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FOREWORD

The primary objective of this project was to determine the
impact of rewinding/repair on motor efficiency. A secondary
goal was to identify procedures that help maintain or even
improve the efficiency of repaired/rewound motors.

The following preliminary report summarizes results of the
study. A more comprehensive, two-part report will be published
early next year. Part one will carefully examine the technical
data obtained during the study. Part two will provide best
practices that service center personnel can use to maintain or
improve the efficiency of repaired/rewound motors, refining and
probably adding to the list of “DOs and DON'TS” in £ASA 7ech
Note 16: Guidelines for Maintaining Motor Efficiency During
Rebuildingand the procedures in ANSI/EASA Standard AR100.
It also will update the Good Practice Guide: The Repair of
Inaduction Motors—Best Practices to Maintain Energy Efficiency,
a publication based on a previous study by the Association of
Electrical and Mechanical Trades (AEMT).

INTRODUCTION: REASONS FOR THE STUDY

Claims that rewinding inevitably decreases the efficiency of
induction motors are mythic. Based in part on a handful of
studies of mostly smaller motors (up to 30 hp or 22.5 kW), they
often assert that efficiency drops 1% to 5% when a motor is
rewound—even more with repeated rewinds. (See Table 1 for
comparison of previous studies.)

The electric motor repair industry, led by EASA and AEMT,
undertook the present study to find definitive answers to effi-
ciency questions for customers and others. This research
focused on motors with higher power ratings than those in
previous studies (i.e., those most likely to be rewound). The
results are based upon independent efficiency testing before
and after rewinding.

A key preliminary finding of the study is that best rewind/
repair procedures maintain motor efficiency within £ 0.2%. The
multiple rewind stage of the study determined that on average
efficiency improved 0.2% by following best practices. Publica-
tion of a comprehensive report and a new set of best practices
in the coming months should help ensure comparable results
for the entire industry.

OBJECTIVES OF THE STUDY

The major objectives of the study were to:

» Determine the impact of rewinding/repair on motor effi-
ciency.

 Investigate the impact of repeated rewinds on several
motors.

TABLE 1
EMPIRICAL STUDIES OF EFFICIENCY LOSS
DURING MOTOR REPAIR
Sample
Study size Comments
McGovern 27 Motors ranged from 3 to
(1984) 150 hp; wide range of motor
age and rewind histories
(General Electric)
Colby & Flora 4 Standard- and premium-
(1990) efficiency 5-10 hp motors
(North Carolina)
Zeller 10 Contolled test; identical 20
(1992) hp premium efficiency motor
shops (British Columbia)
Dederer 9 Controlled test; identical
(1991) standard-efficiency motor
shops (Ontario)
Ontario Hydro 2 Motors rewound four times
(1992) each
Reprinted from Energy-Efficient Motor Systems: A Handbook on
Technology, Program, and Policy Opportunites, Second Edition.
American Council for an Energy-Efficient Economy, 2002.

« Determine if the impact of rewinding on efficiency is simi-
lar for low- and medium-voltage motors.

« Identify and compile a set of rewind/repair procedures that
could degrade motor efficiency.

« Determine if certain rewind/repair procedures could im-
prove motor efficiency.

« Identify and compile a set of best practices for motor re-
winds.

The study also sought to:

« Determine the effect on motor efficiency if motors are re-
wound with no specific controls on stripping and rewind
procedures.

< Evaluate the impact that physical damage to the stator
core has on efficiency.

« Determine the effect of different burnout temperatures on
the stator core losses.

¢ Correlate the results obtained with the running core loss
test and static core loss tests.
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« Determine the effect of over-greased bearings on effi- PROJECT SPONSORS
ciency.

« Determine the effect on efficiency when motors are re-
wound using different winding configurations and slot fills.

The sponsors of the project were:
« Electrical Apparatus Service Association (EASA)
 Association of Electrical and Mechanical Trades (AEMT)
SCOPE OF PRODUCT EVALUATED « British Nuclear Fuels (BNF)
The study involved 23 motors ranging from 50 to 300 hp « United States Department of Energy (DOE)
(37.5 10 225 kW) and included: « Energy Efficient Best Practice Program (EEBPP), UK

50 and 60 Hz motors. - .
z ) e Ministry of Defense Ships Support Agency (MoD
Low- and medium-voltage motors. SSA), UK

IEC and NEMA designs.

Open dripproof (IP 23) and totally enclosed fan-cooled
enclosures (IP 54).

2- and 4-pole speeds.

