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REPORT SUMMARY

This report is the second part of a study of the effects of severe negative sequence events on
round rotor turbine generators. The first part (EPRI report 1014910) introduced simplified
models to investigate the thermal and mechanical stresses resulting from unbalanced short
circuits and other events. The current report provides documentation on these simplified models.
It also describes further studies of the retaining ring and introduces additional models for the
pole face and cross-slot regions.

Background

Main generator rotors are constructed and designed to provide decades of reliable and trouble-
free operation. However, a number of negative sequence and motoring incidences have occurred
over the years that can adversely impact reliable operation of generator rotors and, ultimately,
production of electrical power. Severe overheating leads to rotor material changes, such as steel
hardness, and may if not detected, ultimately lead to catastrophic failure. This project addressed
the effects of severe negative sequence events on round rotor turbine generators.

Objectives
e To document simplified models developed to study the effects of severe negative sequence
events on round motor turbine generators

e To apply the simplified models to episodes of motoring

Approach

The project team documented the simplified models for the sunken wedge, retaining ring, and
flex slot region introduced in the first part of the study and continued their earlier work by
describing additional modeling of the effects of negative sequence events on the retaining ring of
round motor turbine generators. The team discussed the application of the models to the analysis
of motoring in generators.

Results

This report documents the models that were developed in the first phase of the project for the
flush wedge and the sunken wedge configurations. It also includes documentation for the
retaining ring model and the flex slot region. A section gives a full development of the one-
dimensional nonlinear analysis that is used to calculate the impedance of the tooth and pole face
and find the losses. The report also includes the details of the nonlinear iron eddy current
equations used in this modeling work. There is also a discussion of motoring and the
applicability of the simplified models to motoring operation.

This project provides a method for assessing turbine generator rotors following a negative
sequence event. While mechanical stress due to thermal expansion and the potential for arcing



have also been studied, the method is primarily designed to determine hot spot temperatures in
the rotor. Arcing damage requires further research. The methods described in this report are most
accurate for faults with short durations, where thermal convection to the air gap and conduction
deep into the rotor do not significantly affect the results. Where possible, the simplified models
have been verified with the finite element method.

EPRI Perspective

The ultimate goal of this project is to provide users with operational recommendations following
a significant negative sequence event, such as generator motoring. The "inspect now or later"
recommendation will be based on the risk of generator rotor component overheating.

Keywords

Turbines

Generators

Turbine Generator Rotors
Negative Sequence Effects
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ABSTRACT

This is part 2 of a study on Negative Sequence Current in generators and their effects on

turbine generator rotors. In this report, further studies of the retaining ring are given. Models are
introduced for the pole face and cross slot regions. Further documentation is given on all of the
simplified models such as slot and wedge combinations, retaining ring, flex slot and pole face.
Details of the nonlinear iron eddy current equations are included.

vii






CONTENTS

LA LA LI 5100 10 1020 0 1-1

2 RETAINING RING STUDIES.......cccoomiimtmiinnmissnsmsssnsmssssmsssss s sssssssssssssssssssssssssasssssasasssasans 2-1

3 DESCRIPTION OF THE SIMPLIFIED MODELS: FORMULAS AND SOLUTION

11 0 1 3-1
3.1 Simplified Model for the Sunken Wedge ..........coooiiiiiiiiiiiieie e 3-4
3.1.1 Summary of Equations for the Sunken Wedge Model...........cccooiiiiiiiiiiiiniiienenns 3-8

3.1.2 POle FACE REQION ...t e e e e e e 3-12

3.1.8 Transient Temperature Simplified Model for Two Node Circuit...........ccccceeeeeennes 3-14

3.2 Analysis of the Depth to which the Heat diffuses in a given Time..........ccccccovvviiiinneen. 3-18
3.3 RetainiNg RING...ceeeeeiiiie e e e e e e e e 3-20
3.4 Model for the Flex Slot Region Based on Electric Conduction............cccccccvveeeiiiiinnnnen. 3-24
3.4.1 Temperature of the FIEX SIOt.......cooiiiii i 3-29

4 APPLYING THE SIMPLIFIED MODELS TO MOTORING ........cccrirsmermnnsmssrssssssssnsssnsssnsssnes 4-1
5 SUMMARY AND CONCLUSIONS. .......ccoiiiiimmrriiemnssnsssss s ssssssssssssssss s sssssss s sssssmss s snssssssssnssnns 5-1
A EDDY CURRENTS IN STEEL .....cccootiriiiemerrnisserrnssssssnsssss s ssssssss s snssssss s ssssssss s sssssssssnsssssses A-1
AT LOSSES ittt e A-7
A.2 LosSeS IN NONNNEAr STEEI ......ocoiiiiieieiiee e A-10

iX






LIST OF FIGURES

Figure 2-1 Rotor, retaining ring, and slot with ideal surface contacts .............cccccieeeeeeiiiiiinns 2-2
Figure 2-2 Partial impedance surface extending from slot, p = 2.4E — 7Q/m ......ccceveivinneennnnnn. 2-3
Figure 2-3 Partial impedance surface extending from slot, p = 1.0E — 5Q/m ......ccccuvvvveeeeeeinnnnn. 2-4
Figure 3-1 Impedance surface from slot to corner, p = 1.0E — 6Q/M.....ccooviceeeiiiiiiiieiiieeeee 3-1
Figure 3-2 Equivalent circuit for shrink fit and result.............coocoeii i 3-2
Figure 3-3 Current in the 2 branches of the shrink fit model.............cccooie 3-2
Figure 3-4 Currents through the wedge and the steel, respectively, when a large contact

resistance between the steel and the retaining ring. The contact resistance between

the wedge and the retaining ring is variable.................ooiiiiiiiiii s 3-3
Figure 3-5 Currents through the wedge and the steel, respectively, when the contact

resistance between the steel and retaining ring is small. The contact resistance

between the wedge and the retaining ring is variable .............cccoo e 3-4
Figure 3-6 Model of the SUNKEN WEAQE........ccuiiiiiiieie e 3-5
Figure 3-7 Tooth diMENSIONS ..........uiiiiiiiiie e e e e e e e 3-5
Figure 3-8 Equivalent circuit for SUNKeN Wedge .........oooiiiiiiiiiiiiie e 3-6
Figure 3-9 Flush Wedge gEOMEIIY .......oui i 3-10
Figure 3-10 Equivalent circuit flush Wedge ... 3-11
Figure 3-11 One dimensional solid steel (IOW CUTeNt)..........couviiiiiiiiiiiiiiiiee e 3-13
Figure 3-12 One dimensional solid steel (high current) ... 3-14
Figure 3-13 Ladder network for temperature calculation .............cccoccieiiiiiiiieiiiiiee e 3-14
Figure 3-14 Simple 2 node R-C thermal NetWOrK..........cccuuiiiiiiiiiiie e 3-15
Figure 3-15 Transient temperature at different depths ... 3-19
Figure 3-16 Evaluation of coefficient Ra ............coooiiiiiiiii e 3-19
Figure 3-17 Expanded view of retaining MNgG .......ccooooioiiiiiii e 3-21
Figure 3-18 Two node retaining ring thermal model ..............ccoooiiiii e 3-22
Figure 3-19 Retaining ring diMENSIONS ..........cuuiiiiiiiiiieie e 3-23
Figure 3-20 Pole faCe CroSS SIOS.......uuiiiiiiiiiiiiiiiiiee e 3-24
Figure 3-21 ROTOr WEAGES ....cooiiiiiiiiee ettt e e e e e e e e e e e e e e e e e e e 3-25
Figure 3-22 Conduction (resistance) NEIWOIK ..........ooiviiiiiiiiiiiie e 3-26
Figure 3-23 Electrical network for the flexX SIOt..........ooo e 3-31
Figure 3-24 Temperature model for the flex SIot...........coimiiiiii e 3-32
Figure 4-1 Generator and governor steady state characteristiC............cccccceeiiiiiiiiiiii e 4-2

xi



Figure A-1 Limiting B-H Curve Of StEeI ..o A-1

Figure A-2 Making A sinusoidal wave from SQUare Waves .............cocccuueireeiieeeesniiiieeeeeeee e A-2
Figure A-3 Separation surface and coordinate System ...........ccceviiiiiiiii i A-4
Figure A-4 Steel cylinder with axial current and skin depth ... A-5
Figure A-5 Current density vs depth (IOW CUITent) .........c.uumiiiiiii i A-11
Figure A-6 Current density vs depth (medium CUrrent) .........ccccceeeeiiiiiiiiiiiee e A-12
Figure A-7 Current density vs depth (high current)...........c..oeeeiiiiiiiiee e A-13

Xii



1

INTRODUCTION

This report is the second installment of the RPI studies of the negative sequence capability of
turbine generator rotors. In the first report' the concept of simplified models was introduced and
these models were checked with finite element analysis for the losses and resulting temperatures
that resulted from the negative sequence component of short circuit current. We also did
extensive finite element studies of the mechanical stress that resulted from the thermal
differential in the tooth and slot region. We included different assumptions as to the tolerances
and fit of the wedge in the slot. It is the differential expansion which produced the thermal
induced stress. In our studies although there was a very high thermal gradient, we found that the
mechanical stresses induced by this effect were not a problem. The total temperature however
could reach values that would affect the mechanical strength of the materials. Total temperature
limits have been published by General Electric and Hitachi and these values agree with each
other. These are discussed in the earlier report and we continue to use these as upper allowable
limits on the total temperature.

In this report we discuss the simplified models of the retaining ring and pole face. There is also
a discussion of motoring and the applicability of the simplified models to motoring operation.

One of the main goals of this report is to document the simplified models so that they can

be programmed and a reliable maintainable computer program can be written. This report
documents of the models that were developed in the first phase of the project for the flush
wedge and the sunken wedge configurations. We also include documentation for the retaining
ring model and the flex slot region. A section gives a full development of the one dimensional
nonlinear analysis that is used to calculate the impedance of the tooth and pole face and find
the losses.

' Negative Sequence Effects on Generator Rotors: Basic Principles and Models. EPRI, Report 1014910.
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RETAINING RING STUDIES

Previous investigations demonstrated that the current in the magnetic material of the rotor was
close to the surface due to the magnetic permeability and the conductivity of the steel. The
stainless steel retaining ring is assumed to be only slightly magnetic and has an increased skin
depth resulting in current lines that are more distributed throughout the material. The current
paths couple closely to the corner junction and diverge as they enter the retaining ring. The slot
material has a nominal effect on the current paths, due its relatively large distance from the
junction. For the simulation shown, it is assumed that the contact between the retaining ring and
the rotor is smooth and continuous. This assumption is useful for establishing an estimate of field
and current behavior in first order approximations. Considering geometries as rigid structures,
each surface should have three points of contact with a relatively high current density. The
simple two dimensional motor model has planar surface contacts between the three materials
corresponding to the rotor, the wedge material and the retaining ring. In operation, thermal and
mechanical stresses have a significant impact on the junction between the rotor and the retaining
ring, which makes accurate determination of the physical characteristics very difficult. By
studying the ideal simulation, the effects of the deformation will be of primary significance on
the surface between the slot and the corner junction.

In the next series of figures, an impedance surface was introduced to simulate the effects of
increased resistance that can occur between the rotor and the retaining ring. Several simulations
were performed with varying levels of resistance and various contact points. Estimating the
impedance of the surface largely depends on the deformation and whether any contact material is
in place. In the first figure 2-1 we assume an ideal contact over the entire region. In the next 2
figures, (Figures 2-2, 2-3) the impedance layer starts a short distance from the corner junction.
The corner junction contact still provides a continuous low resistively path for the current as

can be seen in the figures and a large current density is seen in this region.

In the figure 3-1, the impedance effect is seen on the complete surface between the rotor and the
retaining ring. The effect of the geometry is to spread the current across the junction, reducing
the current density in the vicinity of the corner. In the retaining ring, the current paths return to
their expected locations. As the resistance of the layer increases, the current is shifted further
from the junction. In the extreme case, where an open circuit develops, the current path would be
thought he slot material and a sharp discontinuity would exist. In this case, arcing is likely due to
the strong field effects.
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Retaining Ring Studies
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Figure 2-1
Rotor, retaining ring, and slot with ideal surface contacts
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Retaining Ring Studies
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Figure 2-2
Partial impedance surface extending from slot, p = 2.4F — 7Q/m



Retaining Ring Studies
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Figure 2-3
Partial impedance surface extending from slot, p = 1.0E — 5Q/m

To model this as a simple circuit, we have chosen two parallel paths in the slot and tooth. The
currents can redistribute at the retaining ring shrink fit region depending on the contact resistance
and ring impedance. The currents coming down the rotor are the same as used in the half slot
models. PSpice simulations were applied to the equivalent circuit connecting the rotor and the
retaining ring. When considering the axial current, two possible paths exist, one through the
wedge and one through the steel. Both of these materials are in contact with the retaining ring,
though, as discussed the contact surface is typically not ideal and can be modeled as a resistance.
In the circuit schematic, each material is represented as a resistor and inductor in series. Each
surface is modeled as a resistor. In addition the surface between the wedge and the steel is
modeled as a contact resistance. Current that moves in this direction is no longer axial, which
requires including the inductive effect. The equivalent circuit used is illustrated in Figure 3-2.
The current through the wedge section and the tooth section found from this model is shown in
Figure 3-3.



Retaining Ring Studies

As discussed previously, the effects of the contact resistance can be significant. In the following
figures, the contact resistance between the rotor and the retaining ring is varied for the two
possible current paths. In Figure 3-4, the currents through the wedge and the steel are shown for
varying contact resistances between the wedge and the retaining ring. In these simulations, the
contact resistance between the steel and the retaining ring is significant. As expected, low contact
resistances between the wedge and the retaining ring results in a low impedance path. When the
contact resistances between both materials and the retaining ring are comparable, the currents are
more evenly split between the two paths. The results in Figure 3-5 demonstrate a similar
situation, except the contact resistance between the steel and the retaining ring is negligible. As
expected, this path is favorable if the contact resistance between the wedge and the retaining ring
is significant. Similarly, the current becomes more evenly distributed as the contact resistance
between the wedge and the retaining ring becomes negligible.

In order for significant current to move between the wedge and the steel, the contact resistance
between those materials and the retaining ring must be significantly different. Given the nature
of the geometry, the contact resistance between the wedge and the steel is likely small. This is
demonstrated in Figure 3-5 by the relatively stable curves. Only in the event that a large contact
resistance develops does a small current move from the wedge to steel.
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DESCRIPTION OF THE SIMPLIFIED MODELS:
FORMULAS AND SOLUTION METHODS

In this section we present the expressions necessary to evaluate the parameters in the simplified
models. We also include the strategy for solution. Most of the models are nonlinear and they
must be solved iteratively. In the case of the electromagnetic and loss evaluation calculations, the
analysis is complex phasor analysis. In the case of the thermal models, the results are in the time
domain. The models below are the models for the sunken wedge, the flush wedge, the pole face,
the retaining ring, and the flexibility slot region.
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Figure 3-1
Impedance surface from slot to corner, p = 1.0E — 6(M/m
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Description of the Simplified Models: Formulas and Solution Methods

Equivalent Circuit
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Equivalent circuit for shrink fit and result
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Description of the Simplified Models: Formulas and Solution Methods

Elms
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Currents through the wedge and the steel, respectively, when a large contact resistance
between the steel and the retaining ring. The contact resistance between the wedge and

the retaining ring is variable

Figure 3-4
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Description of the Simplified Models: Formulas and Solution Methods
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between the steel and retaining ring is small. The contact resistance between the wedge

Currents through the wedge and the steel, respectively, when the contact resistance
and the retaining ring is variable

Figure 3-5

lified Model for the Sunken Wedge

imp

3.1S

described in the first report. We ignore the field winding effect in this model since it is too deep
to carry much of the negative sequence current. This has been confirmed by finite element

slot. We take the center line of the tooth and center line of the slot as symmetry planes. This is
analysis.

The figure below (Figure 3-6) shows the model for the sunken wedge. The model is for one half
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Description of the Simplified Models: Formulas and Solution Methods

The effective resistance and reactance of the tooth in this configuration included the side of the
tooth above the wedge height. The effective surface area of the tooth is one parameter in the
model. The effective area is shown in Figure 3-7.

tooth

wedge

%

field

Figure 3-6
Model of the sunken wedge

—— Brt
e
Itm

Figure 3-8 below shows the model for the sunken wedge. This is based on the magnetic vector
potential finite difference formulation of the eddy current equation. The permeances are a
function of the geometry and the magnetic permeability of each of the regions. There is one for
the air gap region above the tooth and slot, one for the wedge and one for the damper. There is
one for the tooth region. The capacitance in the model are the eddy current paths. The model
represents the currents in the damper bar, the wedge, and the tooth. The eddy currents in the
tooth are described by the limiting nonlinear analysis described further down in this report.

Figure 3-7
Tooth dimensions
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Description of the Simplified Models: Formulas and Solution Methods

gap+inset

wedge

wedge

damper

G,

amper
Figure 3-8
Equivalent circuit for sunken wedge

The right hand side of the circuit will now be simplified. In this model the magnetic permeances
are represented by resistors and the conductances are represented by capacitances.

First refering to equations (3-1 - 3-3)

1
Z,=P,—— Equation 3-1
d wd C()GW
Z,= i Equation 3-2
oG,
Zd Zw .
= Equation 3-3
Z,+Z,

3-6



Description of the Simplified Models: Formulas and Solution Methods

Now

1(1 1
L, +2,=Py——| —+— Equation 3-4
ol\G, G,

Calling the term in parenthesis R,

Let

2
R
D =P + (ﬂj Equation 3-5

Breaking this up into real and imaginary components

R, P
Br=— i Equation 3-6
°G,G,
2
Bi = Raa + SRdW Equation 3-7
oG, GG,
So
Br . Bi .
=——]—=PE+ JXE Equation 3-8
dw D J D J q
and
ZR=2,,+P, =P +PE— JXE Equation 3-9
Now for the left hand side of the circuitto find ZL
ZL=P, =——=PGI - jXGl Equation 3-10

oG,

We now find the division of the current I, Z0 into tooth current, /, and wedge current / .

|- ZR
Y ZR+zZL ™
Equation 3-11
I _ 4L I
ZR+ZL

Now we evaluate the denominator as in (3-12)

ZL+ZR =Py + PE, — j(X, + XE)= P, — X, Equation 3-12

3-7



Description of the Simplified Models: Formulas and Solution Methods

3.1.1 Summary of Equations for the Sunken Wedge Model

We can now summarize the equations used

w=2rf Equation 3-13
1 1 .
Riw = N + o Equation 3-14
d w
P 2
D=P2 + [ﬂj Equation 3-15
1)
P, 1
BR=—Y| R,, —— Equation 3-16
oG, ( "G, J a
1 R
Bl :—[Pﬁd + M ) Equation 3-17
oG, o G,
BR
PE = F Equation 3-18
Bl .
XE = D Equation 3-19
PET =P, +PE Equation 3-20
PGI =P Equation 3-21
1 .
XGl =—— Equation 3-22
0L
R 2
Dm=|PZ + [ﬂj Equation 3-23
1)
— R/
O, = tanl[d—WwJ Equation 3-24
wd
Py = Pyi + P Equation 3-25
Xgp=Xg + XE Equation 3-26
DTM =/ P;t + X;t Equation 3-27
1 X¢t .
0, =tan Equation 3-28
Py

3-8



Description of the Simplified Models: Formulas and Solution Methods

ZRM = /P2 + XE?

o, —tant —XE
et
2 2
ZLM = [PZ + X2
X
O, =tan" %

gi

0, =tan™

wd

We can now find the currents as follows
The tooth currents is

_ ZRMZ4,
T DTMZY,

The wedge and damper currents is

s, - ZLMZ0,
DTMZ6,

The damper bar current is

1 Z290°
@G,

lp L0y =————
TP DMz,

The wedge current is

_ ZDMZ6,,

T DML,

Equation 3-29

Equation 3-30

Equation 3-31

Equation 3-32

Equation 3-33

Equation 3-34

Equation 3-35

Equation 3-36

Equation 3-37

Equation 3-38

The currents are now used to find the losses for the transient temperature calculation.

WT =Kgx 132

Equation 3-39
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Description of the Simplified Models: Formulas and Solution Methods

2
WD = Io Equation 3-40
GD
2
WWP = g Equation 3-41
WW =WD +WWP Equation 3-42

K¢ :2.54x10"41/@ Equation 3-43
BRT

Now we consider the flush wedge geometry. The geometry is illustrated in the figure below
(Figure 3-9). The geometry is similar to the sunken wedge but with the difference that there
is an extra air gap over the wedge and the tooth has a larger area expose to the gap.

tooth

/ wedge

damper]
field

aQ

fab)

o
EEEEEEEEEEEEEEEER Illl@lllllll

Figure 3-9
Flush wedge geometry

The equivalent circuit is shown below in Figure 3-10. It is also similar to the sunken wedge case.
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Description of the Simplified Models: Formulas and Solution Methods

I, Source

Q

tooth wedge

tooth wedge

Figure 3-10
Equivalent circuit flush wedge

The equations for the flush wedge case are similar to the sunken wedge case.

The equation are given below as equations 3-44-3-54.

w=2rf
XR=— 1
oG,
XL=_L_
oG,
2 2
ZRM =,[PZ + XR
O, _tant 2R
gs
2 2
ZLM = /P2 + XL
6, _ant =2k
gs
P, =P, +P,

Equation 3-44

Equation 3-45

Equation 3-46

Equation 3-47

Equation 3-48

Equation 3-49

Equation 3-50

Equation 3-51
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X4 =XL+ XR Equation 3-52

DTM =/ P;t + X;t Equation 3-53

g, =tan™ Y Equation 3-54
st

We now find the currents in the tooth and wedge as

ZRM/ 6, _
ll=—""-—7> Equation 3-55
DTMLH¢
ZLMZ6, .
wsE———— Equation 3-56
DTMZ6),

The losses per unit depth (inches) are then

WT =Kgx1¥? Equation 3-57
I 2
WW = G—W Equation 3-58
Kg=2.54x10- | 9B Equation 3-59
BRT

3.1.2 Pole Face Region

We can view the pole face region as a limiting case of the slotted region. The exception is if we
are interested in the flex slots or cross slots that are cut in the direct axis. These are discussed in a
separate section below. The pole face is a uniform region of magnetic steel with the current sheet
above, producing the negative sequence losses. If we take the slot model and either eliminate the
slot portion, i.e. leave only the tooth and make this a uniform region with no hang over, or fill
the slot with magnetic steel, we have the pole face model. This is a simple one dimensional
model and the limiting nonlinear theory will be applicable. As an example of this model

(see Figure 3-11) we use finite element analysis on the slot model with the slot material,
normally wedge material, with the tooth material. We ran a number of cases with different
currents to check the nonlinear formulation. In the figure below we have 5,000 Amps in the
stator current sheet. We see the sharp cut-off of the flux density and the relatively uniform flux
density near the surface. The total losses are 39.525 kW.
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Color Shade Results

Cuaticy : |[Fie: dacicd Tech
Phase (Deg) 0

Seale ! Color

0 102 60016ES
19269016E3 f 385.33036E-3
3B538036E3 ¢ STR.OT05IES
STROTOS2ES o FT0.TE0GEE-3
TIOTE0GEES ¢ 963 45001E3
AEI4S00IES 115614
115614 ¢ 134883

1348383 4 154132

13152 § 173421

1.73421 ¢ 19269

lmga [/ 211959

211959 ¢ 2312%
231228 f 250497
20T 26076
200766 f 280033
28035 F 30830

Figure 3-11
One dimensional solid steel (low current)

In the figure below (Figure 3-12), we have the same geometry but the current density is now 5
times greater than in the previous case. From the nonlinear formulation the skin depth should be

V5 times greater. This appears to be the case. The thermal model is just the same as the model

for the slot wedge combinations. We just replace the material for the wedge ane replace it with
steel or even simpler, eliminate the wedge (set the width to zero or nearly so).
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Color Shade Results
Quartity : | Fhee densityl Tesh
Phiase (Deg): 0
Scale f Cokr
0/ 453 51037E3
453 5I037EE ¢ DO7.D2069ES
W7 MOGSES 136053
136053 / 1.81404
151404 / 226755
226755 ¢ 2.72106
27206 /317457
317457 /362808
638 /408150
405159/ 4.5351
45351 ¢ 49861
495861 /544212
544212/ 559564
530564 [ 6,395
634915 [ 650266
630266 ¢ 7.25617

Figure 3-12
One dimensional solid steel (high current)

3.1.3 Transient Temperature Simplified Model for Two Node Circuit

We use the principle that the heat into a volume is equal to the heat out plus the heat stored in the
volume. This is equivalent to the finite difference expansion of the heat or diffusion equation.
The necessary inputs to the model are the geometry, the loss or loss density and the material
properties which are the thermal receptivity (or conductivity) and the specific heat (volume).

mTm,T72 ,173 , T4
'M A A AAAN T
TAP

C) 63| C,

C

1

Figure 3-13
Ladder network for temperature calculation
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Referring to the equivalent circuit of Figure 3-14 and using G = conductance = 1/R

N
7

X1 DL .
TAP ST & T

Figure 3-14

Simple 2 node R-C thermal network

we have

Gl=Clc+GlA+G12 Equation 3-60
G2=G2B+G2D +Gl12 Equation 3-61
WT1=W1+TbaxG2B +ThcxGlc Equation 3-62
WT2=W2+TbbxG2B+Thd xG2D Equation 3-63

Note that the boundary temperatures Thc, Tha, Tbb, and Thd are always assumed to be known.
We now have two first order ordinary differential equations (equations 3-64 and 3-65)
W1=(T1-T2)G12+(T1-Tba) G1A+(T1-Thc) Glc + 01% Equation 3-64

W2=(T2-T1)G12+(T2-Thb) G2B +(T2-Thd ) wmcz% Equation 3-65

Rearranging these

WT1=T1-Gl—T2-GlZ+C1% Equation 3-66
dT2 .
WT2:—T1-612+T2-GZ+C2T Equation 3-67

Where C is the thermal capacitance (specific heat times volume), G is the thermal conductance,
W is the heat rate and T is the temperature.

We can solve the equation is a more or less general form.

T, =Ae™ +Be™ +T, Equation 3-68

nss
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where T is the steady state temperature. We now eliminate 7, using the Heavyside operator p

WT1.G2+WT2.G12=C1.C2- p*T1+(CL1-G2+C2-GL)pT1+TLGL- G2 - G12?)

Equation 3-69

For the steady state temperature we have
WT1.G2+WT2.G12=T1(G1-G2-G12?) Equation 3-70

~WT1-G2-WT2-G12

T1, 5
Gl1.G2-G12

Equation 3-71

For the exponential we find the characteristic equation

_ 2
m2T1+ Cl-G2+C2-Gl m-T1+ G1-G2-G12 =0 Equation 3-72
Cl-C2 Cl-C2
This is of the form

m?+bm+c=0 Equation 3-73

So we can solve for m as

—b++b%+4c

m,, = - 5, Equation 3-74

We impose boundary conditions to find the coefficients A and B in equation 3-68.
So
Tl ,=Tig; Equation 3-75
T2|,.,=T2¢
Equation 3-76

and

dTl WT1+T2¢-G12-Tlp -Gl
dt Cl

Equation 3-77

T2 is now found since we have solved for T2 in terms of T1.

Summary of Equations for the 2 Node Transient Temperature Model are given in equations
3-78 — 3-92.

Gl=GIC +Gl1A+G12 Equation 3-78
G2=G2B+G2D +G12 Equation 3-79
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WT1=W1+Tba-G1A+Tbc-GIC
WT2=W2+Thb-G2B+Thd-G2D
,_ C1:G2+C2.Gl

Cl.C2
. _ G1:G2-G12’
Cl.C2
. ~b++/b*-4c
! 2
_—b-+b®-4c
L Ll
2
DERL = WT1+T2¢-G2-T1-G1
C1
WT1-G2+WT2-G12
Tlss = >
G1-G2-G12
T2ss = G1-T1ss-WT1
G12
T1p—Tiss - DERI
A= 2
1= M
m2
g_ DERL-m,-A
m2
A
AA=—(G1+Cl-m,)
G12
B
BB=——(G1+C1-m,)
G12

The temperature is then
Tl=Ae™ +Be™ +T1ss
T2=AAe™ +BBe™" +T2ss

Equation 3-80

Equation 3-81

Equation 3-82

Equation 3-83

Equation 3-84

Equation 3-85

Equation 3-86

Equation 3-87

Equation 3-88

Equation 3-89

Equation 3-90

Equation 3-91

Equation 3-92

Equation 3-93

Equation 3-94
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3.2 Analysis of the Depth to which the Heat diffuses in a given Time

The analysis of the short time negative sequence event assumed that the time was short enough
that the heat was stored in the volume of current penetration. In this case we were considering a
fraction of a second. This assumption was verified by finite element analysis. In certain cases we
may be interested in events which take longer. This could be a high impedance fault (lower
current) that is not interrupted for many seconds for example. We may also be interested in
motoring events that could go on for minutes. In these cases the thermal model should be
modified to account for the heat being transferred from the surface into the body of the rotor.
While this is more complex, we can make an estimate as to how deep the heating goes in a given
time. We make use of closed form solutions of the heat equation or diffusion equation in a one
dimensional or semi-infinite solid.”

The analysis is given in the reference and only the pertinent result is included here. The idea is
that we have a large solid body at a uniform temperature. We then apply a step function of
temperature (changing the boundary temperature) and look at the penetration of heat into the
body. The definition of a depth is subject to judgment since even at ¢ = 0" there is a change of
temperature, perhaps very small, at great distances from the surface. Let us take as a working
definition, the distance at which the temperature change is greater than 5% of the difference
between the initial temperature and the applied temperature. This is illustrated using the
equivalent ladder network circuit shown below in Figure 3-13.

The nodes are at initial temperature TI when the applied boundary temperature TAP is connected
to node 1 by closing the switch. We would like to establish a two node equivalent circuit that
accounts for the increasing heat penetration.

The graph Figure 3-15 shows the nodal temperatures in the first few nodes of the circuit as a
function of time.

* Fishenden and Saunders, “Introduction to Heat Transfer”
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59%(TAP-TI)

t sec.

Figure 3-15
Transient temperature at different depths

Using our criterion that the temperature rise is at least 5% of the total temperature difference
between the initial and final temperatures we see that at a given time, node 4 is at the effective
depth. Below that depth, the temperature rise is lower than the 5% cut-off and therefore not much
heat has penetrated.

The graph of Figure 3-16 shows the coefficient Ra versus the per unit temperature difference
Tef.

1.2

0.8

—-mm,

0.6
0.4

0.2

Ra

Figure 3-16
Evaluation of coefficient Ra

3-19



Description of the Simplified Models: Formulas and Solution Methods

We define

Tef - TAP-T(n)

TAP —TI

and

Ra = Xk

2 |—t
CV

where

k = thermal conductivity (Watt/’C — in)
¢, = volumetric specific heat (Watt-sec/in’)
t = seconds

To determine the distance X, at time t, we use tequations 97 and 98.:

X  TAP-T,

CTAP —TI
2 1%y
CV
X, = 1.9\/KtI
CV

3.3 Retaining Ring

=0.95

Equation 3-95

Equation 3-96

Equation 3-97

Equation 3-98

The retaining ring model takes the current from the straight part of the machine. [ is the
currents that enters the retaining ring. The Amperes per inch entering the ring is

I spo

¥ Trsp
P
1, (8)=1,cos
f PR,
74
l;(2)=1,cos »
/74
¢ (2)=1,,sin o
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There is a relationship between the peripheral and axial current in the retaining ring. Since

T Lm . 7Z-Z
_[ ™| cos—2 -dp :_[ | _sin—.dz Equation 3-103
0 ¥ 2Tpph 0 » 2 rrt

I, =1, Equati
o= Vo T quation 3-104
ert

The losses produced by these sinusiodal current distributions are found as follows: Referring to
Figure 3-17.

1—? dp
Tpphl M1z dz

\4

Z
Figure 3-17
Expanded view of retaining ring
The resistance are found as
A
b= PP Equation 3-105
AzAr
A2
R, = P Equation 3-106
ApAr
Ar=0 Equation 3-107
For a strip (figure 3-17), the losses from / are given as
P Lrrt .o )
T 1,0z Equation 3-108
the losses are from / are given as
_ ﬁ Lrrt .o . .
= ks 1,02 Equation 3-109
Now
. T Z .
I, (2)= Sy ST Equation 3-110

rrt

3-21



Description of the Simplified Models: Formulas and Solution Methods

T 1z
lu(z)=1,,c08 = Equation 3-111
2 ert
2
_~ls .
n = Equation 3-112
2
ar .
L, = ar Equation 3-113

The total loss in the strip is therefore

W =L,+L, Equation 3-114

To find the average temperature of the retaining ring we use the equivalent circuit below

(Figure 3-18).
}Rsz _ Rsl}
CrZ R12 ?&j
|||—| =

]
\ Trl

Tg
r II

Figure 3-18
Two node retaining ring thermal model

The dimensions are shown on the following figure (Figure 3-19).

The losses are found as

W, =W Equation 3-115

W, = 2w Equation 3-116
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L

rr2

'ng

Irng

Figure 3-19
Retaining ring dimensions

To find the surface resistances we use the same formulation as the weges. These are formed from
the heat transfer coefficient times the surface area as given in equations 3-117 and 3-118.

Rsl_ L
hstrerl
1
R.—
270

str —rr2

The thermal resistances of the body are given in equations 3-119-3-123

H m
Pur |2 :
Ry=—"—""—

L L
R — rrl + rr2
x12 ptrr(z.H 2~ng]

Irng

Rbd = Rsz + er

RLP = Rsl + er

The thermal capacitances are

Cl’l = Cvrr H erl

Irng

Crz =Cyr H g er2

Equation 3-117

Equation 3-118

Equation 3-119

Equation 3-120

Equation 3-121

Equation 3-122

Equation 3-123

Equation 3-124

Equation 3-125
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L
W, = L;”Wpst Equation 3-126
rrt
W, =W, =W, Equation 3-127

3.4 Model for the Flex Slot Region Based on Electric Conduction

The flexibility slot region is one of the locations on the rotor which may be subjected to damage
since the negative sequence eddy currents crowd around the ends of the slots, increasing the
current density near the first rotor slot. There has been damage noted in this region as described
in the previous report. We see in Figure 3-20 below the cross section of the flex slot. This is
normally cut with a circular saw and therefore has a circular shape.

a

D axis

Pole face
cross slots

Figure 3-20
Pole face cross slots

As the axial currents come down the rotor length they must either go beneath the cross slot,
which means a longer path length and higher impedance, or go around the slot and crowd into
the region near the first rotor wedge. This is shown in the figure below (Figure 3-21). The
current division is complex but can be approximated by the equivalent circuit of figure.
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Cross slots

Figure 3-21
Rotor wedges

Rotor wedges

Figure 3-22 illustrates the conduction (resistance) network. The sum of the currents around the

three nodes are,

I1 :Vl(Glg +GZg) - VzGlz

l,=-V,G, +V, (G, + G, +G,, ) —

l, = -V,Gy +V4(Gg + Gy )

V3GZ3

Equation 3-128
Equation 3-129

Equation 3-130
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I----------- A

Figure 3-22
Conduction (resistance) network

We solve these by back substitution for the nodal voltages as shown below

For the conductance we define

Gy =G, +Gy, Equation 3-131
G, =G, +Gy + ng Equation 3-132
Gy =Gy + G3g Equation 3-133

The current is

I |
Lot +1, + (Glz G_lJ + (st G_SJ Equation 3-134
1t 3t
G2, G2
Gy =Gy ——2--2 Equation 3-135
Glt G3t
Itot .
V, = Equation 3-136
Gtot
I, =V,-G, Equation 3-137
I,+V, -G
v, =222 Equation 3-138
Glt
1,=Vi-Gy Equation 3-139
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s =
Gy
1x3 :V3 'ng

Equation 3-140

Equation 3-141

The resistances in this case are all nonlinear (see following section on nonlinear depth of
penetration). The currents 7, I,, and /; are assumed uniform (amps/inch) and are found from in

the same way that the slot currents are found. The strategy is as follows.

We first establish 1, I,, and I, from I, . These are given in equations 3-142 — 3-144.

spp°

| _ Bxl .
1= spp
Trsp
1, =D
2 spp
Trsp
1, = x|
3 T spp

We now estimate the first iteration values of /, I,

K,, =5640,/p.B. f

S

and /..

Equation 3-142

Equation 3-143

Equation 3-144

Equation 3-145
Equation 3-146

Equation 3-147

Equation 3-148

Now find the depth of penetration and the effective resistance of each path. A sequence of
calculation is now given in equations 3-149-3-164. If the solution is not converged we return to

(A). If we have reached convergence we continue.
(A)

\/EI x10

Hp, =
Py B,

51 = Kro(H plyg

L. /2
R. =p
19 p| 5lBXl
\/EIXZO
Hp, =22
BxZ

Equation 3-149

Equation 3-150

Equation 3-151

Equation 3-152
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on 12+ L
=P
% 52 Bx2
\/EI x30
Hp, ==~
Bx3
3
5 KrO(H p T
Ly /24 L,
0 =P o

3 Bx3

|

0.
[ BxZ
th foh + LCZ / 2)

Bx3
th + LcZ /2) 53(foh + LcS /2)

G -
19 ng
1
ng = R_
29
1
G3g = R_
39
1
GlZ = R_
12
1
Gl3 = R_
23

Solve for the currents and voltages in the network and compare them to the last values of the

Equation 3-153

Equation 3-154

Equation 3-155

Equation 3-156

Equation 3-157

Equation 3-158

Equation 3-159

Equation 3-160

Equation 3-161

Equation 3-162

Equation 3-163

Equation 3-164

currents and voltages. If the differences of values are below a given level then stop. If not,
change the currents and go to (A) and repeat as necessary

From the solution the loss per unit area of surface is

W, =151x10*\/p, -B, - f -H’m

Wx =Wpsi ’ Bxl ' Lxl
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3.4.1 Temperature of the Flex Slot
We obtain the depth J, from the current / .For the other parameters we use
C,=No,L,B,cC, Equation 3-167

C, =0,L4B,Cy Equation 3-168

I
c,, = specific heat (volume)
For the temperature T, (near the surface). we have

T, =Ae™ +Be™ +T,

2steady state Equation 3-169

In this model

N =3 Equation 3-170
Q = (seebelow) Equation 3-171
L ,=BSLH (half slot) Equation 3-172
L,=3L, Equation 3-173
T=T,=T=T, Equation 3-174

The thermal surface resistance is as before the inverse of the heat transfer coefficient times the
surface area

1 .
Ri=———— Equation 3-175
h,-L,-B

st X1

The body resistances are

5
P E
Ris Equation 3-176
Lxl ' Bxl
P i"" N ?j
R, = Equation 3-177
Lxl ’ Bxl
Pi '(N §+Q5ij
Ris = Equation 3-178
Lxl ’ Bxl

R, = Equation 3-179
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1
Pii 'E(Lxl + LXZ)
R, = Equation 3-180
B, N-o

Now combine

Ry =R, +R;; Equation 3-181

Now to find Q we use the following process. First for a given time 7, we have

X, = 1.9\/ETL Equation 3-182
CV

D,y :%(xL ~1.56,) Equation 3-183
Dy ;

Q= Equation 3-184
0,

To find B, we use the following process.

Ran =—1'551: Q9 Equation 3-185
2 |—T
c, -
Ry = L2, Equation 3-186
K
2 |—T
c, -
Bra = L~ Ray Equation 3-187
1-R,,
B, =1.0-0.5B,, Equation 3-188

To apply the model we use T, as the air gap temperature. 7, T, as the tooth temperature. 7, T,,
are the initial temperatures at t = 0. W_1is the loss (current injection into the model). This is
injected at node 2 in Figure 3-24 while at node 1 there is no injection.
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“Firstslot

1 R+X 4@
] R+X R+jX —(:)
] I R+jX [ R+jX —(:)
! I R+)X ReX :>
D axis
Figure 3-23
Electrical network for the flex slot
B
G, =—% Equation 3-189
Ri5
1.0
Gy =— Equation 3-190
1.0
G=— Equation 3-191
Ril
1.0
Gy =— Equation 3-192
Ri2
1.0 .
Gn::——‘ Equation 3-193
Ris
Toe =T, =T, Equation 3-194
Toa _Tg Equation 3-195
T =Ta Equation 3-196
Ty, =Ty, Equation 3-197
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Figure 3-24
Temperature model for the flex slot
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APPLYING THE SIMPLIFIED MODELS TO MOTORING

There are a number of issues in applying the simplified models to the case of motoring. As far as
the physics of the situation is concerned, the problem is the essentially the same. There are some
issues to consider however and these have to do with the assumptions that were used in coming
up with the simplified models. In both cases we have the stator MMF in relative motion with the
rotor and induced currents in the rotor will cause heating. The frequency and time duration may
be very different and we should look carefully at these to determine if the assumptions are still
valid. We can envision two different cases of motoring operation as extreme limits. In the first
case let us assume that the generator is at standstill or very low speed, for example on turning
gear. If the machine is now accidentally connected to the system due to operator error or a
malfunction of the breaker, the rotor is subjected to rated frequency eddy currents (or near rated
frequency if the speed is not zero). In this case the skin depth is still rather small and the currents
are very close to the surface of the rotor. The shin depth is generally smaller than the depth of the
wedge, and the field winding is not involved being too deep in the rotor. In this case the
simplified models should still be valid for short times. The frequency must be changed to reflect
the rated frequency minus the rotational frequency assuming that all three phases are involved
(balanced assumption). If, for example, the machine is at standstill and a single phase is
energized, then we have the situation in which we have both positive and negative sequence
currents. At standstill these would each look like rated frequency currents on the rotor surface.
As the machine accelerated, which is would do if it were on turning gear when the connection
was made. The frequency of positive sequence component of eddy current would decrease and
the negative sequence component would increase. These effects can be handled by the model by
changing the frequency which is an independent input to the model. The unknown in this case is
that due to the low speed of the rotor, the contact resistances will likely be different. The shrink
fit of the retaining ring on the pole face and teeth will be greater and this should reduce the
resistance. The contact of the retaining ring with the wedge will be less and this resistance will
be higher and perhaps significantly higher. The wedge segments in the slot will also be looser
and the transfer of the current from wedge segment to wedge segment will be affected as will the
transfer of the current between wedge and tooth. This is an unknown effect and there is quite
likely great variability from machine to machine and even from slot to slot in the same machine.
With these exceptions, the models should be valid for the losses and temperatures for short time
periods in which most of the heat is stored in the thermal mass of the machine. The second case
of motoring (or possibly induction generating) occurs when the machine is near synchronous
speed. One possibility is that the machine is operating normally when there is a loss of
excitation. In this case the machine will lose synchronism and due to the droop characteristic

of the governor will accelerate above synchronous speed. This is illustrated in Figure 4-1.
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Machine Power

Operating point

Turbine Power

1.04 per unit speed

Figure 4-1
Generator and governor steady state characteristic

The machine above synchronous speed will operate as an induction generator an deliver real
power to the system at rated frequency while drawing a large magnetizing current from the
system. Tee governor will compensate for the overspeed by reducing the mechanical power

of the shaft. The steady state relationship between speed and power is linear and the power goes
to zero typically when the speed increases by a few per cent over synchronous speed. This is the
droop characteristic and a number like 4% is typical. The machine in this case is operating at a
few per cent slip at super-synchronous speed. The frequency of the induced current in the rotor is
a few hertz at most. The skin depth on the rotor is large. In this case the currents penetrate much
further than in the negative sequence case. The assumptions we have used are not entirely valid.
For example, the field winding may share a large portion of the current. The situation is much
less dangerous than the negative sequence fault since the larger skin depth means that the

) ) ) 1 )
effective rotor resistance is smaller [R ~ ﬁj Which means that the losses are much lower

for an equivalent current. We also have the thermal mass proportional to the skin depth so that
for a given energy input the temperature rise is much lower. The problems usually develop in
these cases if the asynchronous operation lasts a long time - several minutes to 10’s of minutes.
In these rare cases wedges have melted and come out of the slot. The thermal assumptions used
in the negative sequence models also must be considered. For short incidents (a few seconds)
these should be generally valid. If the incident lasts minutes or longer however, there is sufficient
time for the heat to transfer both into the rotor body or into the air gap. The models included here
do have these capabilities but not enough resolution to give an accurate temperature distribution.
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SUMMARY AND CONCLUSIONS

This is part 2 of a study that provides a method of quick assessment of turbine generator rotors
following an negative sequence event. The method is primarily for the determination of hot spot
temperatures in the rotor Mechanical stress due to thermal expansion and the potential for arcing
have also been studied (see Reference 1). It was concluded that thermal stress was not likely to
be dangerous and that arcing damage, while potentially very serious, would require further
research. In the thermal model introduced in part 1 and documented in this report, we invoke
equivalent circuits for the eddy currents, losses and temperature. The methods are most accurate
for faults with short durations, where thermal convection to the a or gap and conduction deep
into the rotor have not had much time to significantly affect the results. Where possible, these
simplified models have been verified with the finite element method.

The models take as their input, the negative sequence current and duration of the event. The
electromagnetic circuit takes into account the skin depth, self and mutual coupling, resistance
and saturation in the steel parts. In the case of nonlinear effects, the circuits must be solved by
iterative methods. The currents found in the electromagnetic models then yield the losses and
these are input for the thermal circuits. These give the temperature versus time at various
sensitive locations in the rotor.

We have presented models for the following:

In the wedge region we have two cases: the sunken wedge and the flush wege geometries. In
both cases the effects of the field winding are ignored.

In the pole face region we have only the nonlinear steel to represent.

In the flex slot region we model the currents near the end of the cross- slot as an electrical
network and can account for the crowding of the currents toward the first slot.

In the retaining ring area we have models for the shring fit region and the retaining ring body
region.

It is possible to use these models for the case of motoring. The applicability will depend on the
nature of the event. If the machine is energized at or near standstill, the methods should still be

useful. If the motoring occurs near rated speed, the models are less applicable.

The study would benefit if we had the test results from one of the manufacturers with geometry
to check the electrical and thermal behavior.
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EDDY CURRENTS IN STEEL’

We have seen in the one dimensional case that
2
0B, 0B,

O
EY "

and the flux density at any depth can be found as
B _ Re{B (jwt—)(1 j(u;ta)}

Oe

where B, is the flux density at the surface. The total flux is then

© B .
t)=| B,dx=—"—e
wa(t)= | Bdx s

In terms of the total flux, the flux density can be written

B, = Rel Jouo v/, el 17|

Equation A-1

Equation A-2

Equation A-3

Equation A-4

Now let us consider a nonlinear material characteristic as shown in Figure A-1.

B

_BS

Figure A-1
Limiting B-H curve of steel

*H. M. McConnel, “Eddy Current Phenomena in Ferromagnetic Material”’, AIEE, July 1954, pp. 226-233.
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The flux density has only two states +B, the saturation flux density. The material can switch
only when H = 0. A sinusoidal flux, (t) =Re {wme ut } can be supported in a material like this
by a series of square or rectangular waves.

Since y (t) is periodic, we can construct it from square waves of the same period. This is
illustrated in Figure A-2. This leaves two possibilities for the magnetized iron. It is magnetized
+B_ periodically at a frequency w, or it is constant at +B, being left at that state from a previous
excitation.

g —

Figure A-2
Making A sinusoidal wave from square waves

At some instant of time the material above a certain level x, is magnetized to —B,, below this
level it is +B_. At some time later this layer of separation has moved to x, The movement of the
surface took place in a time At. The phase shift between the rectangular waves at z, and z, is wAt
radians. The surface of separation will move to a certain depth and no further. At this depth the
total flux above the surface of separation is -y, . If we call this depth 6, then

5 — l//mmax
B

S

Equation A-5

We note several things. First, the depth of penetration 9, is interpreted differently than in the
linear case. In the linear case, the depth of penetration is that depth at which the flux density is
1/e of its value at the surface. The depth of penetration depends only on the frequency and the
material properties (conductivity and permeability) In the nonlinear limiting case the depth of
penetration is the maximum distance at which the material switches from +B, to —B,. This

distance depends on the total flux and the saturation flux density B. The surface of separation
has moved from x = 0 to x = J in one half cycle since the flux has changed from v, to -y,

max

This means that the phase shift between the rectangular waves at x = 0 and x = ¢ is x radians.
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Consider now that the surface of separation is at location x". As the surface moves from x' to x' +
Ax', the change in flux is

Ay, =-2B.AX Equation A-6

In differential form we have

dz’ 1 .
—_— = Equation A-7
dy, 2B,
We can integrate this equation starting from y, and x=0
7' = Lo —d Equation A-8
2B, Woms
So that
-yt
7' = Wrm“a"—l//m() Equation A-9
2B,
With this model we can find the eddy current distribution as
J=0cE Equation A-10
Where the electric field is found as
VxE = _B Equation A-11
ot
In integral form this becomes
0
j;E-dI :——”B-dS Equation A-12
X 6t S

Where the curve C bounds the surface S. If the curve C encloses a region which does not contain
the surface of separation between +B_ and —B, then the integral will be zero. That is to say, the
flux density in the region is constant. IF however the contour intersects the surface of separation
then there will be an induced electric field which will depend on the velocity at this surface. For
this one dimensional case we can evaluate the integral directly. Consider Figure A-3.

A-3



Eddy Currents in SteelTPF FPT

Figure A-3
Separation surface and coordinate system

The flux density has only an x component. We choose the integration path to be a closed contour
in the yz plane. At some instant the surface of separation is at a depth z" and is moving in the z
direction. The intersection of the line integral and the surface of separation is a line segment of
length Ay. The electric field, E, has only a y component. It is constant above the surface of
separation and below the surface of separation, with a discontinuity at the surface. At some time

t, the velocity of the surface is Z—i and the area with =B is S,, where S, +S§, = S. At some later

time 7+At, the surface has moved a distance %At and an area of =B is §, + Z—ZtAtAy and the

area with +B_1s §, — %AIA}]' The integral can then be written as

28, %2 Aty
I —

Equation A-13
At

Ey|z'—Az’Ay—Ey|z’+Az’Ay:

so that

! ! ! ’ az' -
E,|2'-47'-E |7+ Az :2855 Equation A-14

which describes the discontinuity in the electric field at the surface of separation.
From a physical standpoint, the electric field below the surface of separation must be zero. If this

were not true, uniform current would flow from the surface to infinity which would require an
infinite amount of energy.
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Therefore
£ —28. % (0<z<7) Equation A-15
y = SE, <2<z quation A-
and
E, = 0,(z>7') