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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 Brush less 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
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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.
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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 Brush less 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].
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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 selected 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

4

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.
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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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Figure 2.1 Pump station load duty cycle (1-month period)
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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.
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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.
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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.

RS-422
converter converter

RS-422

DC
voltmeter

Power
Supply

RS-232

PC for Nato
&quern:ion

RS-232

DMMP
Analyzer

RS-232

DRIP
Anoly-cer

speed voltage
from sensor

mounted on shaft

Figure 3.1 Existing drive test set-up

PC for data
aquisition

To
External
Resistors

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
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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

and similarly for the currents

VP 3

( va2 * vb2 *

c2)

P 3(Ia2 *Ib2 *Ic2)

( 3 .1)

(3.2)



where Va, Vt Vc, la, lb, lc, 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

PCul =3 */ 2*r

10

(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.

IP rs Lst

Vphase rc

n

Figure 3.2 Per phase equivalent circuit and associated measurements

Rex

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

corresponding to the particular test speed was calculated as

R pox].
ax 3 *ir2 (3.4)



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

Pin Pgap Prnech Pout

\/
N/ P t

Pcuts
\./ \./

Pcutr Pex

Figure 3.3 Drive power flow diagram

Pf&w

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.

Pf . 025 *Prated

11

(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 f 025 *Pinp, t ( 3.6 )

The output power can be calculated as



Pout =Pinput-Pculs-Pfl-Pculr-Pex-Pfw

12

(3.7)

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

Pout
11= *100%

input

The motor developed torque at the various speeds is found from

out
(r)

(3.8)

(3.9)

where Pout is in watts and speed to in rad/sec. The complete calculation results for all

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

below in Figs. 3.4 3.7.
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4. Design of Brush less Doubly Fed Machine

4.1 Background

15

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 Brush less 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 Overview

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 [ 1 0].

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 SOURCE

POWER CONVERTER

Figure 4.1 Brush less 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.



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 is obtained from,

or in r/sec

where

N=60*
f

P
tf

13P+PC

ff_ p±fc
Pp+1),

pp=power winding number of pole pairs

pc=control winding number of pole pairs

fp=power winding supply frequency (Hz)

fe=control winding supply frequency (Hz)

fm=mechanical speed in r/sec

N=synchronous speed (r/min)

19

(4.1)

(4.2)

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

the mechanical speed by

fR= fp-Pp* fm

where

fR= rotor frequency (Hz)

For the induction machine winding the mechanical speed is obtained from;

(4.3)



N=120*f

where P=number of poles
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(4.4)

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

fc is zero, the BDFM synchronous speed, 900-r/min, is achieved and when fc 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 0-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;



where

Se =converter rating

Sn, =machine rating

scss * r,
f +.?p c

Pc=2 0Hz

21

(4.5)

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]:

D2 * La*Bg*Q*N*d*ii *cos@hp-
4.07 *1011

(4.6)

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

constant

where

hp=K*N

D=bore diameter (inch)

La=axial length (inch)

B g=air-gap flux density (lines per square inch)

Q=ampere-conductor per inch

d=winding distribution factor

(4.7)
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ri =efficiency

cose=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

where

T=torque (Nm)

n=speed (rad/sec)

hp=T*n (4.8)

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

calculated from;

hpl hp2
N1 N2

Or

hp2- hpl*N2
N1

where for the power winding,

hpl=horse-power at BDFM natural speed (900 Orlin)

(4.9)

(4.10)



23

Ni =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 is

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 rlmin, 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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CONTROL FREQUENCY) fc, Hz

IM SPEED @ fo rpm

POWER FREQUENCY) fp, Hz

IM SPEED @ fp rpm

fry; rev/sec

MECHANICAL SPEED) rpm

CONTROL VOLTAGE) volt
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920
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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.
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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 ( Bg, 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;

where

Bg
g T * La

0=the total flux lines per pole

t=the pole pitch

(4.12)



The maximum tooth density is related to the air-gap flux density by;

where

? =slot pitch

wt=tooth width

B tn.,=,17 *Bg*
wt

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

(10

B- 2
La* crd
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(4.13)

(4.14)

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

(1) from equation-4.12

where

B
B g

2*crd

crd=core depth behind the slot

(4.15)

Therefore higher values of air-gap flux density Bg 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



29

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 I2r 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:

where

W
Cs p

Cs=number of conductors per slot

I =phase current

(4.16)
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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.

800
tS

.E C 700

a 600
a. 500a

400

a 300
an

200

X0100100

0
CD 1=1 CO 1=1 1=1 0 I=1 CD 1=1 1=1 0 CD CD 1=1 CDr- Cv CO "W LL) LO rn- OD CD 1=11 C"..J Cr) 'r LC)

Horsepower (hp)

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:

where

equal to or a multiple of +/- 3p

equal to +/- (p,2p,5p)

equal to +/- (1,2,p+1,p+2)

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.

where

d= fd* fp

f1= winding distribution factor

f =winding pitch factor

(4.17)

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;

where

fd-
nspp*sin (

2
)

sin (nspp* -11)
2

13=slot pitch in rad

(4.18)
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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;

where

fp=sin(i) (4.19)

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 (D2*La)

The output equation of a polyphase motor is

where

HP *746 =3 *E*I *COSe*TI

E=phase voltage

Ip=phase current

(4.20)

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



and per second

=4)*P*N

*P*N
60
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(4.21)

(4.22)

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

distributed chorded winding is

where

p d*Z*0 *P*N
6 0 *108

Z=number of conductors per phase

(130=total flux per pole in lines

(4.23)

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 *0 is

E=2 .22 f*d*(1)*Z*10-11

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

assumption of a sinusoidal flux waveform, as follow;

where

(13=peak flux

=4),Ksin(co*t)

(4.24)

(4.25)



61=2nf

The induced voltage due to this flux is

where

e(t)=Ns* at
=2 *n *f*N,*(1)*cos (6)* t)

=Em *COS ( co* t)

Ns=number of turns per phase

Em=peak emf

The rms of which

Em=2 *TG *f*N,*(1)

E=
Ern

2*n *f*Ns*4)

=4.44 *f*N,*(1)

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

distributed winding, E becomes

E=2 . 22 *f*d*Z*4)
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(4.26)

(4.27)

(4.28)

(4.29)



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

follows;

TC *D*La
=Bg*

P

from equation-4.4 above, the frequency is

f= P*N
120
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(4.30)

(4.31)

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

solving for 1p

0_ 3 *Z*/P
n*D

Q*7t *DI =
P 3*Z

(4.33)

(4.34)

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

4.20 and solving for the physical volume (D2La) we get



4.07 *HP*1011D2*La--
B *Q*N*d*ii *cose
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(4.35)

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

4.4.5 Diameter and Axial Length Determination (D, La)

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

where

t=pole pitch

La=t =--TE *D/P (4.36)
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From equation-4.35 it was found that

D2*La= constant (4.37)

Substituting for L, in equation-4.37 from equation-4.36 gives

D3 *n -constant (4.38)

This gives the value of D, then by substitution in equations- 4.37 and 4.36, La and ti

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;

Q*n*D
IP

(4.39)

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)
CS 24 (slots/phase)

substituting for Z from equation-4.39

(4.40)



Cs * *D
IP
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(4.41)

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

pitch and is determined from;

where

X=T nspp

nspp= number of slots per pole per phase.

(4.42)

The number of conductors per slot found from above must be an even number since a

double layer winding is employed. Therefore, Cs 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

0- E*108
2.22*d*f*Z

(4.43)

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;

Bg
*La

(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

Btm *At= Bgm *Ag

Btm*nspp*wt*La=BgTh*T *La

Btm*wt=13 *gm nspp

B *wt=B *A.tm gm

(4.45)



where

B V-24,Bgm = g

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

wt=
B *A

Btm
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(4.46)

(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

ws=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 (ca) is then calculated from

Ca =I-p/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*c=Cs*ca

CsCss s a
Cas

where

(4.50)

cat 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

(PC)



Css

Pc= Cs
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(4.51)

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.



double layer s acer slot lining

winding spacer conductor

wt
tooth thickness

wedge thickness

Figure 4.6 Slot and tooth layout

WS

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

(NS)

where

44

Ns=11,*cph (4.52)

Ne=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.

WX

1\

oh

La

11 1111111

wx

c;I\1/-t

oh

Figure 4.7 Winding length schematics

The angle a can be calculated as

a =s ( c:// ) (4.53)



where

di=wsm+s

wsm=slot pitch at the mean depth

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

Note that (d 1) 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

where

Tc* (D+ds)
*c.P

P = number of poles

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

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

2hw=
To

cosa

(4.55)

(4.56)



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

oh=ds
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(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:

mZ t=2*La+4*ds+4*hw (4.58 )

and the total winding length per phase in feet is

m/
w1=NS*

2t (4.59)

The specific resistance, r' 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

where

wl*rr
s 1000*p,

pe= number of parallel conductors

The winding copper loss is fOund as

Wc06 =3 rs

where

(4.60)

(4.61)



746 *HP;
3 *E*ri *cos()
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(4.62)

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



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

2Bc-
La*crd
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(4.63)

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 lb per cubic inch and the teeth and core weights are then calculated as

mc=.28 *it * (Do-crd) crd*La (4.64)

for the core, and
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Mr= . 2 8 *wt*ns*ds*La (4.65)

for the teeth.

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.

10

_LLLLLLLLL

E.!

00
0 . 1

125 1,0 Ze3
--L - -Le - -LS - - - - - 3t -E11

Flux density, (Kilolines per square inch)

Figure 4.9 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 *ri
3 *E*cose

(4.66)

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,

Bcm=112-*Bg* stasga (4.67)



where

sag= periphery surface area at air-gap

tsa= teeth surface area
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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.

where

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

ds=d.96-Fds2+wdt+tti-s62

d=6-pole winding slot depth

(1,2=2-pole winding slot depth

wdt=wedge thickness

tt =tooth thickness

s62=spacer between the two windings

(4.68)

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

Time (sec)

Figure 4.10 BDFM flux waves interactions

Therefore, the maximum teeth flux density is

Btm'Etm6+ 1Btm2 (4.69)



and the maximum core density is

Bcm=Bcm6+1Bcm2I
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(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

D0 =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.

BDFM CAGE-LIKE ROTOR

P

(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].

ns t=P +Pp c (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 (nr). 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

therefore, the rotor diameter is

1 . 125 10 17
g D+90

(4.72)

Dr=D-2 (4.73)



57

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.

"x"--= a sub-script used for loop designation throughout the rotor design,



IXca =x Ar

(u,v,w,x,y,z,...)
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(4.74)

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 XI for illustration and calculation details.

Iy

Ix

Iw

Iv

Iu

Iy Iyx Iyxw Iyxwv
Iyxwvu

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

w x
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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.

where

wsrx=diax+.03

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

dia=bar width or diameter

(4.75)

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



(7t *Dr-2 *nst* (wx))
wtr

12,

60

(4.76)

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

where

tt=tooth thickness

x=loop designation

dsx=dia+tt (4.77)

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

b1x=2*La+Xx (4.78)



where

kx=the slot pitch corresponding to that loop

x =loop designation

Assuming that copper bars are to be used in this application, the resistivity for B187

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

p=1.7504
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(4.79)

in 1_112.cm which is equivalent to 689 j.tainch. Therefore, the individual rotor bar

resistances can be calculated as

blx*prx (4.80)

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

clx=nst*I:*rx

and similarly the losses in the end ring

(4.81)



1 x=r2st*.Ix2 *rsubx

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

4.7.5 Flux profile and Iron losses
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(4.82)

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.

(11.r=1116*P6+4)2*172 (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= . 2 8 * wtr *La * (3 *dsu+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.

m1=w16+wcu12+wl_r

The efficiency if the machine can be calculated as

746 *HP
71- 746 *HP+m1

(4.85)

(4.86)

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

in 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.

wsb

Figure 4.14 Slot area equivalent

4.9 Design Sheets and Their Layouts

wsn *
esw

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 calculations 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

is 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.
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MEASUREMENTS: ROTOR VARIABLES
ORIGINAL FILE NAME: RT701.WK1 NEW FILE NAME: RT70IM.XLS
TEST SPEED: 700 RPM

TIME
sec

Meter8

Devi.
Unit

DATE

0001

POLL TIME

0002

speed
soh

INST

speed
rpm

INST

VOLTS AN

VOLT

INST

VOLTS RN

VOLT

INST

VOLTS CN

VOLT

INST

AMPS A

AMP

INST

AMPS II

AMP

INS'l

AMPS C

AMP

INST

K. WAT1
KW

INST

K. VAR

KVAR

INST

K. VA

KVA

INST

P.F.

