%tl

82 jnumber of cond. which can fit slot width o wal 7_lnlheg_e_r(¥wsw/dig§) ; o

.83 |#of rows of wires In the sut IR L wl -

*4* input ***

Lol “selected | wr  |rounded to bighest integer

85 Jdepmorwiresstacked inthestor | wd_|wo: e . _

36 |doublelayerspacer | _ds [dis=30/1000 " fixed O

8 fgotaiong s el thickness fxed

88 |allowance for spaces between wires o _f.. A Jan=3/1000" fixed

89 jstotdepih of the 2-pule(in) . f 982 [ds2=wdidississall . I [

”. — B . e e

”" DOUBLE LAYER WINDING CALCULATIONS 1 _ e e

|22 TN SUNI N R I S

93 (Wofcollssidesperstut | esps |esps=2; for double layer windings .00 Sttinputetr e
e _5§p;llww’5_sgh=nsph‘ups 48.08 e

cph [cph=csph/2 24.00 2-col sides per colt . R

-~} ceph cpph=cph/p 12.00
pet coll side cpes |epes=Cs/csps s.00
b Nc [Nczcpes 5.0
# of turns per phase Ns  INs=Nc*cph 118.00
Yo s - {d

2-POLE RESISTANCE PER PHASE -

[# of turas per cou _

J

4 ggllAlh’l»cEnésrplus :j!:_l!ﬂti et end' [ "g—g _ |8i=wsmas o .49 s was d to be .12 -
§ | approxi angle of bend of end winding (rad) slpha [alpha=arcsin{d 1/ .81
| pule pltch at the mean of the slot (in) taum |taum=pi*(D+asd)*cp/P 20.16

[ t end winding horizental length of one end ) 2h 12b=taum/ p 29.38 o
08 joverhanglength ] oh to be the size of the slot depth LI
mesn fength per wrn of stator winding . mit  jmit=2%1a+4%0h+2°(2h) . 85.38 . e

winding fength per phase (ft) wl  |wi=Ns*miv12 . 8s8.52
resistance per M 1 of specified conductor 15’ romNEC@75degC 5.06 **¢ Inputtee

[rs=witrs'/(1000%pc) R {862 |reslstance per 1008 i given by AWG wire table

2-POLE COPPER LOSSES B - —
Wdmpperphasevott) | fmetges T T

tuisl stator copper luss, §-pole (Watts) wicu? [Weulé=3*Ip*IR

co1



2-POLE IRON LOSSES s I . e

|meusured

core depth behing sots: §-
Rus in stator core/pole (tines) assume to be half that of alrgap
flux density ln bron ol stator tines/in®2 Bc  |Bespheeclatord)

swna |

outside dismeter, (in) . Do [Do=2(crdtrasd)eD B 19.08 wed
: y_e_!hl of Iron in ststor core (L] mc_ me=.28*pl*Do-crd)*crd *ls 215.48 Ing .281b/cubic In: for USS M-36 .
weight of iron in stator teeth (Ib) mi_ [mi=.28%wt*ds*ns*la 79.08 Ing uniform tooth width R
watts per pound for core USS-M-3 wibc' |from graph @Bc=98k, fc=60-Hz lines/in*2 33 *0¢ fnputsee o
watts per pound per cycle for tooth * o | wiber rewsnnnnnne @ Bt= 32k, fo=60-Hz lines/in®2 I ] 494 nputtee e
1 watts per pound for core @ fe=20-Hz wibe [wibc=wibe'*(20/69)%2 [ Xy} . _
33 {watts per pound for teeth @ fc=20-Hz wibt (witi=wibi'*(20/60)42 (X1 e
 jcoreloss c— wel jwl=wibctme j__ M -
35 [teeth loss wil _ |wii=wibt*mt | .51 ~ N
136 |toal stator iron loss (watts) wshl |ws2=wclswil 81.52
R1 l_ol_a_! stator loss ( 2-pole) wil m1=w!gubwslll 2816.196842
-+ B

901



1
COMMON CALCULATIONS FOR BOTH - - - - T
WINDINGS s - S - SR
tem © description om tormuia o value ' S eema
]
TOTAL STATOR LOSSES | SR S S IS h_;ffjf," B,
total stator copper loss(watts) | wew ‘J{.i‘ ;I.[s;mu Tl e T
total stator (run h-ss(wms)@rnud sﬁed . vygﬂ e 40275 _Hllola wlndlng hasD(.exrllltlun@ Mlm