* UK Water Industry Research Ltd. (UKWIR)
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TABLE 2
ROUND ROBIN TEST RESULTS OF 30 KW, 4-POLE MOTOR
Full load Full load Full load Temperature
Test location Test efficiency power factor amps rise rpm
Baldor 400v/50 Hz 91.8% 86.8% 54.0 69.4° C 1469
Nottingham 398v/50 Hz 92.5% 87.0% 54.5 69.0° C 1466
U.S. Electrical Motors 400v/50 Hz 91.9% 86.7% 53.5 59.0° C 1470
Brook Crompton 440v/60 Hz 92.3% 87.3% 50.0 46.9° C 1768
Oregon State 460v/60 Hz 92.6% 85.9% 47.0 50.0° C 1774
U.S. Electrical Motors 460v/60 Hz 93.1% 86.4% 46.5 42.0° C 1774

PARTICIPATING MANUFACTURERS
AND INSTITUTIONS

« Ten motor manufacturers provided motors, technical data
and assistance for the study: ABB, Baldor, Brook
Crompton, GEC, Leeson, Reliance, Siemens, Toshiba,
U.S. Electrical Motors and VEM.

e The Dowding and Mills facility in Birmingham, UK, car-
ried out all motor rewinds and repairs.

« The University of Nottingham performed efficiency test-
ing on their dynamometers in Nottingham, UK (see
Figure 1).

ROUND ROBIN TESTING AND TEST PROTOCOL

To ensure accurate test results, a 30 kW Brook Crompton
IEC motor was efficiency tested first by the University of
Nottingham and then by four other test facilities. The other test
facilities were: U.S. Electrical Motors, St. Louis, Missouri;
Brook Crompton, Guiseley, UK; Baldor Electric Co., Fort
Smith, Arkansas; and Oregon State University, Corvallis,
Oregon.

Both IEEE 112 Method B (IEEE 112B) and IEC 60034-2
methods of efficiency testing were used. All testing used the
loss-segregation method (at no load and full load), which
allowed for detailed analysis. Table 2 provides the test results
for the 30 kW motor when tested at 50 and at 60 Hz.

As a benchmark, the results were compared with those of
round robin test programs previously conducted by members
of the National Electrical Manufacturers Association (NEMA).
Interestingly, the first NEMA tests were done without stan-
dardized test procedures and yielded results that varied by 1.7
points of efficiency. This variation was subsequently reduced
to 0.5 points of efficiency when NEMA members used stan-
dardized test procedures.

As Table 2 shows, the efficiency variation (per IEEE 112B)
for the round robin tests of the 30 kW motor did not exceed 0.8
points. This was achieved without standardization and com-
pares favorably with the 1.7% variation of the NEMA tests.

These results also show that the University of Nottingham'’s
testing protocol for determining the impact of rewinding on

motor efficiency are in accord with approved industry prac-
tices and that the results obtained in this study are not skewed
by the method of evaluation.

AC SQUIRREL CAGE INDUCTION MOTOR LOAD
TESTING: COMPARISON OF IEC 60034-2 AND
IEEE 112-1996 STANDARDS

The most significant difference between IEC 60034-2 and
IEEE 112B standards with regard to motor efficiency is the
way they handle stray losses. IEEE 112B calculates the stray
losses by loss separation at no load and at differentload points
with input and output power measurement. IEC 60034-2,
using input power measurement only, separates the losses at
no load but allocates 0.5% of input power as stray losses. So
essentially, IEEE 112B is the more stringent standard. (For an
example of IEEE 112B, see Appendix, Item 1.)

For instance, using IEEE 112B as opposed to the IEC
method could reduce the measured efficiency by 0.5% to
1.5%, depending upon what percentage the stray losses are
of the total losses. In reality, the efficiency of the machine is
always the same; only the calculated efficiency changes.
Given the impact of certain repair practices on stray losses
that would not be identified by the IEC test method, the study
participants determined that the IEEE 112B method was more
accurate.

STATOR CORE LOSS ANALYSIS

One objective of the study was to correlate the actual stator
core loss as tested in accordance with IEEE 112B and the
results obtained with various test methods used by the service
centers to determine the condition of the stator core before
and after rewind. The test methods evaluated were the loop
test and two commercial devices from different manufactur-
ers.

The evaluation was inconclusive, based on the following:

* Results obtained with the three test methods varied sig-

nificantly.

* In some cases test data showed a drop in core loss after

rewind.

« Some difficulty in operating the commercial testers may
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have contributed to the erratic results.

» The sample size was too small to draw any accurate con-
clusions.