%

INST

FREQ.

INST

FLOW

111CM)

INST0 08-11-93 06:10:21 2.56 681.66 47 49 48 31 30 43 1.7 0 4.9 0 13.85 1.28987
17 08-11-93 06:10:38 2.58 686.98 46 .411 411 34 31 44 1.8 0 5.2 U 14.28 1.1171934 08-11-93 06:10:54 2.56 681.66 49 50 49 31 31 44 1.7 0 5.3 0 14.43 1.05533
51 08.11-93 06:11:05 2.55 678.99 49 51 48 30 32 43 1.7 0 5.2 0 14.411 1.0104468 08-11-93 06:11:21 2.66 708.28 48 50 49 31 32 42 1.7 0 5.5 0 14.35 0.9673
85 08-11.93 06:11:36 2.64 702.96 44 43 40 33 36 41 1 0 4.5 0 12.115 0.931259
102 08 -11 -93 06:11:46 2.63 700.30 45 45 43 32 33 43 1.5 0 5.1 0 12.15 0.11118575
119 08-11-93 06:11:56 2.65 705.62 42 42 40 33 34 41 1.1 0 4.2 0 12.79 0.182446
136 08-11.93 06:12:07 2.65 705.62 45 46 44 32 34 43 1.9 0 5.2 0 13.16 0.909683
153 08.11 -93 06:12:22 2.63 700.30 43 44 43 31 32 44 1.5 0 4.11 0 12.63 0.931168
170 08.11-93 06:12:37 2.61 694.97 42 44 41 33 34 42 1.1 0 4.5 0 12.89 11.986786
187 01411-93 06:12:52 2.61 694.97 44 45 44 33 33 42 1 0 4.6 U 13.37 1.01556
204 08.11-93 06:13:03 2.6 692.31 45 47 46 33 32 43 1.9 0 5.2 0 13.73 1.08591

AVERAGE 2.61 694.97 45.31 46.46 44.85 32.08 32.62 42.69 1.51 0.00 4.94 0.00 13.51 1.00



STATOR VARIABLES
OVER SPEED RANGE

dc mks SPERO VOLTS AN V111.TS ON CN AMPS A AMPS 11 AMPS C K. WAIT K. VAR K. VA P.V. FREQ. FLOW
roll rpm VOLT VOLT VOLT AMP AMP AMP KW KVAR KVA % 11/ MG/41

2.61 694.97 269.69 235.08 268.54 68.19 66.79 67.62 26.66 44.95 52.34 0.51 60.00 0.99
2.74 730.75 269.38 235.31 267.94 69.51 611.21 69.03 29.06 44.75 53.44 0.54 60.00 2.14
2.79 744.15 269.00 234.65 268.00 70.71 68.61 70.39 30.38 44.70 54.12 0.56 60.00 2.34
2.86 762.20 269.31 235.50 267.88 72.92 70.41 72.33 32.88 44.90 55.72 0.59 60.00 3.71
2.95 784.50 268.94 234.81 267.00 75.09 72.24 74.34 35.42 44.71 57.10 0.62 60.00 4.54
3.02 802.91 272.31 238.92 270.69 78.46 75.09 78.12 37.76 47.31 60.59 0.62 60.00 4.96
3.11 826.85 272.06 239.94 270.12 80.42 77.33 80.05 40.56 47.13 62.23 0.65 60.00 5.59
3.26 866.93 272.1! 240.63 270.42 113.32 80.73 84.07 44.11$ 46.97 65.00 0.69 60.00 6.61



ROTOR VARIABLES OVER
SPEED RANGE

dc volts SPEED VOLTS AN VOLTS RN NOELS CN AMPS A AMPS It AMPS C K. WATT K. VAR K. VA P.F. FREQ. F7.OW
volt rpm your your VO1:1' AMP AMP AMP KW KVAR KVA % Ile 0111141

2.61 695.24 45.80 46.80 45.211 31.80 32.50 42.80 1.56 0.00 4.99 0.00 13.57 0.99
2.74 730.75 36.13 37.50 35.9.1 35.50 35.94 45.81 1.13 0.00 4.33 -0.30 10.87 2.14
2.79 744.15 33.76 33.82 32.82 31.35 311.24 46.53 1.22 0.00 4.06 0.19 6.40 2.34
2.86 762.20 21.69 28.38 27.19 40.50 42.69 48.88 0.95 4.71 3.65 0.03 0.011 3.71
2.95 784.50 22.25 23.19 21.94 45.38 47.00 50.38 0.114 0.23 3.29 0.62 0.00 4.54
3.02 1102.91 18.08 18.54 17.92 47.115 49.46 51.23 0.69 0.00 2.78 0.46 0.00 4.96
3.11 826.85 12.06 12.18 12.00 52.82 52.53 49.24 0.31 0.00 1.95 0.16 0.00 5.59
3.26 866.93 4.21 4.58 4.32 41.63 41.68 311.21 -0.05 0.00 0.59 -0.25 0.00 6.61



EXISTING DRIVE PERFORMANCE ANALYSIS TABLE

SPEED

rpm
SPEED

%

SLIP
STR

Vph
VOLT

STR
1ph

AMP

iNrr
PWR
KW

S'I'R

K. VAR
KVAR

S'I'R

K. VA
KVA

P.F.

RTR
Vph

VOLT

RTR
Iph

AMP

RTR X
R LOSS

KW

RTR X
RFS

OHMS

694.97 77.22 0.23 258.27 67.54 26.66 44.95 52.34 0.51 45.94 36.05 4.97 1.27
730.75 81.19 0.19 258.02 68.92 29.06 44.75 53.44 0.54 36.53 39.37 4.31 0.93
744.15 82.68 0.17 257.71 69.91 30.38 44.70 54.12 0.56 33.47 40.92 4.11 0.82
761.85 84.65 0.15 258.00 71.85 32.82 44.90 55.68 0.59 27.75 44.16 3.68 0.63
784.50 87.17 0.13 257.39 73.90 35.42 44.71 57.10 0.62 22.46 47.63 3.21 0.47
802.91 89.21 0.11 261.09 77.24 37.76 47.31 60.59 0.62 18.18 49.53 2.70 0.37
826.85 91.87 0.08 261.12 79.28 40.56 47.13 62.23 0.65 12.08 51.56 1.87 0.23
866.93 96.33 0.04 261.45 82.72 44.88 46.97 65.00 0.69 4.37 54.30 0.71 0.08

SPEED

rad/sec
P.F.

%

STR
INPUT

KW

STR

Cu LOSS
KW

IRON
LOSS
KW

RTR X
11 LOSS

KW

RTR
Cu LOSS

KW

F & W
PWR
KW

OTPT
PWR
KW

EFF
%

TORQUE
NM

FLOW
MGPD

WELL
LVL
FT

72.78 50.89 26.66 1.09 1.12 4.97 0.37 0.67 18.44 69.16 253.40 0.99 193.45
76.52 54.33 29.06 1.14 1.12 4.31 0.44 0.73 21.32 73.35 278.55 2.14 193.25
77.93 56.08 30.38 1.17 1.12 4.11 0.48 0.76 22.74 74.85 291.86 2.34 192.95
79.78 58.88 32.82 1.24 1.12 3.68 0.56 0.82 25.41 77.41 318.45 3.70 192.71
82.15 61.99 35.42 1.31 1.12 3.21 0.65 0.89 28.25 79.75 343.86 4.54 192.50
84.08 62.29 37.76 1.43 1.12 2.70 0.70 0.94 30.86 81.73 367.05 4.96 192.40
86.59 65.14 40.56 1.51 1.12 1.87 0.76 1.01 34.29 84.54 396.04 5.59 192.30
90.78 68.98 44.88 1.64 1.12 0.71 0.84 1.12 39.44 87.88 434.41 6.61 192.10

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)



condition

2

p

p+1

p+2

2 12

18

Sp 30

is 72 72 72

nr 20 24 28

par 6

72 72 72 72 72 72 72 72

32 36 40 44 48 52 56 60

72

64

ns 72 72 72

nr 20 24 28

pole 2

condition

2

p+1

2

3p 6

Sp 10

bp 12

9p

12p 24

72 72 72 72 72 72 1272
32 36 40 44 48 52 5660

72

64

72

68

72

54 54 54 54 54

20 24 28 32 36

6

54 54

40 44

68

54 54 54 54 54

20 24 28 32 36

54 54

40 44

54

48

54 Si 54 54 54 36

52 56 60 64 68 20

6

X X

X

36

24

X

54

48

2

X 4

36

28

X

54 54 54 54 54 36 36 36

52 56 60 64 68 20 24 28

2

X X

X X

Stator/Rotor Slot Combination Schedule For ns=72,54,36; nr=from 20 to 68
X; Indicate a non-recommended combination

X

X

X

36 36

32 36

36 36

32 36

36

40

36 36

44 48

36

52

36 36 36 36

36

56 6

40 44 48 52

36 36

56 60

St,

64

36

64

68

36

68
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Appendix-VIII; Winding Layout and Corresponding 'IMP
Waveform, 6-Pole

PIYIg A

ME I

4

.11g°P1kgneP%-

%\r

MMF waveform; 1A=I1 iC=0
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Appendix-IX; Winding Layout and Corresponding MMF Waveform, 2-Pole

0 A-phase

B-phase

C-phase

current out
of page

MMF waveform IA =I, M=-1, C=0
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Appendix-X; RDFM Ideal Design Spreadsheet
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BDFM DESIGN; 6-POLE WINDING

DESCRIPTION sym FORMULA VALUE REMARKS

motor ratings 1111p) Hp
m

design promoter
101001111.11.1011111.11111.

1111.1111

3.511

Input
0 ofphases Input" ""

nes line voltage (volts) vt ... ttttt 465.55 input
lapat

!!!pn et***
4
S

frepenry Mel gi .11.11111101.1111111011.11.1M1
61.1111

synchronous speed (rpm) N

p

..... .1 lernIt110.1010.1.11

given; =1211Ii/N

1251.51

6.006

7

S

9

*of poles

full load plier factor e ellgeparamellw 11.91 input
full load effirleng h 1.1.01111.1"011101011. 19 11.92 Input
pp flux density in main pole (lines/sqr In) 111

Q

assumed

determined from given graphs

2.61E+54

675.55

i_oput
input111

II
elec. specMc loading (amper-cond./In2)

total number of staler slots ns given yggg

4.1111

12.1111

24.55

input"
12 number of slots per pole per phase 13PP

nsp

82PP=nshoP
such 'bat. of dts/pole/phase a =213 ft of slots per pole

14

IS

1 of slob per phase nse_v&rlisf!"
1 of electrkaidgrees between dots p bets=111111p/ni

I. rad=beta(degp1/111

filutin(suppbeta/2)/asppsin(beta/2)

obtained from winding schematics

assumed Por the design to be 5/6

fpulin(gamma/2); 2-for double layer winding

d..-fdfp

(4.117Hp111.11)/(111QdNeatepf)
VI/spi(3)

15.55

11.26

536

151.11

4333333333

537

4.93

1996.37

265.5$

inpat
_Ntut*
gamma converted la radios.

typical values between (if la if)

gi, In rid p
fd

gamma

cp

fp

d

17 distributioa factor

IS col span In electical degrm

19 coil itch tpu)

III pitch factor

21

11

winding factor

stator inside diameter and length 0843) D42la
E23 phase voltage (volts)

24 full load phase current (amps) 1p 74611p/(3Eeatspf) 119.47

25

26

27

D, Is DETERMINATION

_

IS

29

lbe calculated axial length la

D'

I)

le.the qubic roottIpiD218/p"2)
D'qrt(D2La/La)
selected

5.17

15.11

IS.SS

6.54

1.17

based ots spare polar law

square polar principle
Impute

design value used for calculations

staler inside diameter (In); approximated

311

31

32

33

34

35

stator inside diameter (in); approximated

pole filch; designed (in) lau

la

Dplcp/p
d 2151). 2stator gross are length OM. axial length

_ __
DESIGN DIAMETER 0 15.55 mast update If different than above



36

37
___..

38

39

40

41

42

43

44

45

46

47

48

49

50

51

51

53

DESIGN LENGTH Ia 11.98 mus update If different than alto. z

slot pitch lin)

N of stator conductors per slot calculated

""""""""" ''''' '"" ''" """"" ''''''''''''" """" selected
N of stator conductors per phase

)<

Cs,

Cs

larnda.taullf of sluts per pole 0.55_ calculated at alrgap

Cs'..fiamda/lp 4.11 calculated at mean length

0 of cond./slot must be even N for dbi lyr wodng 4.00

16.111

Input
Z Z.Csnspp0p

airvp flux per pole (lines "maxwells" ) (t Nbee=E10"11/12.22c111Z) 2.15E+116

corrected airgap density (lines/InA 2) Bg Ilg.phee/taula

Bilm.sqr1(2)11g

31544.01

54518.73maximum air gap density (Iines/InAl) Bgm

maximum aparant flux density (llnes/sa In) BM' assume to be 85008 15000.00 Input typical

tooth width selected, (In) vre

vet

w1=11gmlamda/Blm

selected

0.35

0.34 2

the slot width, (In) ws ws=lanscia-wl CH
maximum teeth densby corrected, (lines/inn) Iltm Illtm..11tm",wt'hel 57444.09 shall be made small enough to account for 2psie

current density; assumed, (amp/in1) A

co'

dia

amounted; between (3501 50011) anspslin.2

ca'.1p/delta

to m the above calculated area

451111.011

11.1119152391

11.161

1.821161

1.1016011

11.44526

51.13679314

04

16

3475.40

---,
input

awgINI urea Is .02161 in.`2, .162 In dia

input

000 input 000

Input

00 Input

Css must be even for double layer winding
-I

Input

FLAG: integeryaraliel conductors OK

FLAG: CURRENT DENSITY LOW

54 cond. cross sectional area, calculated (1001)

55
50

actual conductor diameter/thkkness, (In)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,sces.(1002). ow ea

cas

one awgN5 at 126 1002

one A WG0I7 6 .00160957

51

59

substitute conductor area (I01)

substitute conductor diameter On) dims one AWG017 614526

Css'...Cslcalcasi

chosen no that it Is even and satisfies ca'

delta=10Csscas/Cs)

11 of stator substitute conductors per got Css'

CssMI ""' '''''' "'" " '''" " '''' """""""""' '''''''''' '"""""""
61

62

63

N of conductors in parallel pc _pc=Csa/Cs

Acurrent density, calculated, (amp/InA 2)

CHECK IF //OF SUBSTITUTE CONDUCTORS SATISFIES ca. ".....----> FLAG: CALCULATED AREA SATISFIED

64

65

66

_'

67

60

69

70

thickness of of insulation (In) 11 1.15/1088 0.111

8.185415391

typical of now a days Insulations, flied

slot width available for wires, (In) wsw wsw=ws.2t1

71

72

number of cond. whit* can III slot width vial wn1=Integer(wsw/dias) 4

0 of rows of wires In the slot a r wr.css/wnl
-I

16

73

74

73

76

. ''' 11.1,111.1" '''''' 1.1 '''''''''''''''' 111.111111"111111 selected WI' 16 Input 0

depth of wires stocked in the slot, tin) sod vrd-se "dies 0.72416

double layer spacer dis dis..30/10011"
,

0.03 fixed

slot liaising Is is.InsulatIon thickness 9.11 fixed



77

78

79

VI

Si

112

allowance for spaces between wkm all all.3/1048" 1113 fixed

dot depth of the 6-pole (in) dais ds6=wd+dis+lwaN 0.79416

If of cods sides per dot cols elMs=2; for double layer grindings LOS

siba
lord

83 0 of col sides per phase aph esplwasphesps

114 l of cops per phase cph

cpph

eph=esphimps

epph.cpWp

24.90

4.511

2-colle sales per col

BS I of col per pole per phase

U 0 of conductorsm coN sIde epos

Nc

No

epes=Csiesps

Nc.epes

NsxNeogth

2.111

2.81

48.011
87 II of turas per col

U 8 of bras per phase In series

811

96

91 toil *Iciness plus donne* between end cons(In) dl dlowsys 933 s was assumed to be .12

92 approximate angle of bend of end winding (rad) alpha

Mum

26w

alpha.aresltddlilambdand

taum =tau; assumed for now

26w=tautn/cos(alplud

8.64

6.54

11.16
93 pole pitch at the mean of the slot (In)

94 end winding horizontal length of one end

overhang length oh

sit
assumed to be the size of the dot depth

mll=218+4011+2(211w)

1.65

49.72
_95

94 mean length per faro of stator winding

97 winding length per plume (ft) set wioNsomitill 162.87

98 resistance per Id ft of specified conductor rs' from NEC 0 75 deg C 5.I
8.851547356

es. Input ..

resistance per ION ft gives by AWG who bide
99 robust* per phase ohms ra rsowlore/111118op

1116_,

191 IR drop per phase (oohs) IR

Wcul6

1R=Ipm
Wcul6=3IpIR

4.41

1237.91
152 total stator copper low, 6-pole (Watts)

113
1

104 Rut density In iron of stator Ilnedlo^2 lic' assume 79069 71111.11

1.12E+96

1E6

Input

165 flux In stator core/pole (ilned Owe
erd'

assume to be bait that of ale gap

crd'=pheeciiisIld116 core depth behind dots; 6-Pole (Is)

187 outside diameter, (in) Do Do=2(erdads)+D 21.91 calculated

1118 outsld diameter chosen Do select to suit a frame and avoid awe sidu ratios 22.11 Input chosen to fit frame designee/as G

IN core depth behind dots (In) crd crde.(Do2ds-D)/1 2.71 calculated

110 flux density in Uwe (11nesAa42) Sc flexpiteee/(lacrd) 46916.91

Ill
112

113

114 weight of Iron In stator core (lb) ow mc=.211111(Do.erderdla 498.72 assuming .28lb/cubic In; for USS M-34

115

116

It 7

weight of Iron is stator teeth (lb) tat rat=.2lowensdsvia 48.45 assuming oniform tooth width

was sperrund for core USS.111-36, 26 gage wlbc

wtbt

obtained from graph gBc.1111k ilnes/in.2

" " " "" " """""""""""' " "".............. 6 gt.su imee1n.2
1.10

2.111

Input
loput

watt per pound per cycle for tooth """"""' ,,,,,



118 core loss, watts wel jwd=nibcmc 449.59
119 teeth loss, watts oil m11,611491,4 191.74
120 total stator Iron loss (watts) 'esti(' ws116=wcresell 551.33
121 total statue loss I 6-pule) wI6 w16=w1cu6rws86 1789.243256...__.

.._ .

1--



I I 1

BDFM DESIGN; 2-POLE WINDING

s) inItem DESCRIPTION FORMULA VALUE REMARKS

I motor ratings (Hp) ILp

in

VI

known 91.19 000 input**.
2 5 of phases known 3.01

1110.00

44.11

Input.**
input."

000 input***

3 rms line soilage (volts) known

4 frequency (Hz) Is known

5 synchronous speed (rpm) N known -3611.00

6

7

II

5 ofpoles

full load power factor

full load efficiency

p _pew
_if
a

=12116/91

,55_51imut
2.00

known 1.91 e hiput
input***known 11.93

9

10 elec. specific !midi.% tamper-cond./111521 Q

no

nspp

determined from given graphs

Allen
nspp=tis/m5p

nsp=nslp

5PPfl=05PP.P

beta=11111phis

675.011

72.10

12.11

36.10

24.01

5.05

*** input**.
500 Input*** (stator lamination design)II total number of stator slots

12 number of llotspuy pole per phase

13 5 of slots per pole nip
nspb

p

14 0 of slots per phase

IS If of electrkal degrees between slots

16 """""" ''''''' '"""""""""""""""""" ''''' '" In rad p

fd

gamma

In rad.beta(deg)pl/Ifill

fdin(nspp5beta/2)/nsppsin(beta./2)

obtained from winding schematics

0.09

9.96

150.10

--I

5" Input's*
005 Input***

_gamma converted to radian

typical values between (Seto .96)

based on dimensions found from frame maximum design

17 distribution factor

IS coil span In Nettles* delves

19 colt pitch (pu) cp assumed for the design to be 5/6

fp.sin(gamma/2); 2-for double layer winding

1.133333333

1.9729 pitch factor fp

21 winding factor d

fig

d=fdfp
leg=4.117Hp5111511/(D5251a*Q5dNeatapf)

1.92

-9.64E4322 gap flux density in main pole (linesisqr la)

23

24

25

26

phase voltage (soils) E VUsqrt(3) 796.74

full load phase current (amps) 1p 7465Hpeata toEpil 211.71 note effect of efficiency compared to 6-pole

27

211

29

30

31

32

33

34

35

pole pitch; designed (in) tau Dplocp/p 19.60 design sotto



36

37

311

39

MI

41

42

slot phch (in) 1 lamda.tau/u_sp 0.54 calculated at the air-gap

0 of stator conductors per slot calculated Cs' Cs.=Qlamda/lp 12.89 calculated al mean length
"""""" '''" '""""'" ''' """"" selected

/of stator conductors per phase

Cs

Z

SI of coed Joist must be esen X for dbi lyr wndng 111.99 input
Z.Csonspep 240.111

43

44

45

46

47

air-gap flux per pie (lines "maxwells " ) phee.E.111.11/(2.2201Z) -2.711E46

corrected air-gap density (lines/102) Bg

Bgm

sag

Bg=phee/tatela

Bgm,...sqrt(2)*Bg

sag=prDLa
tsa=wtLa*ns

-15434.74

-21391.73

419.49

217.37

maximum air gap density (lines/102)

surface area at air-gap

41

49

59

51

teeth surface area is*
tooth width wt selected 0.34

11.21

same as In the 6-pole

same as in the 6-polethe slot width, (in) sus ws=lamda-ut

maximum teeth density corrected, (lines/in02) Btm Iltm=sagBgmitsa -42154.96

52
J

53 current density; assumed, (amp/la "2) A asuumed; between (2101 - 3601) ampWin°2 45911.00 Input
awglII area is .90115 1102, .1019 in din54 cond, cross sectional area, calculated (lei) ea ca'=Ip/delta
t**.

1.006379265

55 actual conductor diameter/thkkness, (in) die tofu the above calculated area 0.1010

0.0815

.016119 ,""

''''. Input 00*

*** Input 050

input 005
000 input 500

Css must be even for double layer winding
se input see

3, ,,,,,,,,,,w,..,,,,,,,aren, ono 7), (in) ea one awglS at 126102

57 substitute conductor area (1002) cat one AWG017 6 .001609

58 substitute conductor diameter (in) dlas one AWG,1117 @.64526 0.04526

59

60

I of stator substitute conductors per dot Css' Csa..00(csicas) 511.65257924" Cm chosen so that It is even and satisfies ca' 60

61 0 of conductors in parallel pc

d
pc=Css/Cs

ddtarlp/(Css*cas/Cs)

6

2973.55

FLAG: Integer parallel conductors OK

FLAG: CURRENT DENSITY LOW62 current density, calculated, (ampi1n"2)

63 CHECK IF 0 OF SUBSTITUTE CONDUCTORS SATISFIES ca' " , FLAG: CALCULATED AREA SATISFIED

64

'5
66

67

63

69 thickness of Insulation On/ 11 0=15/1900 0.01 typical of now a days insulations, flied

79 slot width available for wires, (in) wsw wsw=ws.211 0.185415391

71 number of cond. which can fit slot width wnl wol=tnteger(wsulttlas) 4

72

74

75

76

0 of rows of wires in the dot wr wr.cssiss el 15

selected n r 15 ... Input

depth of wires stacked in the slot, (in) cad utir.wrdias 0.6789

double layer spacer dls dls.30/1000 " 0.03 fixed

slot Oolong Is Is=insulation thickness 6.01 fixed



77 allowance for spaces between wires ell 11=3/1011" 1.13 fixed

71 dot depth of the 6-pole (in) ds2 s2=wd.dis+is+all 1174119

79

III
II

112 I of cells sides per dot ceps

epb

cpph

esps=2; for double layer windier

espb=nsphcsps

cpbxsphiceps

cpph =cph/p

cpcs.Csicspe

Neuers

Na:Necpb

Lee

43.33

24.11

12,11

5.1111

5.110

121.11

Input

2-cole sides per MI
113 1 of col sides per phase

14 II of coils per phase

SS I of cog per pole per phase

U II of conductors per call side epee

37 1 of tures per col Nc ,

1
NoIS Sof turns per phase in series

19

911

91 coil thickness plus durance between end colls(in), dl
alpha

dl.ws+s

alpha=arcsin(dlilambdam)

1.33

1.64

s was amassed to be .12

92 j approximate angle of bend of end winding (rad)

03 pole pitch at she mein of the dot (In) Mum taum=tau; assumed for now 19.60

94 end winding horkeetal length of one tad 2hw 211w=mumicos(alpha) 24.45

95 overhang length oh

mil

assumed to be the she of the slot depth

m11.21844ob+2(211w)

1.65

73.311% mean length per turn of stator winding

97 winding length per phase ((I) vit sr1=Nees11/12 733.11

OS resistance per hl ft of specified conductor rs' from NEC0 75 deg C 5.06 Input

resistance per INS ft glees by AWG wire bide
119 resistance per phase ohms rs re.wlrsq11111111pc 0.611655414

III
ICI IR drop per phase (volts) IR

Weul6

12.1ptt
Wcul6=3*Ip*IR

17.76

1529.45
1112 total stator copper lose, 6-pole (Wafts)

113

114 flux density In Iron of stator lines/InA2 Sc' assume 70111 TOMLIN Input

1115 flux In stator core/pole (lines) phew assume lo be half that of air gap 4.35E46
2.17

106 core depth behind slots; 6-pole (In) erd' erd'.pbeeci(iaBe)

1117 outside diameter, (1e) Do Do=2(erdrdel+D 22.64 calculated

1118 oulold diameter chosen Do select to snit frame and scold core saturation 22.11 )*5* input ehosee to fit frame desigeatios G

calculated
1119 core depth behind slots; 6-pole (In) crd

Sc

crd.(Do411a0)12

Ilc=pbeeci(lscrd)

2.75

.55159.92III flux density is Iron (lines/lax2)

III
112

113

114

115

116

117

weight of iron In stator core (1b) me sec=.211p(Do-erderd a 414.51 assuming .2SitOcubic In; for USS M-36

weight of iron In stator teeth (It,) ml mt=.211winedsla 45.33 assuming uniform tooth width

watts manses for core 1'55.1.36,16 pie mita obtained from graph glic=70k lines/In",1 I% o inpurt

watts per pound per cycle for tooth " "' " " " " "" wIbt """""""""""""' ''''' " ''''' '"" lx-.42k linesiin"2 1.61 Input



III
119

Ill
121

122

123

walls per pound for core i fc=.20Hz

walls per pound for teeth @ fc=20-Hz

ulbc

Mb*

al bc=svlbel(20/60)'2

ssibl=w1b1.(20/69) "2

1.17

0.17

core loss. walls

teeth3oss, stalls .._

total stator Iron loss (watts)

total stator loss I f.pole). walls

act

si tl

ws92

w12

wd,s1bcnic
nil,wibllnl
wsN2=hclawil

sv12,3vIcu2ovs112

KIS
105

72.14

1901.596738 _

..,

. . _



I __ _____ _____
COMMON CALCULATIONS FOR BOTH

WINDINGS

formula ',slueitem

1

3

4

3

6

111

n
12

13

14

13

16

description m remark

- I TOTAL STATOR LOSSES I

total stator copper loss (watts) wcul wcul=wculdrwcul2 71237.91

total stator Iron loss (watts) well wsil=ws116 551.33

total stator loss (watts) wsl wsl=w cul.wsli 71789.24 account for both w iodine

MAX. INSTANTANOUS TEETH FLUX
DENSITY

I -,

maximum instantaneous flux density film Rtm=lltm6+111m2 129595.115 FLAG; HIGH TEETH FLUX DENSITY

maximum instantaneous core flux density ficm Bcm=11c6 abs(Ik2) 101776.03 FLAG; FLUX DENSITY WITHIN RANGE

17

II__
19

19

21

CALCULATED SLOT DEPTH AND
CONDUCTORS AREA

-i

wedge thickness (in) wdt wdt=311/1100" 5.55 *input
22

23

tooth thickness (In) tt assumed 11.53 "'input***
s cer between the two windings (In) 362 may not be required 11.113 illpIli

24

25

26

27

total slot depth, (in) di ds=ds6+ds2+wdl+lt 1.65

total 8 of conductors In the dot c c=Css6+Css2 124.00

area of conductors cas from the 2/6-pole designs 5.001609

25 total area raulredIttall conductors In the slot rat csit=casc 0.20
I

19

30

31

32

33

34

35

36

REQUIRED SLOT AREA CALCULAT ON

-

no factor assume 76% 5.76 .input
required slot area 15021

slot arc radius (In)

rsa

rc

rsa=1.24cat

rc=.2171, assumed

5.25

1.22 Input., typical



37

36

39

0

41

42

43

44

45

46

47

48

49

50

51

51

53

54 inumber

55

slot depth excluding the arc and area below wedge

equi.11eni slot width (In)

e9d

eau

eild=ds-ndt.it-rc 1.35596

esw.,(rsa-pillc"2/2)/Nd 1.13

SUMMARY SHEET 1

ji-POLE WINDING

_

type of winding used double layer minding

wire size used fi 17 AWG
,

fractional plIch fp assumed for lhb design 5.53

64.00

5/6 lb freedoml pitch used
total number of conductors used/slot Css6

number of parallel conductors Pc6

cpph

Nc

--i

_._ 16.119

4.00

LSO

number of coils per pole per phase

of turns per coil

number of turns/phase Ns6 48.01

56

1i.POLE WINDING IS7

S8

59

611

61

62

type of winding used double layer winding

wire she used II? AWG
fractional pitch fp assumed 1.83 5/6 lb fractional pitch used

63 ,Itotal

64

number of conductors used/slot Cast 60.00

number of parallel conducton pct 6.110

65

66

67

number of coils per pole per phase cpph 12.11

number of turns per coil Nc 5.05

number of tams NS2 120.18

68

69

70

71_

72

73

74

75

76._
77

DESIGN DIAhIETER (In), (ml D (In), (ml IS 0.381

DESIGN LENGTH (In), (m) la in), (m) 8.8 0.22606_
DESIGN AIR-GAP LENGTH (In), (in) Lg Lg=.125410.17/(D+80 0.028142857 0.089714829

DESIGN AIR.GAP LENGTH (mm) 0.714128571

..



76

79

_

_
se

I I

12

13

Li

__ __ __ _ __ _
_ _ _ ___ _____ ___ ___

Oadt 'env!) /m)

machine Inside diameter Isni

i

SIMULATION PROGRAM
REQUIRED DATA

La calculated presiously
..._

II.226116

6.3610 " """"" "1111"" "" """""""111.11110110101.1t OOOOOO II."

airgap radial length (ml Ig OOOOO ...0. OOOOOOOOOOOO " OOOOOOOO ..... 6.661714129

IS resistisity of rotor bars materials (ohms -cm) sigma our,. OOOOOOOOOO 111111.1 OOOOOOOOOOOOOOO 1.75

13691.0

input
II asumed rotor bar area (c. mills) car from tables for AWG1 1

17

U
19

90

91

/I of turns per roll (power winding) Np 2.0

winding length per coil (It) mItcp mItcp=mitNpt12 6.79

coil resistance ohms rcp rcp=rs'mItcp/16611 1.155135474

92

93 it of turns per colt (control winding) Nc 5.0

94

05

96

winding length per coil ft miter

rev

mItcc=m112Nc/12

recsrs2.mlIcci101111

36.54

0.6719211375coil resistance ohms

97

n number of rotor slots or 40.0

99 number of nests ost known for IlDFN1 4.00

06 rotor turnsfloop Ni. OOOOO ...o..00. OOOOOO .00000 Log ,unpea

Ill rotor loops per nest nal Lee



item

I

2

4

S

6

7

8

9

10

II
12

13

14

15

16

BOFM ROTOR DESIGN

sv

,pr

m

ig
Dr

constant for bdfm

valuedescriptkon

number of rotor poles

formula remark

4.00

0.03
Input

air-gop
rotor

radial length (in) le.1254111.17/D.90)

Dr=12-21gdiameter (In)
14.94

number

number

number

rotor

rotor

of rotor slots nr chosen to avoid coggIng,cusping & noise 49.00

4.00
Info!
Input

of nests nst known for BDFN1

of slots per pole nrp
lamdar'

J192nr/pr 10.80
slot pitch In degrees lamclar'r.360/nr coo
slot pitch (In) lamdar

tour
lamdar.lamdaeplDr/3611 1.17

polepltch (in) tatir.-pDr/pr 11.74

ASSUMED ROTOR SLOTS DIMENSIONS
AND ROTOR BARS CHARACTERSTICS
USED TO CALCULATE BAR CURRENTS

17

IS

rotor

diameter

slot width (in) wsr. assume a size to nit AWG II diameter 11.30 Input
of conductor to flt In the slot (In) dim' from tables for AWG(14/0 1.29

0.07

$3650.54

42.41

0.42

Input
input 000

Input "0

Input

IS the corresponding area of conductor (102) car 11111.1101" OOOOOOOO 1.104101.11111111.1." OOOOOO II

29

21

area

area

la circular mills car 11M11110 OOOOOOOOOO MIMI OOOOOOOO .1.1. OOOOOO 01

In mtn"2 car 111.1.1"1 OOOOOOO 011111111"1111"" OOOOO 000111

22 area In ctnA2 car HMO" OOOOOOOO 111111011"1110/11 OOOOOOOO 011111

23

24

rotor bar resistivity (ukroohms.cm) sigma from table for copper, 111117 1.75 Input

25

26

27

211

29

30

31

32

33

34

35

36

peak

OOOOOOO

' OOOOOO

no....

rots

CALCULATED CURRENTS FROM BRIAN'S PROGRAM

current In loop a, amps hi from program IlDFkl 300.00

450.00

600.00

Input
v

111.1011111101111" OOOOOOOOOOOOO .
" OOOOOOOOOO '""""", ", ", " "" x

OOOOO , OOOOOOOOOOOOOOOO 'm.o.,

,

current In loop 0, amps

Is

Iw.

I,
17

lu

0111"01111111. OOOOOOOOOOOOOO 1111.11.110.

blot
Input

I OOOOOOOO IIIIII OOOOOOIMMOOOOOOO 11 OOOOOOO

.OOOOOOOOOOOOOOOOOO 1100111 OOOOOO U111111111

750.00 "0 input 0**
, OOOOOOOOOOOOOOOOOOOO 000 ........ ,00no

900.00 000 Input 000

1.peak/sort(2) 212.13 rms



37 

IS 

39 

40 

41 

42 

43 

44 

45 

46 

47 

45 

49 

50 

Si 

. 
' 
" 
1 

I 
. 

Iv 

la 
Ix 

ly 

-peak/sqrt(2) 

-peak/sqr1(2) 

.peak/sqrtl 2) 

-peak/sql-1(2) 

311.211 

424.26 

530.33 

636.40 

636.40 

rms 

rms 

rots 

rim 
, ENO-RING CURRENTS 

current In sub.section y, amps 

1 

" 

u 

rotor current density, amps/square Inch 

ly 
lye 

1/o" 

ly=ly 
----, lyx=lyr ix 1166.73 

frow=lyalx.lw 1590.99 

lIo'"v 
Iyvatu 

IPtstr=ly+11.1.1w+It 1909.19 

lylwru=.1y4.11+Ist *It tlu 2121.32 

dollar dellar=1.2*della; .2 assumed 4500.06 **. Input 

52 

53 

54 

SS 

., 

conductor area for look u (1102) cau' cau'Au/deir 6.05 calculated 

conductor area for loop ll (102) cau selected 6.65 

0.22 

4500.00 

*** input if different area than calculated one '.* 
*.. Input if different than square bar conductor diameter / width (In) dlau selected 

56 

57 

SI 

59 

60 

61 

62 

63 

64 

65 

66 

67 

63 

69 

711 

71 

72 

73 

74 

75 

76 

77 

current density In bar u (amp/in.2) deltau deltau=lu/cau 

conductor area for loop 1 (in.2) cat' cat'Avideitar 0.07 calculated 

conductor area for loop r (in.2) cat selected $.07 000 input If different area than calculated one °°° 
--I conductor diameter! width (In) dial elected 0.27 ***Input if different than square bar 

current density in bar t (amein52) deltas deltar=lvicar 4500.00 
., 

conductor area for loop w (102) caw caw'=Iwiddtar 0.09 calculated 

conductor area for loop w (le 2) caw selected 0.09 ...leput If different area than calculated one '°° 
conductor diameter Itidth (to) dims selected 1.31 .° input If different than square bar 

currant density In bar w (amp/in.2) ddtaw deltawaw/cats 4500.00 

conductor area for loop x (102) cal' cate=hddeltar 0.12 calculated 

conductor area for loop x 21 

conductor diameter / width (In) 

current demi.) In bar x (amp/In .2) 

conductor area for loop y (in" 2) 

tax 
Max 

selected 0.12 *** input If different area than calculated one 000 

selected 6.34 

4500.00 

**. Input if different than square bar 000 

deltas ddlatt=lx/cax 

ray' cay'=Iyideltar 0.14 calculated 



78

70

MI

SI

$2

83

84

$5

conductor area for loop y (102)

conductor diameter! width (In)

current density in bar ) (amptin.2)

ray

diay

deltay

cae'

cae

selected 1.14

0.30

.... Input if different area than calculated one .1*
selected Input If different than square bar
deltay=ly/car 4500.00

0.47conductor area for end ring (10^2)

conductor area selected (hel)

cae'rlymssuidellar assuming the same current density as In loops

selected 0.50 ". input If different area than calculated one
end ring dimensions (In) wil at 1,5 al: copper plate 0.50 8" Input If different than square bar

86

87

U

(in) LIM 500 Input If different than square bar
current density In end rintbar (amp.ln"2) deltae deltae=lyznsuicae 4241.64

1_

89

911

91

92

93

94

95

--ROTOR SLOT AND TOOTH WIDTH

worurotor slot n Id* for bar -u (in)

rotor slot width for bar -s line

is sru=diau,03 0.25 .03 allowance for Irregularity
wsrs wars=diay...03 11.311

.--!

rotor slot width for bar -w (In) wares wsrw=dlaw+.113 0.34

96 rotor slot width for bar -x (in) wars nsrs=diaus+.113 0.37

97 rotor slot width for bay -y (In) wsry wary=diay+.113 11.41

90

99 rotor teeth width (In) wtr wh,(plDr-Ss(wsru+wsrv+wsnr+wsrxrwsry))/411 1.114 assuming uniform teeth width

1011

Ill
112

t13

104

1115

slot/Itch for loot-u (In) landau wsruantr 1.09

slot phch fur loofa (In) Minds lamds =WS'S +2warti4.3wir 3.32

slut ph for loop -w (In) iamdw lamdaw=wsrwa2warva2owsru+51r1r 5.03

slot pitch for loop -a (In) Windex

lands,
lamdu.wsr1+2siarws2wsrv+2°wsruf7wIr

lamday=wsry+2wsra+2wsrwi2wars+3w0rur,wir

8.03

10.49106

1117

1011

109

slot pitch for loop -y (In)

1ROTOR SLOTS DEPTH
I

,
110

HI
112

113

114

115

116

117

118

slot deplh-u (in) dsu dsw.diaurtt 0.25 tt- tooth thickness

slot depth.* (Inc dss dss=diassti 0.30

slot depth-sr (In) dsw dso sd law .1. it 0.34

got depth-s Onl

slot depth.) tin)

dsz

dsy

dss=diazall 0.37

_dsyr.diayalt 0.41



111

121

121

122

43
124

125

126

127

128

Ill
1311

131

132

133

134

135

136

137

rotor diameter at the botom of deepest siolin Drs

Ds

Drs=Dr-2dsy

from etching drive data sheet

14.13

1.31

5.31

Inputshaft diameter (in)

core depth behind the deepest slut lin) crdtr crdtr=111rsDsl2
__ _

more than enough

(ROTOR FLUX PROFILE

total flux crossing the air gap (maxwells( pheetr

At

pheet=pheePeghee2.p2

At=nrlawir
1.11E+116

2111.68

flux per pole times 1 of from both windings

total teeth area (in2)

_poles

maximum tooth flux density (lines/inD trmax Ntrmax=sqrt(2) pheet/At 3.81E+14 compared to 115k lines per square Inch

core flux density (lines/in"21 Bc Ilcspheetr42crdtrLa) 1141811.12 compared to I15k tines per square Inch

1ROTOR RESISTANCES

bar length loop it (in) bin bluolLa+larodatt 111.11

.v (IM Mr hi .2Laalamtlas 21.12

131 -w (In) biw blw=2La+lamdaw 23.43

1311 4 (in) blx bix.:2Larlamdax 15.13

141 MO bly bly.2La+lamday 28.21

141

142

143

rotor bar resistivity (micro-ohms.in) sigma' signta'=dgme 111(64(ittf23.4 cm ) 6.1111E-111

resistance loop it (ohms) ru re=biusigina./(cau.2) 5.86E44

144 -v (ohms) rs, re=blvsigmetcav21 2.111E-14

145 -w (ohms) rw resbliesigmaq(caw 2) 1.12E44

146 - x(ohms) ex resbixsigme(cax 2) 1.22E44

147 - £(ohms) ry re= blysigme(cay 2)
_1

1.75E-15

1411

141 disinter at the mean of deepest slot (in) Drm DrinsDrdlay 14.57

ISO

151

end ring length (In) el eispiDrm 45.77

end ring resistance (ohms) re reselsigmaqw11 6.31E46

132

!!
154

155

156

157

158

Ill

ISUBSEGMENT RESISTANCES OF END-RING

__ _
_ _

sub-segment-0 (ohms) rsubu rsubu=lamdausigma'flw11 1.50E47 correspond to current lyxwvu

sub-segment - (ohms) mobs rsubs =flamdas -lamdautsigma7(n.1) 3.17E-07 corresnd to CUITelli lyits s

sub segment-w (ohms) rsubw rsubws(lamdawamdaqs_kmelissll 3.11E-17 correspond to current limy



ISO

161

162

163

164

165

166

167

168

169

1711

171

172

173

174

175

176

177

178

In
10_,

181

132

tub-segment-it (ohms) rsubs

rsuby

rsubs=(lamdax.lamdan)rsigmaRwrIt 130E47

3.39E-07

correspond to current ipt

sub-segment.y (ohms) rsuby=Ilamday -lamdasesIgma'/(u*I1 correspond to current ly

ROTOR COPPER LOSSES

losses In loop -u (waits) clu clu=ns1102oru 115E+12

... (watts) do dy=astly"2ors 1.18E42

-se (watts) clw dw,-nstolw.2.rw 1.31E+12

-0 (watts) di clx=nstqx"rz 1.44E+12

.7 (wafts) cly cly,astoly.2ory 1.53E+12

*
I LOSSES OF END-RING SUB-SEGMENTS
I

losses In subsegment -y (watts) ly ly=nstoly"Prsuby 50E-11

losses In subsegment -)1 totals, lx lys=nstolyelirsubs 110E+0

losses In subsegment -ylw (watts) lyre
lyiuv

lystevu

lysw=oselyzwArrsubw
lyxwv=nstlyswe.2.rsubv

3.23E+0
4.47E+0losses In subsegment .m.1 (watts)

losses In subsegment -EilsYu (watts) lysievn=nsllyiwyerrsubn 2.70E+0

TOTAL ROTOR COPPER LOSS 1

113

184 total rotor copper loss (watts) wIr wir=total loop losses+mid.rIng losses 668.77

115

116

,

IRON LOSSES
1117,

III
139 0 of core tents on assumed 12.00 14'1 Input**.

000 Input."191 vent dlamler (In) vd assumed 1.00

113.1111191

192

193

194

195

116

197

198

199

200

roles core vents volume (103) y v vv=ynvdLa/4

rotor teeth volume (1003) ty ly=wi*La*(3dsu+2ds++2dsw+2dsx+dsy).4 94.71

rotor slots *plume (lel) so ss =Cusco .2+u sr. " 2+ %ism "2 + wsre 2+ wsry .2)La 40.33

shah volume (In")) shy shv=prDs"2*La./4 79.62

volume of core bebtod slutule3) cry cr,-plollr02*La/4 -(vv-tv+sy +shy1 1531.46



201 weight of iron In rotor teeth (I l) mtr mtr=.211"ts 26.51 
202 weight of Iron rotor core (lb) mcr mcr=.21.crs 4211.111 
203 

204 total iron solume 00031 is It =Isacrs 1626.16 
205 total Iron weight (lb) ml mi=mtr+mcr 455.32 
206 watts per pound for teeth l'55-$1-14, 26 gage ulble from graph 0111=32k lines per square Inch, fr=60-Ht 0.46 
207 watts per pound for core 1..5S.111-36, 16 gage wibcr from graph @Bc=70k lines per square Inch, fr=611-Ht 2.00 
MS stalls per pound for teeth g fr=15-Ht wlbtr ulbir=sribtr.t 1540)42 0.03 
209 watts per pound for core if fr=15-Hz ulbcr ulber=ssIbcr'.(151611)'2 0.13 
210 rotor teeth loss, watts wIrl wIrl=w1htronstr 0.76 
211 rotor core loss, watts wed sscrl=ulbcrmcr 53.60 
212 total rotor Iron loss, malts N HI wrIl=wtrIssccri 54.36 
213 total rotor loss, I1811.4 wIr wir=wrlissecurl 723.14 
214 

215 total machine loss @900 rpm, watts ml mir.schiswcullewir 4041.53 2-pole Iron loss not Indueded since 11 Ipplled 
216 machine efficiency HII011 rpm calm eata=607441/(611.746+.111 0.02 
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I I
________ _____

BDFM DESIGN; 6-POLE WINDING

Item VALUEDESCRIPTION sym FORMULA REbIARKS

1 machine rated horse power Hp required ISM Input's
2 design diameter al air-gap, Inches D actual 14.25 Input
3 design axial length, Inches is 111111MMO 11.25 Input
4 8 of phases m 3-phase 3.110 Input**
5 rms line voltage (volts) Vi Vi..-4611 464.40 Input
6 frequency (Hz) fs fs=611Hz 61.11 Input*
7 synchronous speed (rpm) N rated 1210.11 * ittput
8 1 of poles p given; .1211fs/N 6.00

9 fall load power factor pf design parameter (objective at full load) 0.911 v Input* (typical value)

111 Rill load effIckncy 0000000000,,,000000000 ........ ....o.n.o... 0.92 vv. Input* (typkal value)

I I phase voltage (volts) E VI/sqrt(3) 265.58

12 fug load phase current (saps) Ip 746Hp/(3Eealspf) 90.46

13 total number of stator slots ns given 72.01 * Input (stator !salivation design)

14 number of slots per pole per phase lump nsprns/m1 4.88

15 8 of dots per pole asp such that "of slob/pole/phase =o2 12.00

16 0 of slots per phase nsph ,PP8.8sPPP 24.110

17 0 of electrical degrees between dots p betw=1811p/ns 15.011.
_!"'_

.01 I "10 1101011.111.101." ...... Mt010111,1101.011 in rid t In rad=beta(deg)!p1/1811 1.26

19 dktrIbution factor fd fdmIn(nsppbeta/2)/nsppsin(beta/2) 0.96

20 col span In Matteisl degres gamma obtained from winding schematics 150.00 * input*
11 col pitch (pu) cp assumed for the design to be 5/6 1.113 0 Input
22 etch factor A 2-for double layer winding 0.97 gamma converted to radian

23 winding factor

..!PlalIallims/2):
d cl.edfp 0.03 lypleal values between Cal to .94)

21 elec.apecIfic loading (amper-cond./in) Q from design curves (gplcal) 675.44 * Inputs"
25 ge air-gap density (lines/in.2) Ilg egr-.4.117Hp111"11/(Ds2LaQdNeataspl) 2.30E+114

20

_ _
DIMENSIONS ASSOCIATED WITH GIVEN SLOT27

2$

21
_ .__

available slot depth aid given: includinglooth thickness, wedge and curve 115 inpat
30 radius of curvature re given 0.22

31 tooth thickness It fixed 0.03

32
. _ _ _ _ ___ _
wedge thickness wdt fixed 0.05

33 diameter at bottom of slot (excluding the arcl Db Db=d+2(asd.rc) 16.11

34 slot pitch at la lamdab lamdab=piDb/ns 0.70
_ _. _

35 slot width at Db wok wsb=lamdab-wt 0.40



36 

17 

30 

39 

40 

41 

41 

43 

44 

45 

46 

47 

4$ 
_ . 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

tooth Width at Ilb 
diameter at the mean depth of the slot 

dot pitch at Dm 

the mean slot width 

diameter at narrow end of the dot 

dot etch at the narrow end 

slot width at the narrow end fin 

',I 
Dm 

larndam 

osm 

fin 
iamdan 

won 

lanida 

ot=lamdab-rc 

Dm=D+2asd/2 

lamdam=p1Dmins 

ostn.lamdam-wt 

Un=D+2(tlyndl) 
lamdaniviDnins 

wsn=lamdan-sit 

0.30 

15.40 

this Is uniform since parallel teeth are used 

0.67 

0.37 

14.41 

11.63 

0.33 

slot pitch at strgap periphery 

pole Vtch; designed (in) 

lamda=p111)/ns 0.62 

4 Dplcp/p 6.22 design value used for calculations 

surface area at air-gap sag sag=p1DLa 503.64 

teeth surface area at dot mean diameter tsa tsa=ot*Lns 245.5$ 

SLOT AND PHASE ORIGINAL I OF CONDUCTORS 

. 

Cs' 

Cs 

0 of statue conductors per slot calculated Cs'Atamdailp 4.64 calculated at mean length 

....memo. el mo to. 00000 000000 I ool r 000000 I ro oe ot ef e.eo selected 0 of cond./slot must be even 0 for dbl lyr wndng 4.00 Input (must be even) 

0 of stator conductors phase Z Z=COnspiep_ 96.00 

FLUX AND FLUX DENSITIES 

air -gap flux per pole (lines "maxwells" ) 4 phee=E10^1142.22114fZY 2.25E+06 

corrected_ air-gap densili(linesdel) 
maximum air gap density (linedln"21 

Bg Bg=pheritaula 32090.21 

Bgm Bgm=scirt(14Bg 45393.73 

maximum teeth density corrected, (lines/102) film Btmisallgm/tsa 93093.90 

61 

62 

63 

64 

65 

66 

SELECTED CONDUCTORS I 

current density; assumed, (amp/1011 11 asuumed; between (2000. 3000) amps/in^2 4500.00 

cond. cross sectional area, calculated Del) ea' 

dla 

ca 'Aphid ta 

to fit the above calculated area 

0.02010331 

0.162 

awg46 area is .0204 Inn, .1621n dta 

*** h_iput*". actual conductor diameter/thkkness, (In) 

67 

60 

69 

70 

71 

72 

73 

74 

75 

76 

urea, On ^ 2). I in) cm 

no 
one aug/15 at .020 in^2 

one A WG/117 Ig .001609 

0.02061 

0.001609 

Input". 
substitute conductor area (I102) Input 
substitute conductor diameter (In) dias one A WG017 @.04526 0.04526 lord 

0 of stator substitute conductors per slot Css' Css'=Cs(caicas) 51.236793 Css must be even for double layer winding 

0.111111011111/111/111111 000000 1011 000000 "motto. 00000000 11 0000000000 1111111 Css chosen so that It is even and satisfies ea' 64 

16 

3514.02 

". Input**. 

I of parallel conducwrs pc pcArss/Cs 

delta=lpdpccas) 

FLAG: Integer parallel conductors OK 

current density lamptin^2) delta FLAG: CURRENT DENSITY WITHIN RANGE 

(HECK IF 0 OF SUBSTITUTE CONDUCTORS SATISFIES ea' " v FLAG: CALCULATED AREA SATISFIED 



77

711

79

In
81

82

83

35

86

87

St

119

911

91

92

93

94

95

96

97

IIS

99

In

CALCULATED SLOT DIMENSIONS FOR THE 6-POLE CONDUCTORS

0.01

0.34876733

7

9.14265714
_

10

/spiral value. filed
thickness of Insulation Iln)

slot width 'sellable for wires, (In)
.

number of cond. which can ft slot width

0 of rows of wires in the slot

11

woo

son I

w r

w r

11=15/1000

mistm-241
wnl=integer(Issu/dles)
wr=cas/ssnl

-
rounded to highest integer Input 000

depth of wires stacked in the slot, (In) Is d

dis

ad =Is rs`dies 0.4526
double layer spacer

slot lining
clic:30/1000 "

11.13 fined
Is Is=insulation thickness 0.81 Reed

allowance for spaces between wires all "11=3/1000" 0.113 fixed
slot depth of the 6yole (In) ds6 ds6=wd+disoissall 0.5226 ,

DOUBLE LAYER WINDING CALCULATIONS

0 of colts sides per slot

-E--

cops esps=2; for double layer windings 2.00 ** input COO
0 of colt sides perphase cph

cph

csph=nsph*osps

cphomph/1

4810

24.00 2coll sides per coil
N of coils per phase

0 of coil per pole per phase cppb cpph=cph/p 4.00
0 of conductors per coil side epos

Nc
cpcs=Cs/csps

Nc=cpcs

Ns=Ne*sylh

2.00

2.10

48.00

II of turns per coil

R of turnsper phase in series No

101

102

103

104

105

106

(07

ISO

109

110

Ill
112

113

114

115

116

117

6-POLE RESISTANCE PER PHASE

coil thickness plus clearance between end colls(In) dl d 1=immos 11.49 s was assumed to be .12
approximate angle of bend of end winding (rad) alpha alphe=aresIn)d 1/I am bda m)

taum=p1*(Dresd)/cp/P

0.81

6.72pole pitch at the mean of the slot (In) Mum

end winding horizontal length of one end 2h 2h=1sum/cos(alpha)
overhang length oh assumed lobe the size of the slot depth 1.15

46.68mean length per turn of stator winding mut ml1=2.18+4.oh+2.(2h)
winding length per phase (ft) wi w1=Ns/m11112 116.74

5.06

0.06

5.35

1451.05

resistance per Pd Rot specified conductor rs' from NEC p 75 dq C o Input.
',Asians.* per phase ohms rs rs=solors'/(1000.ff) resistance per 1000 ft ;Isms by AWG wire table

6-POLE COPPER LOSSES

IR

nestle
1R=IprsIR drop per phase isolls)

total stator copper loss, 6.pole lil'atts1 Wcul6=3*IpIR



II.
119

1211

121

122

123

124

1.23

11.12E+06

01460.49

6-POLE IRON LOSSES
_

core depth behind slats: 6pnie tint

flux In stator core/pole (lines)

flux density in Iron of stator lines/In^2

outside diameter, (Inl

rid measured

assume to be half that of air pp

Bc=pheec/(lcrd)

Input
pheec

Br

Do Do=2(crdt.insd)+D 19.05 calculated

125

126

127

121

119

1311

131

132

133

134

135

weight of iron In stator core Obi Inc mc=.211pINDo-crdlcrla 215.40

79.03

assuming .2010/cublc In; for USN M.36

assuming uniform tooth w Idthweight of iron In stator teeth (1b) ml mt=.21wtdnsIn
watts per pound for core USS-1411-36, 26 gage

mans per pound per cycle fur tooth

core loss

wlbc obtained from graph @Nc=11211 lines/lel 2.10 `1.1!_kpi tit

w i ts ( """""""" """"""""""""" " (1 11=711k lines/102 1.90 !!hpi ut
we wd=w1bcmc 452.51

teeth loss wit wd=wlbetut 150.25

total stator Iron loss (watts) wsN6 ws116=wclawd 602.75

total stator loss 16-pole) wili w16=w1culi,ws116 2053.10059



BDFM DESIGN; 2-POLE WINDING ._

VALUE ItERIA RCS

___ __ __ _ __
item DES('RIPTION m FORMULA

machine rated horse power Hp required 120.81 input.**

2 1PIES1GN DIA SIFTER 11 actual 14.25 Input."
3 DESIGN LENGTH is ,,,,, OOOOOOO 11.25 Input."
4 N of phases m 3.phase 3.11 11" input...*

S ons line %Wage (vohs) VI VI.460 1311.011 *** Inputs.*

6 frequency (Hs) fs fs.,60211 ..60.60 lop OOOOO

7 synchronous speed (rpm) N rated -36011.00 o input
8 it of poles p sites; .119fs/N 2.00 input
9 full load potter factor Ef design parameter (obJecthe at full load) 0.88 input (typical *alum)

10 full load efficiency ri
OOOOOOO 0111"1111011011 OOOOOO Ottli OOOOOO MI OOOOOOOO II" OOOOOOOO 01110010 SIM Input (twee! ..iues)

11 phase voltage (toles) E VI/sqrt(3)
796.74

12 full toad phase current (amps) Ip 746*Hpesta/(31Epf) 31.31 note the effect of effkiency compared to 1 -pole

13 total number of stator slots ns given 72.11 *** input***

14 number of slots per pole per phase app a pp=nslm*p 12.11

15 N of slots per pole nsp such that I of sltsipole/phase o.-.2 36.11

16 0 of slots per phase ns_ph spph=nsppp 24.01

17 0 of electrical degrees between slots t beta=11111ns
5.1111

Id OOOOOOOOOOOOOO 111.11111.111 OOOOOOOO 11111111 OOOOOO 110.111111", In rod p in rod.betaidegpi/1811 819

19 distribution factor fd fd=s1n(as beta/1) /n .,c MD(b01412) IN
20 con span hi electical degres gamma obtained from winding schematics 156.1111 0 input
11 colLecis (pu) ep assumed for the design to be 514 1.13 input
22 pitch factor fp fp=sin(gamma/2); 2-for doable layer winding 0.97 gamma converted to radian

23 winding factor d d=fdfp 9.92 typical values between (Ili to .96)

24 eviler. specific loading Camper-condJin) Q from design curve (typical) 700.01 or. Input

25 average ale-gap density (lints/12) Bg

- I-

Bg=4.117Hp1114111/(D2LaQ"dNeata!ph
.1.16E04

24

27 DIMENSIONS ASSOCIATED WITH GIVEN SLOT
21

29 atonable slot depth nod given: including tooth thickness, wedge and curve 1.15 input

30_ radius of curt shire re given 11.22

131 tooth thickness er Axed 0.03
....

32

33

__ _ .

wedge thickness

diameter at bottom of slot I esduding the arc)

writ

Db

Hoed 9.05

____ _11Db..2(asd-rcl 16.11

34 dot (such as lib _
lamdob lamdab.piDb/ns 11.70

35 slat width at Pb nob osb.lamdab-wt 0.40



36

37

38

39

40

41

42

43

tooth width at Db

diameter at the mean depth itf the slot

slot pitch at Dm

the mean slot w idth

diameter at narrow and of the slot

slot pitch at the narrow end

slot width at the narrow end Du

slot pitch at alrlap periphery

sot

Dm

lamdam

lusm

Dn

lamdan

wsn

iamda

w t.lamdab.rrc

Dm=111.1.2asd/2

lamdam-cpiDmins

wsm.lamdam.wt

11n=11.201ewd11

lamdan=piDn/ns

wsnAamdan.vit

lamdac.-piD/ns

0.30

15.40

0.67

0.37

14.41

0.63

11.33

0.62

this is uniform since parallel teeth are used

_

..

_

44 pole pitch: designed lin) o Dplcp/p 16.65 design value used for calculations

45

46 surface area at air.gap sag sag=p1911La 503.64

47 teeth surface area at slot mean diameter Ise tsac_wtLans 245.58 .-- _

48 SLOT AND PHASE ORIGINAL # OF CONDUCTORS
49

5
51 4 of stator conductors per slot calculated Cs' CV=Iplamda/lp 11.36 calculated at mean length

Cs I of cond./slot must be e'en # for dbl lyr %sodas 111.00 9.9 Input

53 tl of stator conductorsift phase Z ZeCenspep 240.00

54

55
FLUX AND FLUX DENSIYIES [

56

57 air-gap flux per pole (lines "maxwells" t $ pheecE109842.229(1PZ) -2.70E+06

511 corrected air-gap density (lines/1021 Ilg Bg=pheehauela .1287134

59 maximum air pp density Ilines/In921 Bgm Bgm0sqr1(2)911g .18203.67

60 maximum teeth density corrected, dines/in/1) Mtn Btm.sagellgm/lsa .37332.27

61
SELECTED CONDUCTORS [

1
62

63

64 current density: assumed. lampill92) a asuumed; between (2000 .3000) amps/1n52 3700.00

65 cond. cross sectional area, calculated On^p ca' cat.lp/delta 0.010352339 awg#9 area is .0103 1002, .1144 in din

66 actual conductor diameter/thickness, (In) dla to M the abuse calculated area 0.1144 Input....

"""area, (102), (in) ca one atsg05 at .026 102 0.01028 input.

68 substitute conductor area (1092) cos one AIVGIII7 @ .001609 0.001609 Input
69 substitute conductor diameter (in) din. one A SYGNI7 @.04526 0.04526 Input..."

70 N of stator substitute conductors per slot Css' Cs.C.Cs(talcas) 63.89061529 Css must be et en for double layer winding

Css chosen so that ills elm and satisfies ca 70 Input."

72 Oaf parallel conductors r pc=Css(Cs 7 FLAG: Integer parallel conductors OK

73 current density lamp/In 921 delta deltacip/(pccas) 3400.84 FLAG: CURRENT DENSITY HIGH

74 CHECK IF II OF SUBSTITUTE coNDucToRs SATISFIES ca. " o FLAG: CALCULATED AREA SATISFIED

75

76



77

78

79

SO

8 I

82

83

SS

$6

87

SS

$9

90

91

93

94

95

96

97

911

99

100

101

102

103

104

105

106

107

108

109

Ill
I11

112

CALCULATED SLOT DIMENSIONS FOR THE 2-POLE CONDUCTORS

101

L341767333

7

tv pleat slue, fixed

input

;hick nem of Insulation lint

slot width available for wires, Om

number of cond, w -hich can fit slot width

8 of rows of wires In the slot

depth of wires stacked in the slot, iin)

double laser spacer

slot lininng

allowance for spaces between wires

slot depth of the 2 -pole (In)

ti
wow

w n1

w r

wr

wd

dls

Is

ii=191000

14 MI .1NSM-2.ii

on1=IntegerInswidiasi
VI r=css/%n I

rounded to highest Integer IS

wd=wrcilas 0.1526
dis=30/1000 " 0.03 fixed
is=insulation thkkness 0.01 fixed

all

ds2

all=3/1000" 0.03 fixed
ds2=wdsdlsgissall 0.5226

DOUBLE LAYER WINDING CALCULATIONS J
I of rolls sides per slut

4/ of cog sides per phase
rsps

mph .caph=nsphcsps

mph

cpph

csps=2; for double layer windine 2.00 Input
45.00

IS of coils per phase
ce=csph/1 21.00 2.coll sides per col,

I of coil per pule per phase cpph=cphip

cpcs=Cs/csps i
13.00

5.00II of conductors per coil side

0 of turns per coil

I/ of turns per phase

Iles
Nc Nc=cpcs 5.00
Ns Ns=Nccpli INAS

2-POLE RESISTANCE PER PHASE [

coil thickness plus dearance between end colislini dt dl=grsmss 0.49 s was assumed to be .12
approximate angle of bend of end grinding (rad) alpha

taunt
alphs=arcsin(d1/1ambdam) LSI

,le pitch at the mean of the slot OM laum=p1(Dgasdcp/P 20.16
end winding hurizental length of one end 2h 2h=laum/cos(alpha) 29.3$

oserhang length oh assumed to be the Sill of the slot depth 1.15

85.85mean length per turn of stator winding mit m11=2laroh+22h)
winding length per phase In) mi w1=Nsm1l/12 $51.52
resistance per NI ft of specified conductor rs'

rs

from NEC @ 75 cls C 5.06 inpat
resistance per phase ohms rs=w1ra'/(1000pd 0.62 resistance per 1100 ft glsen !LA WG wire table

113

Ili
115

116

117

2-POLE COPPER LOSSES

IR sirup per phase (cults)

total stator copper loss. $.pole 11,1010

IR

Meta
IR=Iets 23.79

2733.67

--
Wcul6=31pIR



its
110

2-POLE IRON LOSSES

121

121

122

123

124

125

126

crd

_pheec
Bc

Do

Inputi".core deptb behind slots: 6.pole Iln)

flux In stator core/pole Ilineot

in tron stator Ilnestin" 2

measured 1.23

.1.35E46

31111111.211

assume to be half that of air gap

hc=plteed(lecrd)flux (knolls a(

Do.2(crdleasd)eD 10.00 calculatedoutside diameter, On,

127

121

120

130

131

132

133

134

135

136

137

In Ilbl mc

ml

mc=.26spINPo-crdlocrd la

mt=.211sutodens9a

215.4$

71.11$

assuming .2111b/cubic In: for t'SS111.36weight of Iron stator core

weight of Iron In stator teeth (lb) assuming uniform tooth width

watts per pound for core USS111-35. 26 gage

stamper pound per cycle for tooth
"""""""""

fc=21-Ht

wibe from graph 0 ficr-911k, fc=611-11z lines/in^2 3_10 Input*"
wild'

wlbc

'"" "" """""" 0111= 32k, Fce.1111-Hz lines/le2 .41
0.37

Input*"
albe=w1bes120/611).2walloper pound for core @

for teeth fe.20-fix soibt wIbi,-a1bt4130/60)A2 5.54
wattsper pound f

wet wthsolbenor 70.01core loss

loss wit wil=wibtomt 3.51teeth

wall ws112=wciew II 112.52total r Iron loss (walls)

WA stator loss ( 2-pole) wI2 w12.wicu2ewsil2 21116.11101142

_



Rem

2

3

4

5

6

7

s

10

11

12

13

14

IS

16

17_ _

ill
19

20

21

22

23

24

25

26

27

11

29

10
31

32

33

34

35

36

1

formula

wcukocul6atscul2

sane

4184.72

602.75

4787.47

remark

COMMON CALCULATIONS FOR BOTH
WINDINGS

description s)ni

wcul

wsll

as!

TOTAL STATOR LOSSES

total stator copper loss (malls)

total stator Iron loss (watts) * rated seed

total stator loss (watts)

usil=wsli6 2ipole winding has DC excitation # 9011.rem

wsl.wculawsli

MAX. INSTANTANOUS TEETH FLUX
DENSITY

maximum Instantaneous flux density

maximum Instantaneous core flux density

J

Wm

Bcm

Btm=111m6r1Blm21 138426.1616 FLAG; HIGH TEETH FLUX DENSITY

Bcm=l1c6.111c21 179461.6938 FLAG; HIGH CORE FLUX DENSITY

_

CALCULATED SLOT DEPTH AND
CONDUCTORS AREA

wdlwedge thickness (In) wd1 =30/1000" 0.0413 input
tooth thickness lin) tt assumed 0.03

0.83

input
inputspacer between the Iwo windings (In) s62 may not be required

total slot depth, (in) ds ds=ds6.ds2.sidt*It 1.1533 FLAG; INSUFFICIENT SLOT DEPTH

total 0 of conductors lo the slot c c=Cssi*Css2 134 ,

area of conductors cas from the 2/6pole designs 0.001609

0.215606

0.362711041

0.8546

0.309972855

total area required by all conductors lit the slot cat cal=casc FIN: slot area adequate for specified 0 of conductors

esei=nsn+(%sbusn/LZ

ACTUAL SLOT AREA CALCULATION

equieient slot st Id th

slot depth excluding the arc and area beim,. %sedge

w

eye! e. d=lisdadl-il.rc

-actual slot area mailable for *sires saaw sago =e(Pesw + pi. re" 7J2



37

38

39

fill factor

finable area

it
fa

assumed

fa=ffsins
0.71

0.120080727

Input*"

411

I
SUMMARY SHEET

41

_42

43

44 6-POLE WINDING
45

46

47

MI type of winding used double laver winding

49 wire size used 817 AWG

SO fractional pitch fp assumed for this design 0.83 5/6 th fractional pitch used

51 told number of conductors used/slot Css6 64

52 number of parallel conductors pc6 16

53 number of coils per pole per phase cpph 4

54 number of turns per cull Nc 2

SS number of turns/phase Ns6 48

56

57
__

1 2-POLE WINDING
58

59

60 type of winding used double layer winding

61 wire size used # 17 AWG

fractional pitch assumed
-I-

9.83 5/6 lb fractional pitch used62 fp

63 total number of conductors used /slot Cool 70

64 number of parallel conductors pc2 7

65 number of coos per pole per phase cpph
7

12

66 number of turns per mil Nc 5

67 number of turns NS2 1211

68

69

70 DESIGN DIAMETER tin), (ml I) DM, ilni 14.25 0.36195

71 DESIGN LENGTH (M), )ml la (in), inli 11.25 0.28575

72 DF-SIG AIR-GAP (mlN AIRP LENGTH (in),
. . ig Lg.-..125-(10.17/()+90)) 0.03 0.000697129

_

7J DESIGN AIR-GAP LENGTH Imml 0.70

74

75

76

77



78
_

79

so

III

82

83

114

15

$5

117

U
89

911

__ _

slack length 1ml

machine Inside diameter Iml

air-pp radial length (ml
res611.19. of rotor bars materials lohmscm)

asumed rotor bar area (e. mills)

I I
__ ______

9.28575

9.34195

SIMULATION PROGRAM REQUIRED
DATA

_ ___ _ _
_ _

_

La

11

Ill

calculated previously
" ''' " '""" '''''" '""""
on. '''''''' oo '''''' "o '''''''''''' .

0.11110497129
____ _

sigma
" " " """111111111111111.00. ''''''''''''''''''''1111111 1.75 inrar

car from tables for AWGN $3591

N of turns per cull I power winding)

winding length per coil (Ill
Np 2

miter_

rep_

mitcpmullNpill 7.780643724
91

92

93

94

95

cog resistance ohms repv-remitcp/111110 0.93940118

4 of turns per cull (control winding) Nc

miter

5

winding length per cog ft milm=m112Nc/12 35.7714949
cog resistance ohms rce rec=rs2'mlIce/10911 0.1811441149

IM

97

9$

99

III
191

1

number of rotor slots

number of nests

or i 49.1111

not known for IlDFIN 4.00

rotor turnsAoop Nr OOOOOO ."0111111"0.1.1111M ICI
5.01

es12p.r
rotor loops mutest mil



item

1

2

3

4

S

6

7

It

9

III
I I

12

13. _
14

15

16

17

15

IS

25

21

22

23

24

25

26--
27

21

20

35

31

32

33

31

33

34

BDFMROTORDESIGNI

s3m

. _

*aloe

number

skimp
rotor

number

number

number

rotor

rotor

rpole

rotor

diameter

the

area

area

area

rotor

peak
" OOOOO

00100

...."...."
O

rms

description formula

0 Input

remark

of rotor poles pr constant for bdfm 4.01

radial length tin) Ig

Dr

nr

185.125-110.17/D+00)
5.03

diameter 11n) Dr.D-Pig
chosen to mold

14.211

input 0"
Input ..

of rotor slots

of nests

coggIng,cusping A noise 411.01

4.10nst known for IDFM

of slots per pole

slot pitch in degrees

nrp nrp=nr/pr NM
launder' lamdar'=360/nr LH

slot pitch lint

pitch (1n1

lamdar

tour
lamdar=lamdar'piDr/360 1.11

11.15tauritlDripr

ASSUMED ROTOR SLOTS DIMENS ONS
AND ROTOR BARS CHARACTERSTICS

USED TO CALCULATE BAR CURRENTS

slot width DM wsr assume sire to fit AWG II diameter 11.31 ..0 In ut

of conductor to lit In the slot (in) dla' from tables for AWG114/11 .29
5317

.4. Input **.

000 in too.
corresponding area of conductor Iln.2)

in circular mills

car . %%%% ... tttttttttt ttttt NIVIOOM11,11,14,01110.1

car 1.1.111010111110M01411,1110111110"... 53016.65 In . it ...

In min"2 car ........... tttttttttttt .... tttttt 0011111 42.41 000 in ut 00 *

In cm02 car 1.01.11.1 tttttt MI" OOOOOOOOOO MM." OOOOOO "IMO 1.42

lawbar resistisIty (microohms.cm) sigma from table for copper, 6157 1.75

CALCULATED CURRENTS FROM BDFM
SIMULATION PROGRAM

-1

current In loop u, amps
'" OOOOO '"
OOOOOOOOOOOOOO 00/10/110110 w

OOOOOOOOO """ OOOOO ''' x

""""O """ OOOO ""
y

current in looEu, amps

In

to

I.
ix

from program ADFNI
10010111 OOOOOOOO 11111111

300.00 000 Input

OOOOOO 1111111101 450.00

400.00

°0° input

*** InputMO OOOOOOOOOOOOOO 00000 OOOOOOOO 11011/

750.00

901E00

212.13

Inpul "
*** Input ".

rats

ly

lu

I OOOOOO 10100 OOOOOOOOOOOO 110001 OOOOOOOO 1

1.peak/strt(2)



37 

30 

39 

40 

II 
42 

43 
- - 

44 

45 

46 

47 

45 

49 

50 

51 

52 

53 

54_ 

S___ S 

56 

57 

511 

59_ 

60 

61 

62 

63 

64 

65 

66 

67 

U 
69_ 

70 

71 

72 

73 

74 

75 

77 

" 
x 

Is 

N 
lx 
4 

1-peak/sqrt(21 310.21 

424.26 

530.33 

636.411 

636.411 

rms 

rms 

rms 

rms 
_ 

_ _ _ 

1peak/sqrt12) 

11"k/s9!1(2) 

Ipeak/sqrtI21 

_ 

END-RING CURRENTS I 

current In sub.section y, amps 

x 

ly 

lyx 

Ir=ly 
lyx-,Iy+lx 1166.73 

ss hew Iydr=ly+In+lw 1590.99 

s /pews Ilynws.ly+Ixslw+Is 1909.19 

u lynsdu lynwru=ly+12+1041s+lu 2121.32 

rotor current density, amps/Square Inch dollar deltar=1.2cleita; .2 assumed 45011.1111 Input 

conductor area for loop u (1021 

conductor area for loop 01102) 
case' cau'Au/dellar LOS calculated 

eau selected LOS Input If different area than calculated one 

conductor diameter / width lint diau selected 1.22 Input If different than square bar 

current density In bar ulanlit/In"2/ ddtau deltau.luicau 4501.11 

conductor area for loop s NOP car' car'=Is/deitar 1.17 calculated 

conductor area for loop s (10"21 car selected 0.07 

0.27 

Input If different area than calculated one**. 

conductor diameter / width lin) Mar selected Input If different than square bar 

current density In bar s fampan"21 deltas. deltarub/car 4500.0 

conductor area for loop w 111'021 

conductor area for loop 14 (1021 

conductor diameter / width lint 

caw' caw'Aw/deltar 0.09 calculated 

caw selected 0.09 Input if different area than calculated one*" 

dime selected 1.31 t" input If different than square bar 

current density In bar se (ampiln"21 

conductor area for loop_ x NOP 

deltaw deltaw =1w/caw 4500.00 

can' con'Ax/dellar 0.12 calculated 

conductor area For loop x lin"21 can selected 0.12 Input If different area than calculated one 

conductor diameter I %kith lint 

current density In bar x famp/In A21 

conductor area for loop _7 lln^21 

dial 

deltas 

cay' 

selected 034 ". input It different than square bar ". 
dellax= lx/cax 4500.00 

0.11 calculated cay'Ay/deltar 



78

79

86

II
12

63

04

conductor area for loop y (In*2)

conductor diameter / width OM

ray

diay

deltay

selected 1.14 *** Input If different area than calculated one

selected 11.38

4500.1111

*** Input If different than square bar ***

current den.is In bar ylamln*21 deltaymiy/cay _
conductor area for end ring (in* 2)

_I_

cue

cat

cae...lyiwro/deltar 1.47

.511

assuming the same current density as In loops

*** Input If different area than calculated one***conductor area selected (1.02) selected

85

66

17

IS

end ring dimensions (In) w al wit 1..5111: copper plate 11.56 *** Input If different than square bar ***

*00 Input If different than square bar "°(In) lie
current density In end ring bar tamp.in*2) delta* deltaemlyxwsufate 4242.64

!f-
96

'ROTOR SLOT AND TOOTH WIDTH

91

92

03

114

95

06

97

rotor slot width for bar -u (In) wont wsru.diau+.83 0.25 .03 allowance for Irregularity

rotor slot width for bar -r tine wsrs wsrv-Alova.113 11.311

rotor slot width for bar -w (In) wsrw wsrw=diaw+.03 0.34I
5.37rotor slot width for bar -a OM wars wsrs.diaus+.113

rotor dot width for bay -y (18) wary wsrysdlay+.113 5.41

01

59

100

rotor teeth width (In) wtr wtrolpiDr-S*(wsruswarrswirwswars+wsry))/411 C/8 assuming uniform teeth width

101

_1112

113

dot pitch for loop-. (In) landau wsrusstr 1.03

slot pitch for loo 4, (in) Mindy lamdv.wsrra2wsrus3wIr 3.14

114 slot pitch for loop .w (In) lamdw lantdaw=wsrwslwsr.+2wsru+Swtr 5.34

115 slot pitch for loop a (In)
7

Mind's lamdatnwsrx+2wsrws2wsrv+2wiruslwtr 7.41

116 dot pitch for loop -, (In) lamday lamday=wsry4.2wirs+2wsnr+2wsre+2*wsru+11wir 9.96

117

108

109

110

112

113

114

115

114

117

118

I ROTOR SLOTS DEPTH

slot depth-u (In) dsu dsu=dlau+s 1.25 II- tooth thickness

dot depth.* (In) do. dat=dlov+11 0.30

dot depth.** (in) den dsw.dlawstt 5.34

slot depth-s tInt dot dm-Aloud 1.37

dot depth., lin) day dsy=dlay+tt 0.41



119

129. _
111

121

123

iii
125

126

127

Ill
129

OS

131

132

133

134

135

136

137

rotor diameter at the bosom of deepest dot-la Drs

Ds

edits-

Drs=1)r-2dsy 13.34
mshaft diaeter dal_ _ _ _

core, depth behind the deepest slot I In)

from 'thing drite data shed 3.11

5.19

Input
crcitr=(Drs-Ds)/1 more than enough

,

ROTOR FLUX PROFILE _

total flux ayssinlithe airlap (maxwells)

total teeth area (1021

pheetr

Al
pheet=phee60+phee2p2 11.117E+116 flux per pole times N of poles from both wisdlny
At=arlawtr 352.35

maximum tooth flux density 111nes/In"2) IlInnax litrmax=sqr1(2) 3.24E+114 compared to 115k lines per square inch_peel/Ai

core flux density (lbsedits.2) Dr Bc.pheetr/(2crdtrlLtd 691111.63 compared to 115k lines per square loch

ROTOR RESISTANCES
-f-

____1

bar length loop -0110 bin blu=2Laelaindau 23.53
-,

- (in) blr blvetattamdar 25.64
1311 -w OM blw bler=2Lafiamdaw 2744
131

141

It (In) bin blx=2Lselamdax 30.11
-y (10) b11 bly.21-aelamdlt 32.46

141

142

143

rotor bar res1411.11; Imicro-ohms.in) sigma' sIgma'osigma 10"(-6)(1n/25.4 cm ) 6.119E11
resistance loop -u (ohms) ru re=blusIgme(cou.2) 7.30E-S4

144 -s (ohms) ry
rw

re=blvoslynal(cas"31

re=b1w*dgmal(cow" 2)

343E414

2.16E44145 -w (ohms)

146 -1 (ohms) rx re=blxsigma'Acax.1) 1.49E-44
147 -I (ohms) ry re=birslyna'Acay"21 1.11E44
144

149 diamter at the mean of deepest dot (in) Orm Drm=Dr-tilay 13.112

130 end ring length (In) el d=plDrm 43.41
151

151
... _

153

end rho resistance (ohms) re re.elslimelwl) 545E44

___

4S-4
iss
154- --
153

OS

159

ISUBSEGMENT RESISTANCES OF END-RING 1--
sub-segment-u (ohms) rsubw rsubu=lamdausIgma`/( w9) 1.41E47

2.91E-$7

correspond to current lyinrsu

correspond to current Dewssub .segment-s lohms1 rsubw rsubs=damdss-lamdaulsigmehr11
subsegment-% (ohms) rsubw rsubse=(Ismdass-lamdas)sigmal(wl) 3.03E-07 correspond to current lyxw



III
161

162

163

165

166

147

10
169

170

sub-segment-s 'ohms) rsubs rsubitAlamdax-lamdan i osigma'/In ell 3.14E-17 correspond to current lyz

correspond to current lysub-nent-s lohnisi mist rsuby.-41amday-lamdaxtosigmaNn .1) 3.23E-07_

1
ROTOR COPPER LOSSES

losses In loop -u (watts) clii clu.nstslu .2ru 1.31E+02

-v (oath) clv clsznstvls "Pry 1.43E+02

-w (watts) dw chr.tistIlw"Prw 1.55E+02

.I (watts( do cts=ustIst Pr: 1.60E+02

y (watts) dy dy=nstoly"Pry 1.11E02

171

172

173

174

175

LOSSES OF END-RING SUB-SEGMENTS

losses In subservient -1, (watts) ly ly.nstIy.2trsuby 5.24E-01

176

177

losses In subsegment -ix 0%am) lye Irt=ostIyinorsubs 1.71E011

losses In subsegment -71w (watts) lysw lysw.nstelysw"Prsubw 1_
3.17E+0

Ill losses In subsegment liters (watts) lyxwv

Irwin
lyswr=nstIyawr.2rsubr
tram =natives.* u Alta-subs

4.24E+00

2.56E+0179 losses In sub meat Tints (watts)

ID
III TOTAL ROTOR COPPER LOSS
110

103

1114 total rotor copper loss (watts) wlr wIrstotal loop losses+end-sing losses 791.116

05
1116

117

11111

IRON LOSSES 1

109 lot core vents on assumed 12.0 000 Input.**

000 Input***190 rent dismiss (In) id assumed LH

191 rotor core vents volume (103) I,* sr --.:vovdLa/4 106.03

192

193 rotor teeth volume (lel) iv ts.wtLas(3dsu+2dsr+2dsw+2dsx+dsy).4 111.34

04
19S rotor slots volume (ln.3) sr sv4(wsre52+wsr02+asnr42+wsrii52+wsry"2)La 50.0

106

107 shaft volume on^ 31 sirs stiv41131.2La14 79.52

III
199

NM

volume of core behind 11°1411031 cri cm tpiDr. 2La/4 .(sv-tv+sv +shy) 1734.74



2111

212

113

2114

weight of iron in rotor teeth (lb) mtr mtr...111tv 31.18
weight of iron rotor core (lbl mcr mcr=.11crs 4115.73

_
I.total Iron volume (1,031

..._
1 .h.Cr 11141.411

155

241

total iron weight (lb) ml ini=mtrtincr 514.511

watts per pound for teeth VSS..31.34, 16 gage other'

%Uri.'

from graph #1t=31k Ones per square inch, fr=611.113

from graph Oftc=75k lines per square Inch, fr.5I.111z

wibtrowlbtr'(15/4111).2

5.45

1.50

11.13

257

25111

HI

wafts per pound for core VSS41.34, 21 gage

watts per pound for teeth f fr=15.112 wlblr
watts ter pound for core # tr =15 -Hz Mkt wibcr=witicr'(15/64). 1 6,13

1111

211

212

113

rotor teeth loss, watts wtri tetri=w1btrIntr am
rotor core loss, watts wcrl wcrl=n1bcrmcr 511.72

total rotor iron loss, wilts nil wril=wtri+wcrl 51.61
total rotor loss, watts WI, wir=wrIkwcurl 552.67

214

2IS

216

total machine loss WIN rpm, watts mi mlowl6swcullswIr 5445.14

Ill
2.poie Iron loss sot Indueded since DC applied

machine efftciency VIII rpm eau eata=61117444411744,m1)