_|spacer between the two win dll_l!!llll) L

tolal stator loss (watts)

wmnlmum instantaneous flux density

I

MAX INSTANTANOUS TEETH FLUX e
DENSITY N

8747

Btm Illm Btmé+|Btm2|
Bem [BemeBesBcy

| 1304260616

FLAG; HIGH TEETH nvx DENSITY _

179461.6938

FLAG; HIGH CORE FLUX DENSITY

may not be required

ds=ds6+ds2+wdt+ 1t

*esjpputsee

B | 11535 |FLAG; INSUFFICIENT SLOT DEPTH -

c=Cssb+Css2

lotalslotdepth, ) ]
. |ol-| L] ;)l mnduclors In lhe dot ) ; B
_|areaofcunductors e

total area required by it conductors in lhe sinl .

from the 2/6-pole designs

catzcas*c

ACTUAL SLOT AREA CALCULATION

T TSV U =

equhelem slot v«ldlh o B
stot depth excluding lhe arc and ares bﬂuw nedge B

lactual slot area avalable for wires

__|eqd=usd-wdt- ll -re

saaw=eqd®esw+pitrer 1/2

-~ ‘, oo

0 IS“

0.309971!55

|[Flag: slot area adequate for specified # of conductors .

EEe——

—m—— Aﬁ__qrv._ ———— —— e e e e — ——
[ CALCULATEDSLOTDEPTHAND | | | . ] B T
CONDUCTORS AREA I [ S ) .
wedge :g.k;sies;il}.;__j e wdizsonmeeer 00483 [serinpuiees o " "
_|teoth lMclmes(ln) e o [ d e 003 :‘_’M"' ‘1‘

LO1



filt fuctor

filable area

[ SUMMARY SHEET |

1y pe of winding used

wire size used
fractions! plich

|number of parallet conductors

number of culls per pule per phase

number of turns per cull
sumber of ¢

typeof winding used
wire sizeused

total number of conducturs usedislat

I |assumed
fu [fa=fPsaaw

'Ls-Pous WINDING [f::f_’_i T

double layer winding
#IAWG
red for ths design

o

| 0220080727

*0¢ inpute®®

number of parallel conduciars

number of turns per coll

number of turns

v DIAMETER () (m)
LENGTH (i), (m) _

tutal number of conductars used/slot

number of colls per pole per phase

S -

D e,
Joonom

[ 2-POLE WINDING | - T e e
ldouble tayer winding o T
|¥17aw6 o oo

e 83 §/6 th fractlonal pltch used - o

801
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I L
SIMULATION PROGRAM REQUIRED

- - DATA e e e
stack length (m) . ‘ L Jolcuatedpreviousdy T Ceass | ) .
machine Inside dlameter (m) e e L S 936198 | _.
al _r.dg IE_IIg"I "!" B ¥ _!!_, O I T . -~
!57 '_Ek“',“! ,_,! rotor bars m-l:rla_l;_{g!ngns-cm)__‘ 1 §|!'“_' J-l::l:":uuuuuunu-nnmvmn )
asumed rotor bar @ e car__[from tables for AWGH | e .
!l’%‘i‘.".‘f.?i"."‘ putver ;'T'“_"ﬂ!! O 7_ | o . - — _
|winding length per coll (ft) } mitcp [mitcp=mit*Np/12 7.780643724 o
|coliresistanceobms _.Tep__|rcp=rs'*mitcp/2000 0.03940118 _ e _
Yol turns per cob (controlwindig) | Ne [ _ 5 . o
_{winding length percoli fe mitec  [mitcc=mii2*Ne/12 . 35.7714946 _ e
_|colt resistanceohms __Fee [rec=rs2**mitce/ 1000 0.18114634%  — .
numberofcutorslots | o 40.00 - - )
. ber of pests e o] mst  [knows for BDOFM 4.00 —— .
!_._! ."1'_“1’2!"5’!“1’? L o ~j]>7 Nr I I 1.00 ::. input**® B
1 [rotor loops permest nstl LA e