Accurate comparison of commercial testers and the IEEE
loop test method will require additional testing and evaluation.
The raw data is being sent to the manufacturers of the testers
for their evaluation and comments.

STRAY LOSS ANALYSIS

This study was conducted in three stages: 6 motors were
stripped and rewound in Stage 1; 10 low- and medium-voltage
motors and 1 high-voltage motor were stripped and rewound
in Stage 2; and in Stage 3, 4 motors were stripped and
rewound multiple times, and 2 motors were burned out 5 times
and then rewound.

Stage 1. A low burnout temperature of 660° F (350° C) was

TABLE 3
TYPICAL HORIZONTAL TEFC MOTOR LOSSES

Friction and windage

Stray load (W) losses  «, (W,,) losses

 —

Rotor I°R (W,) losses Stator IR (W,) losses

Average motor loss distribution percentages for
motors used in study at 60 Hz
2 pole | 4pole Factors affecting
Losses average | average losses
Core losses 19% 21% Electrical stgel, air
(W) gap, saturation
Friction and Fan efficiency,
windage 25% 10% lubrication, bearing
losses
(W)
Stator IR Conductor area, mean
losses 26% 34% |length of turn, heat
(W) dissipation
Rotor I2R Bar and endring area
losses 19% 21% |and material
(W)
Stray load Manufacturing
losses 11% 14% | processes, slot
W) design. air gap

used, which made it difficult to remove the coils and clean the
slots. This resulted in mechanical damage to the stator core
(e.g., flared teeth at the ends of the stator laminations), which
increased the pulsating or zig-zag losses. The result was that
stray load losses increased significantly for these machines.
No attempt to control winding resistance was made for the 6
machines rewound in Stage 1.

Stage 2. The burnout temperature was increased to 680° F
- 700° F (360° C - 370° C), which made the coils easier to
remove and required less cleaning of the stator slots. The
winding resistance of the new coils also was controlled to
avoid appreciable increases in stator I°R losses.

Stage 3. The burnout temperature and the winding resis-
tance controls were the same as in Stage 2.

Test results for all three stages are provided in Table 4.

FIGURE 2
STRAY LOSS ANALYSIS
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Stage 1: Motors rewound with no specific control on stripping or rewind

TABLE 4. TEST RESULTS

Efficiency Efficiency Efficiency | Winding | Winding

Motor description before rewind | after rewind | change* before after | Comments

1A 100 hp, 60 Hz, 4 pole 94.1% 93.1% -1.0% 3TC-1L | 3TC-1L |Bearings regreased
-0.8% Drive end bearing cleaned
-0.6% Both bearings cleaned
-0.5% Bearings changed

2B 100 hp, 60 Hz, 4 pole 92.9% 92.4% -0.5% L-2L L-2L 575 volt machine

3C 100 hp, 60 Hz, 2 pole 94.5% 93.5% -1.0% GC-2L L-2L  |Bearings regreased
-0.5% Drive end bearing cleaned
-0.5% Both bearings cleaned

4D 100 hp, 60 Hz, 2 pole 95.0% 94.5% -0.5% L-2L L-2L

5E 150 hp, 60 Hz, 2 pole 92.3% 92.0% -0.3% L-2L L-2L

7B 150 hp, 60 Hz, 2 pole 93.7% 93.3% -0.4% L-2L L-2L

Stage 2: Motors rewound with control on rewind process

Efficiency Efficiency | Efficiency | Winding | Winding

Motor description before rewind | after rewind | change* before after | Comments

6F 150 hp, 60 Hz, 2 pole 94.4% 94.3% -0.1% L-2L L-2L —

9E 60 hp, 60 Hz, 2 pole 90.1% 89.9% -0.2% L-2L L-2L | No core cleaning

10D 125 hp, 60 Hz, 4 pole 95.4% 95.2% -0.2% L-2L L-2L —

11F 200 hp, 60 Hz, 2 pole 96.4% 96.3% -0.1% L-2L L-2L —

14H 55 kW, 50 Hz, 4 pole 89.9% 89.2% -0.7% 2TC-1L L-2L Defective core (OEM)

16H 150 kW, 50 Hz, 4 pole 95.4% 95.6% +0.2% GC-2L L-2L —

18G 55 kW, 50 Hz, 4 pole 94.2% 94.2% 0.0% 3TC-1L | 3TC-1L —

19H 132 kW, 50 Hz, 2 pole 93.0% 93.0% 0.0% 2TC-2L L-2L —

20H 45 kW 50 Hz, 2 pole 93.9% 93.9% 0.0% 3TC-1L | 3TC-1L —

21J 75 kW, 50 Hz, 2 pole 93.7% 93.9% +0.2% GC-2L L-2L —

High voltage motor

Efficiency Efficiency | Efficiency | Winding | Winding
Motor description before rewind | after rewind | change* before after |Comments
23K 225 kW, 50 Hz, 4 pole 95.7% 95.5% -0.2% L-2L L-2L —
3300 volts

* Each of the percent changes is relative to the “before rewind” efficiency.

Key to winding configuration abbreviations

3TC-1L ...... Three tier concentric
2TC-1L ...... Two tier concentric
2TC-2L ...... Two tier concentric
L-2L ...........

GC-2L........

GC-1L........

[T o IR/ To [T Vo RS
Concentric coil groups placed in slots in rotational sequence
Concentric coil groups placed in slots in rotational sequence

1 coil side per slot
1 coil side per slot
2 coll sides per slot
2 coll sides per slot
2 coll sides per slot
1 coil side per slot
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TABLE 4. TEST RESULTS (CONTINUED)

Stage 3: Multiple rewinds under controlled conditions

Efficiency Efficiency | Efficiency | Winding | Winding
Motor description before rewind | after rewind | change* before after |Comments
8C 200 hp, 60 Hz, 4 pole 95.7% 95.1% -0.6% GC-2L GC-1L |1st rewind
95.6% -0.1% L-2L | 2nd rewind
12F 150 hp, 60 Hz, 2 pole 95.9% 95.9% 0.0% L-2L L-2L  |1strewind
95.9% 0.0% L-2L | 2nd rewind
95.8% -0.1% L-2L | 3rd rewind
13G 110 kW, 50 Hz, 4 pole 94.8% 94.6% -0.2% 3TC-1L | 3TC-1L |1st rewind
94.6% -0.2% GC-1L | 2nd rewind
15J 75 kW, 50 Hz, 4 pole 93.0% 93.6% +0.6% GC-2L L-2L  |1st rewind
93.6% +0.6% L-2L | 2nd rewind
93.7% +0.7% L-2L | 3rd rewind
17H 5.5 kW, 50 Hz, 4 pole 86.7% 86.9% +0.2% 2TC-1L L-2L 5 burn outs at 360° C
1 rewind only
22H 5.5 kW, 50 Hz, 4 pole 83.2% 84.0% +0.8% 2TC-1L L-2L |5 burn outs at 360° C
1 rewind only

* Each of the percent changes is relative to the “before rewind” efficiency.

Key to winding configuration abbreviations

3TC-1L ...... Three tier CONCENLIIC ..vvvvviiee e 1 coil side per slot
2TC-1L ...... TWO tIEF CONCENTIIC ..vveeeiiiiiiie et 1 coil side per slot
2TC-2L ...... TWO tIEF CONCENTIIC ...veeeiiiiiiie et 2 coil sides per slot
L-2L e Lap WINAING ...t 2 coll sides per slot
GC-2L........ Concentric coil groups placed in slots in rotational sequence ...... 2 coll sides per slot
GC-1L........ Concentric coil groups placed in slots in rotational sequence ...... 1 coil side per slot

LOSS ANALYSIS

The efficiency variation for Stage 1 ranged from -0.3% to -0.5%.
The efficiency variation for Stage 2 ranged from -0.7% to +0.2%.
The efficiency variation for Stage 3 ranged -0.6 to +0.8%.
The losses affected were:
Copper loss—Due to lack of control of mean length of turn.
Stray loss—Due to stripping damage but influenced by tooth design.
Core loss—Due to burn out process.
Friction loss—Due to over-greasing bearings.
The best results were obtained in Stages 2 and 3 when process controls were implemented.
Stripping the motor, if burned out at too low a temperature, may increase the stray loss.
7. Copper content of winding, coil geometry and winding pattern must be controlled to reduce stator I°R losses.

rodE

o v

6 Copyright © 2002, Electrical Apparatus Service Association, Inc.



The Results Are In: Motor Repair’s Impact on Efficiency

RECOMMENDATIONS

As stated earlier, a list of best repair/rewind practices based
on the results of the study will be published early next year. In
the meantime, here are some preliminary recommendations
that can help repairers maintain the efficiency of rewound
motors. (See the Appendix for detailed explanations.)

Burnout process

It is important that
this process be tightly
controlled. Burning out
at a temperature be-
low 680° F (360° C)
may not leave the core
clean. Additional clean-
ing of the core may
cause mechanical
damage (e.g., splayed
teeth) thatwillincrease
the stray losses. Burn-
ing out at more than
680° F (360° C) for or-
ganic coreplate or
750° F (400° C) for
inorganic coreplate
may increase the risk
of damaging the interlaminar insulation and increase the core
losses if the interlaminar insulation is not inorganic coreplate
material.

Dowding and Mills burnout
oven.

Coil removal

Cutting the endwinding with an air chisel resting against the
core end laminations or causing the end laminations to flare
when pulling the coils out of the slot will increase the stray
losses (see Figure 3).

Conductor cross-sectional area

When changing wire gauge due to stock availability never
reduce cross-sectional area, as this will increase stator I°R
losses. Require that the cross-sectional area be increased
whenever possible to reduce stator I?R losses (see Figure 4).
Fewer wires of larger diameter in parallel may be preferable to
a larger number of smaller gauge wires with the same cross-
sectional area.

Mean length of turn

Failure to control mean length of turn (MLT) may increase
stator I°R losses. Whenever possible, decrease the MLT to
reduce stator I’R losses. Reduce the straight section of the coil
where it exits the slot to the minimum required for the slot liner
cuff or tracking length. Keep coil extensions as short as
possible. (See Appendix, Item 2.)

Changing winding configuration

Do notchange atwo-layer winding to a single-layer winding.
This may appear attractive since there are half the coils towind
and connect. However, this could increase stator I°R losses
and will increase stray losses. Any winding change should not
increase stator IR losses, core losses or stray losses. Suitably
trained personnel should control all winding conversions.
(See Appendix, Item 3.)

FIGURE 3
END LAMINATIONS

An example of end laminations damaged during coll
removal.

FIGURE 4
EXAMPLES OF SLOT FILL

Good slot fill

Poor slot fill
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Bearing lubrication

Over-lubrication of
bearings will increase
friction losses and
shorten bearing life. Mix-
ingincompatible greases
will increase friction
losses and impair lubri-
cation. Use sealed-for-life
bearings (do not replace
open or shielded bearings with sealed bearings unless they
are the non-contact type) or open bearings with manufacturer’s
recommended greasefill. Ensure that bearings have the same
internal clearance as original bearings (for example, C3).
Decreasing the clearances could increase the friction losses.
(See Appendix, ltem 4.)

Fans

Replacing a fan with one of a different design than the
original could increase windage losses, temperature rise and
I’R losses (see Figure 6). Replacement fans should be
interchangeable and meet the designer’s original intent.

FIGURE 6
COOLING FAN DESIGNS

Catastrophic damage

It may be unwise to repair motors with catastrophic damage
(Figure 7) since there could be a reduction in efficiency. The
customer’s operational needs, however, may necessitate the
repair even though he is aware that there may be a reduction
in efficiency. The cost of lost production may greatly exceed
the cost of lower efficiency. In such cases encourage the
customer to purchase a new motor as soon as practical after
the repair.

Core losses

Due to the wide variety of electrical magnetic steels used by
manufacturers, it is impossible to set rigid rules for core test
acceptance. However, measuring core loss before burnout
and after core stripping and cleaning will identify significant
increases in core losses. (See Appendix, Item 5.)

EFFICIENCY IMPROVEMENTS

One of the easiest ways to improve motor efficiency is to
increase the relative slot fill (conductor cross-sectional area)
of stators originally wound with low or moderate slotfills. Table
5 shows examples where efficiency could be improved.

FIGURE 7
TWO EXAMPLES OF CATASTROPHIC
WINDING DAMAGE
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LEVELS OF REPAIR fall into this category. In short, Level 4 involves ma-
jor repairs that are costly enough to justify examining

Due to irreparable damage, not all motors can be restored .
the option of replacement.

to their original efficiency levels. Motors that require Levels 1

through 3, as outlined below, usually can be rebuilt and Level 5 Motors that would normally be replaced except for
maintain their original efficiencies. Motors that require Levels special circumstances faced by the customer (i.e.,
4 and 5 repairs should be evaluated individually based on the no spare or unacceptable lead time for a replace-
amount of damage that cannot be completely repaired. ment). Level 5 includes misapplied motors,

inadequate enclosures and pre U-frame motors. A
motor that should be replaced, if not for the owner’s
inability to operate without it.

Level 1 Basic reconditioning. Includes replacing bearings,
cleaning all parts and replacing lubricant. Also adds
seals and other accessories as agreed with cus-

tomer. As these five levels imply, the damage resulting from a
Level 2 Includes Level 1 with the addition of varnish treat- motor failure varies widely, as do the associated repair costs.
ment of stator windings, repair of worn bearing fits An evaluation process that fails to consider the various levels
and straightening of bent shatts. of “repair” is too simplistic to yield an accurate assessment.

Level 3 Includes Level 1 as well as rewinding the stator (re-
placing windings and insulation).

Level 4 Includes rewinding of the stator plus major lamina-
tion repair or rotor rebarring. May include
replacement of the stator laminations or restacking
of laminations. Shaft replacement would normally

TABLE 5
RANDOM WOUND, 4 POLE, LAP WINDINGS, OPEN DRIPPROOF, PRE-EPACT** EFFICIENCIES
Nominal
Full load nameplate EPAct**
Frame Horsepower Space factor* efficiency efficiency efficiency
Original 365T 75 48% 92.7% 92.4% 94.1%
Rewound 59% 93.7%
Original 404T 100 39% 92.7% 92.4% 94.1%
Rewound 60% 94.1%
Original 405T 125 43% 93.4% 93.0% 94.5%
Rewound 59% 94.3%
Original 444T 150 58% 93.9% 93.6% 95.0%
Rewound 63% 94.1%
Original 445T 200 55% 94.1% 94.1% 95.0%
Rewound 63% 94.1%
(TID?)

Total number of wires per slot x | ——
* Percent space factor = L 4 J

Total slot area - Area of insulation

** EPAct is the U.S. Energy Policy Act of 1992 (federal law) mandating minimum energy efficiency levels for manu-
factured electric motors.

Copyright © 2002, Electrical Apparatus Service Association, Inc. 9
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APPENDIX

IEEE Std 112-1991
Form B

ITEM 1: SAMPLE LOSS COMPARISON AND TEST DATA

This is typical data obtained for each of the before and after rewind testing done at the University of Nottingham.
The curves on the following page were generated from this information.

Method B: Input-Output With Loss Segregation

150Hp 60Hz after 2nd rewind MOTOR 12F

Type:Ventilated Design: Frame: Hp:150 Phase:3

Frequency:60 Volts:460 Synchronous r/min:3600 Serial No.:

Degree C Temperature Rise: Time Rating:continuous Model No.:

Manufacturer: Speed:3570 Date of Test:14-21/01/02

Stator Winding Resistance Between Terminals: 0.025854 Ohms At Temperature: 43.43C

Specified Temperature for Resistance Correction: 82.8 C

ltem |Description 1 2 3 4 5 6
1A Precise Load, in % of Rated 25.1 50.1 75.3 100.0 115.0 129.8
1B Nominal Efficiency,in % 94.8
1 Ambient Temperature, in C 22.5 22.4 22.4 22.3 22.2 22.3
2 Total Winding Temperature, in C 75.50 77.30 79.20 80.10 79.80 78.4
3A Frequency, in Hz 60.038 60.038 60.037 60.039 60.04 60.038
3 Slip, in /min 6.2 12.4 18.9 25.9 30.3 34.5
4 Speed, in r/min 3596.1 3589.9 3583.3 3576.4 3572.1 3567.8
5 Line-Line Voltage, in V 459.17 460.24 460.26 459.96 460.03 460.31
6 Line Current, in A 66.87 95.53 130.33 167.56 191.31 215.25
7 Stator Power, in W 30670 59145 88008 116674 134181 151738
8 Core Loss, in W 1050.0 1050.0 1050.0 1050.0 1050.0 1050.0
9 Stator 1°R Loss, in W 193.4 397.0 743.5 1232.5 1605.1 2022.9
10 Power Across Air Gap, in W 29426.6| 57698.0] 86214.5] 114391.5] 131525.9] 148665.1
11 Rotor I’R Loss, in W 50.5 198.3 452.8 823.7 1106.3 1423.0
12 Friction and Windage Loss, in W 1307.2 1307.2 1307.2 1307.2 1307.2 1307.2
13 Total Conventional Loss, in W 2601.1 2952.5 3553.5 4413.4 5068.6 5803.1
14 Torque, in Nm 66.39 141.13 216.47 290.68 335.74 380.79
15 Transducer Correction, in Nm 8.18 8.18 8.18 8.18 8.18 8.18
16 Corrected Torque, in Nm 74.57 149.31 224.65 298.86 343.92 388.97
17 Shaft Power, in W 28081.77]| 56130.62| 84298.18 111929 128650| 145326.6
18 Apparent Total Loss, in W 2588.2 3014.4 3709.8 4745.0 5531.0 6411.4
19 Residual Loss, in W -12.9 61.8 156.3 331.6 462.5 608.3
Intercept: -42.15 Slope: 4.2553 Correlation Factor: 0.9984 Point Deleted: 0
20 Corrected Stator I°’R Loss, in W 198.0 404.0 752.0 1243.1 1620.4 2051.4
21 Corrected Power Across Air Gap, W 29422.01 57691.0] 86206.0| 114380.9] 131510.6] 148636.6
22 Corrected Slip, in r/min 6.3 12.6 19.1 26.2 30.6 35.0
23 Corrected Speed, in r/min 3595.9 3589.7 3583.1 3576.2 3571.8 3567.3
24 Corrected Rotor I°R Loss, in W 51.7 201.9 458.1 830.9 1117.0 1443.3
25 Corrected Stray-Load Loss, in W 23.7 94.9 214.8 380.1 503.3 643.8
26 Corrected Total Loss, in W 2630.5 3058.0 3782.1 4811.3 5598.0 6495.7
27 Corrected Shaft Power, in W 28039.5| 56087.0| 84225.9] 111862.7| 128583.0| 145242.3
28 Shaft Power, in hp 37.6 75.2 112.9 150.0 172.4 194.8
29 Efficiency, in % 91.4 94.8 95.7 95.9 95.8 95.7
30 Power Factor, in % 57.7 77.7 84.7 87.4 88.0 88.4
Summary of Characteristics

1 Load, in % of Rated 25 50 75 100 115 130
1A Precise Load, in % of Rated 25.1 50.1 75.3 100.0 115.0 129.8
2 Power Factor, in % 57.7 77.7 84.7 87.4 88.0 88.4
3 Efficiency, in % 91.4 94.8 95.7 95.9 95.8 95.7
4 Speed, in r/min 3596.1 3589.9 3583.3 3576.4 3572.1 3567.8
5 Line Current, in A 66.87 95.53 130.33 167.56 191.31 215.25
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APPENDIX
ITEM 1 (CONTINUED): SAMPLE LOSS COMPARISON AND TEST DATA
These curves were generated from the data collected on the previous page.
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APPENDIX

ITEM 2: IMPACT OF CONTROLLING
END TURN LENGTH

Since the stator loss (I?R) can be the largest loss
(ranging from 30% to 45% for the motors in the study),
it is critical to control the length of end turns. In Stage 1
of this study, no particular emphasis was placed on this
factor, and in many cases the stator losses increased
after the rewind. In Stages 2 and 3, controls were used
to assure that the rewound coils closely replicated or
improved on the original designs. The results were that
the stator loss was equal to or lower than the original
loss prior to rewind.

Table 6 illustrates the impact that a 10% change in
end turn length—approximately a 5% change in mean
length of turn (MLT)—has on motor efficiency for typical
TEFC motors. Also note that, in those cases where it
was feasible, a reduction in MLT improved the effi-
ciency over the nominal value.

N Ls 1

MLT = Mean length of turn

MLC = Mean length of conductor

Lc

MLT = (2xLs)+(4xLe)

MLC = MLT x Number of turns (ignoring the
number of wires in parallel)

Ls = Straight portion of coll

Lc = Coil extension

TABLE 6
Total | Change
End Full load | losses | in total
turn efficienc- | (Watt- | losses
HP | Poles | Frame | length y (%) S) (%)
0,
10% 93.1 2746 -2.8
short
50 4 326T | Nominal 93.0 2825
0,
10% 92.8 2911 3.0
long
0,
10% 94.9 4020 -2.6
short
100 4 405T | Nominal 94.8 4129
10% 94.6 4243 2.8
long
0,
10% | 956 | 6921 | -25
short
200 4 447T | Nominal 955 7099
0,
10% | 953 | 7278 | 25
long
0,
10% 92.7 2935 -2.9
short
50 2 326T | Nominal 92.5 3024
0,
10% 92.3 3122 3.2
long
10% 93.9 4881 -3.3
short
100 2 405T | Nominal 93.7 5047
10% 93.5 5212 3.3
long
0,
10% 95.1 7697 -2.3
short
200 2 447T | Nominal 95.0 7875
0,
10% 94.9 8075 2.5
long
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APPENDIX

ITEM 3: ANALYSIS OF WINDING
CONFIGURATIONS Two layer concentric winding

These MagnetoMotive Force (MMF) plots are for the
most common types of winding configurations now in use.

The variations in wave forms and deviation from a sine- , . : ' " . i - .

wave are influenced by the actual winding configuration sl 4 " g .

and harmonic content. gty ] LI S i 1] ¥
The lap winding has the best shape and the lowest stray 1. * - .

loss content. Compared with lap windings, the concentric a seaa sama

windings usually require more mean length of turn to -

achieve the same amount of effective turns. Therefore,

concentric windings will have the highest amount of I°’R

loss. Because the concentric windings are normally ma-

chine inserted, they usually have a lower copper contentin Three layer concentric winding
the slots, which also leads to increased I°R losses for the
same number of effective turns. In many cases the lap
winding will be quieter for the same slot combination. The ) # u . %

ideal winding configuration will have: R * * .

e Minimum harmonic content ,: ! 1 f !

«  Shared slots 14 i "'+ 15 g # =—k l’" !

e Symmetry among all coils 2 . . . .

e Moderate end turn length ' e U

« Pitched to offset 5th and 7th harmonics

« Tightly controlled coil geometry to minimize loose wires

and high potential (voltage) crossovers.
These charts show the MMF patterns for a 36-slot, 4- Lap winding

pole winding. The 3 plots represent a two-layer concentric 4

winding, a three-layer concentric winding, and a lap wind- e e

ing, span 1-8. 4 * ® ¥ .
2 - = = L]

- - = L3

a4 B 1y i i k2 'l ]
4 = = L] *
£ - -a - . L3 :
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APPENDIX

ITEM 4: IMPACT OF TOO MUCH BEARING
GREASE

A number of tests conducted over the years illustrate the
impact of over-greasing of bearings on the friction losses
(see the accompanying graphs). On two of the units tested
in Stage 1, grease was added to the bearings after rewind-
ing. On all other motors tested no change was made to the
lubrication. As expected, the bearing friction loss increased
on the regreased motors. The impact on the efficiency of
the respective motors was -0.3% and -0.5%.
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£ 600 Grease (half full)
H
5
E’ 400 Oil
200
0
0 10 20 30

Run time (hours)

Temperature °F
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<
=
110 2/3 pack g
4 1/3 pack 40 %
(3
100 Film pack =
90 30
80
0 1 2 3 4 5
Hours run
1000
800
600
400
200
0
0 200 400 600 800 1000

Run time (Hours)
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APPENDIX

ITEM 5: ELECTRICAL STEEL
CONSIDERATIONS

SPECIAL ISSUES
« Semi-processed steels are usually good candidates

The ability to maintain efficiency or to minimize any
depreciation in efficiency when rewinding a motor is di-
rectly tied to the quality of the stacked stator core and its
laminations. The following factors may affect the quality of
the laminations:

Lamination tooth/back iron design, core end support,
core and tooth rigidity (thickness and width of lamina-
tions) and ability to hold shape.

The quality of the interlaminar insulation.
Damage to laminations caused by the motor failure.

Damage to interlaminar insulation caused by the burn
out process.

Damage caused by the removal of coils from the slots.

Damage due to excessive grinding and filing on the
laminations.

The motor industry uses a wide variety of electrical
steels, so it is difficult to generalize their characteristics.
Some of the most common differences include:

Fully processed vs. semi-processed steel.
Carbon vs. silicon steel content.
Grain orientation or non-orientation.

Hysteresis and eddy current losses range from 1.5 to
6 watts/Ib (.7 to 2.7 watts/kQ).

Thickness ranges from .035” to .015” (.9 to .4 mm).

Interlaminar insulation (core plate) materials range
from C-0 to C-5.

for oven burnouts.

« Safe burnout temperature depends on the inter-lami-

nar insulation. Differences in available NEMA and IEC
steels complicate this discussion, but the quality of
the interlaminar insulation is the key issue. Lamina-
tions coated with organic material (varnish, resin) can
usually be safely burned out at temperatures up to
680° F (360° C). Laminations with substantial inor-
ganic coating (phosphate, oxide) can be safely burned
out at temperatures up to 750° F (400° C). There are
lower grade lamination insulation processes, such as
steam-bluing and water-borne varnishes, that require
extreme caution. Careful inspection of the laminations
may offer some clue as to the type of coating, but
when in doubt, the safest course is to contact the motor
manufacturer.

« Burnout temperatures that are too low may lead to

lamination damage if additional procedures are
needed to remove the coils or clean the slots.

« Thin laminations and narrow or unsupported teeth are

more susceptible to tooth distortion than other designs.

« Laminations that have significant damage and hot

spots may not be good candidates for rewind, par-
ticularly when efficiency is a major consideration.

Editor’s note: The results of this study also were reported at the EASA convention in Cincinnati, Ohio, on June 17, 2002.
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