601



BOFMROTORDESIGN | - - | - T T e e e
[ [ ———— i S .A* —e = ] e n e ————— o e e e e e e b ¢ e
e - S R S W3 Y, S
L O o - §
2 of rutur poles | ._pr__|constant for bdfm o +5% Input *** - e
3 p radial le e m=arsananpe N T
4 [rotor diameter R - Dr_ [Dr=D-2%g L Tt
§_ number o!_vglnr slots nr__|chosento lﬂc_ogglng,msplng & nolse» *9 jnput *** T o -
6 |numberofnests | st [knownfor BDFM 420 |seinpumoee oo _
7 |oumberofstotsperple | wrp |nrp-nripr e e | e
8 rotor dot pitch In degrees _ | tamdar’ l1amdar'=360/ar e | -
s |rotorsiorpuchmy | lamdar lamdarctamdar'opi*Drisee T
10 |potepitchiy taur _taur=pi*Dr/pr 11.18 N ;M_% T .
1"
nl ASSUMED ROTOR SLOTS DIMENSIONS I - e
ul AND ROTOR BARS CHARACTERSTICS T - T T
TR USED TO CALCULATE BAR CURRENTS o
RER —— .
el o . o
17 |rotor slot width (in) wsr' asize to fit AWG #1 0.3 **¢ Input *** )
18 _|diameter of conductor to 1t ln the siot (In) _].  d'_(from tables for AWGH4A/S 0.29 *o4 input **¢ R
19 |the cor responding aren of J {in*2) car (X3} o0 Input **¢ . _
20 lares in clrcular mills car $3690.68 [*** Input *** e
21 |aves in mm’2 sar 4241 [*%% input °t¢
2 fareinemt2 car o
13 |rotor bar resistivity (micro-ohms.cm) sigma_|from table for copper, B187 1.78 *4* input ***
wl o i
¥ CALCULATED CURRENTS FROM BDFM — e
P SIMULATION PROGRAM e -
Wl o e o
3¢ |peak currentinioop  w,amps |
T A e
!; nmmrru.n;ln loop u, amps Tu  H-peak/sqrt(2) 20213 lrms

011



37 - M S |b-peak/sqrt(2) rms
»n . - eakisqrid) ms__ o
3 x Ix _[|tpeakisqrud) m ) S T
" . Iy Jrpeskisqri2) rms o
41 o o - T
2 | ) ) ) - ) ’
) - S R S e e e e et o+ e = e e - e e
4 o Aoy o 63640 T
4 e Iyx _|lyx=ly+ix 1166.73
46 Iyxw Hyxw=Iy+Ix+Iw 1590.99
47 _ Tyxwy [Iyxwy=ly+Ix+elwsely 1969.19
4 ] tyxwvu Jigxwvuslysdxslwelvelu o 2128.32
50 rotor current density, !mqugggg fnch deltar |deltar=1.2%delta; .2 d 4500.00
suf o
53 |conductor area for loop @ (In*2) cau' [cau'=fu/deltar _ .05
84_{conductor area for loop 4 (In*3) — cau__[selected 0.5
85 |conductor di / width (In) diau {selected . 0.22  [*** input i different than squsre bar **¢ ~
86 |current density in bar u (amp/| deltau |deltau=Tu/cau 4500.00 B
)
59 |conductor srea for Joop ¥ (in*2) cav'  [cav'=Iv/deltar .07 I d
68 |conductor area for loop ¥{in*2) cav _ [selected 0.07  |*** input If different area than caiculated one **¢
_ 61 _|conductor dismeter / width(in) diav  |selected 0.27  |*** Input if different than square bar **¢
62 |current densl deltav |deltav=Iv/cay 4500.08
o I e
[2) I e
;; caw'={w/deltar 0.0 calculated . -
;6_ selected _ o .09 ¢*¢ input |l different ares than catculated one ***
‘ 6 selected . 9.31 *#*¢ input if different than square bar ***
“ deltav=Iw/caw - 4500.00 e -
o B _ R
70 — e e e
1; cax'=Ix/deltar e 0.12
n selected o o on
7 selected ) 034
74 deltax=Ix/cax ) as0000 | L
£ 20 E s - - e e e - — i -
7 - e el [ RS . . - B S e =
77 |conductor area for loop ¥ (In*2) 6.14

Il



78 |conducter sreaforfoop y(in* by _[selected N .14 1*** (nput if different ares than 4 one **¢
7 r;r;qggnlr diameter / width (ln) _Jselected o .38 **¢ input if different than square bar ***
. _ [dettay=ly/cay L e 4500.00 . e
for end ring (in*2) . Fle_f:lylwvu/ddur T .47 g the same current density as In loops
conductor area selected (Ia*2) |setected 0.50  |*** input if different area than calculated one **¢
§ [end ring dimenssions {in) wxi=3x1: copper plate 0.50  |*¢* [nput If different than square bar **¢
S .| N 1.0 [*** input If different than square bar ***
F_‘.’!'ﬂ'.'.!.’l‘ﬂ‘l in end ring bar (amp.inrl) |deltae=lyxwvu/cae 4141.64
1 1HOTOR SLOT AND TOOTH WIDTH ‘l
) [rotor slot width for bar -u (in) __|. wsru_|wsru=disus03 015 13 for irregularity
rator slot width for bar -v (in® wsry _fwsrv=diav+.83 030 e
S [rotor slot width for bar -w (in) wsrw _ |wsrw=diaw+.03 0.34 B
o  width for bar -x {in) wsrx _|wsrx=disux+.03 .37
rotor slot width for bay -y (in) wsry [wsry=diay+.03 0.4
_i jrotor teeth width (In} wir wlr:(pl‘Dr-l‘(mmomrvomrw+wsn4mry))l“ .78 ng uolform teeth width }
slot pltch for toop -0 (in) lamdau |wsrnswtr 1.03
slot plich for loop -+ (in) lamdy_[lamdv=wsry+2wsrus Iwtr 3.4
[slot pltch for loop -w (in) lamdw |lamd: wedwsrve 20 wsru+Swir 5.34
105 |slot pitch for loop -x (in) lamdax X+2Wsrwe2wsrve 2t warus Twir 161
186 _|stot pltch for loop -y (in) famday |I y+2Wsrn+ 2wsrw+ Jwsrv+ 1*wsrus Swir 9.9¢
- rROTOR SLOTS DEPTH '[ -
114 stot depthu iy dsu_|dm=diaustt 018
118 [dotdepth-viin) dsv  |dsv=diavett _ .30
116 |stot depth-w (i) dsw |dsw=diaw+tt .34
17 [dot depth-x i . dsx _ [dsx=dlan+tt i .37
318 |slot depth-y {in) dsy  |dsy=diay+tt [X1]

43!



119 lrotor diameter at the botom of deepestslot-n | Drs |Dra=Dr2dsy _ 1334 N
120 [shaft diameter (in) e} D5 [from exising drive data sheet _ j 3.00 (4% pputeee V__‘_ e T
121 fcure depth behind the decpest siot (i) | exdtr [cedte=(Des-Dey2 - ___‘ 519 |more than enough ]
“wy [ N . — S UV
e Eomnn.uxpnoru.s j R e
My S RN — e
ns; — —
126 |totsl flux crossing the air gap ( ) pheeir |pheet=phee*pé+phee2®p2 S.07E+86_|Nux per pole times # of poles from both windings '
127 [total teeth ares (in*2) At [At=nr*lawir 352.35 ]
118 jmaximum 100th Rux density (Nnes/in*2) o Btrmax [Btrmax=sqri(2) * pheet/At 3.24E+04 [compared to 115K lines per square inch
u
138 [care flux density (ines/in*2) o Bc__[Be=pheetr/(2*crdtr*La) €9080.63 |compared to 115k lines per square inch _
131
1 A,Eoron RESISTANCES I ~ i
13 |
Litd —}
134 . ]
vs
136 [bar length loop -u (Is) blu_ |blu=2*La+lsmdau 3.5
137 -¥ (in) blv  |blv=2*La+lamday 25.64 ]
138 «w (in) biw  |blw=2°La. 27.84
13 | - (in) blx _ [bix=2*La+lamdax 3
140 -3 (in) bly jbly=2°La+lamday 3246
4
142 [rotor bar resistivity (micro-obms.In) sigma' |sigma’=sigma *104(-6)*(in/15.4 cm ) 6.89E-08 _
143 |resk toop -u (chms) ™ recbiutsigmat{caut2) 7.30E-04
1 “ -v (ohmns) (a4 re=biv*sigma‘/(cav* 3) 3.53E-04
145 -w (ohms) _ rw  (re=biw*sigma'/(caw”2) 1.16E-04 ]
iif -% (ohms) s rn re=bix*sigma‘/(cax*2) 1.49E-04
1 -y (ohms) ry  |re=bly*sigms'/(cag*2) 1.12E-04
148
149 |di »t the mean of deepest siot (in) Dros | Drm=Dr-diay 1332
150 |end ring length (in) el lel=pi*Drm 43.41
!5! ] [end ring resistance (chms) re re=el*sigma/(w*l) - S98E-06
sl .
153
.';_:, {SUBSEGMENT RESISTANCES OF END-RING }—
1
156 e S o
i§1 E;&meﬁs) . R rsubu | rsubu=lamdav*sigma‘’/(w*) ] _LRE.07 [correspond to current lyxwvu
is;' sub-segment-+ {ohms) ) e ) rsubv |rsubv=(lamdav-lamdau)*sigma‘/(w*l) o} 391E4T7 jcorrespund to current fyxwy —
]55 tsubw _[rsubw=(lsmdaw-lamday)*sigma'/(w*) 3.03E-07 |correspond to current lyxw

el



169 |sub-segment-x (ohms) ~ o rsubx |rsubx=(lamdax-lamdawi®sigma’/(w®l) ..} 3ME-87 lcorrespondtocurremtlyx
_161 |sub-segment-y (ohms) o rsuby |rsuby=(lamday-lamdax)*sigma’/{w*l) 3.23E-07 |correspond to current Iy e
Wl T A S )
163

' 'TL ROTOR COPPER LOSSES |~~~ [~~~ =~ [ f o o s
wsy B ) H, I
166 losses in loop -u (walts) cu  [clu=nst*lur2*ru L LME+«02 | _

167 ¥ iwatts) o oy civ=ast*lvA2%ry 1.43E+02 .

168 i -w (watts) cw  |clw=ast*iwA2%rw L5SE+92 .

gl <R {watls) o ox  [cix=nst®Ix*1%rx 1.68E+92

17 -y (watts) oy |cy=nst*ly*2°ry 1.81E+82

m —

m ﬁi LOSSES OF END-RING SUB-SEGMENTS Jl ——

173

] 1 .
175 |losses in subsegment -y {watis) e ty__|ty=nst®Iy*2*rsuby _ 5.M4E-01 e 5
176 Jlosses in grent -yx (watts) I lyx |lyx=ast*lyx*2°rsubs 1.71E+00 e

177 [tosses In gment -yxw (waits) tyxw  lyxw=nst®lyxw’2*rsubw 307E.08 B

178 [tosses in ; 1 ~FRWY (Watls) tyxwy |lyxwy=nst®lyxwvA2*rsuby 4. 24E+00 e

179 [losses In subseg -yXWyy (watts) Iyxwyu [lyxwyu=ast*lyxwyn*2*rsubo 1.56E+8¢ R

150 o

Ei l TOTAL ROTOR COPPER LOSS J

183

184 [total cotor copper loss (watts) wir _wir=total loop losses+end-ring losses 791.86

125

186
.El»_-»_r IRON LOSSES }

[11]

189 |# of core vents vo d 1208 [**¢ Inputeee

190 vent (in) vd d 188 [*** inputese

191 |rotor core vents volume (In*3) vy vv=vn*vd*La/4 146.93

192

193 [rotor teeth volume (in*3) ty ty=wt*La®(3dsu+2dsv+ 2dsw+2dsx+dsy)*4 mse |\

194 _

198 |rotor slots volume {in*3) sV sv=8(wsrur 2+ wsrvA2+ wsrw* Jewsrx* 2+ wsry*2)La 50.98

196

197 [shaft volume (in* 3 sy [shv=pl*DstIeLald 19.52

in _ e e . R
;;; \o;‘lll; g:ngi!ge_l.ilﬂ{ dots(in*y) cry cev=pt*Drt 2°La/d -(vv-tvasvashy) 17134.74 .

200

148!



201 welght of iran in rofor teeth (b} 42" ___|mtr=28%ty L e .
m welght of iron rotor core (Ib) mer |mer=28%crv 485.73 ~
1) . Lo} _
204 [totsl iron volume (In*3) A Iv=tvecry ‘{_ 1846.08
205 ot ionweightty) s [;kemteemer | S16.90 e .
| 206 [watts per pound for teeth L'SS-M-36, 26 gage [wibtr' _ |from graph @B1=32K lines per square inch, fr=60-Hz 0.46
207 {watts per pound for core USS-M-36, 26 gage wiber'  |from graph @Bc=70k lines per square inch, fr=60-Hz 1.00
108 |watts per pound for teeth @ Ir=15-Hz wibtr wibtr=wibtr'*(15/60)*1 0.0
108 jwaits per pound for core @ Ir=18-Hz wibcr  |wibcr=wiber'*(15/60)42 0.13
218 [rotur teeth loss, watts werl wirl=wibtr*mtr 0.9
111 |rator core foss, waits werl werl=wibcrmer 8.72
212 jtotal rotor Iron loss, watts wrll wrll=wirl+werl 61.61
313 [totat rotus loss, watts wir wir=wril+weurl 451.67
ml
_215 Jtatal machine loss @900 rpm, watts ml mi=wibswoullswir 5649.14 |2-pole iron loss not indueded since DC applied
us hine efficiency @908 rpm eata eala=60°746/(68°746+mi) .59
—
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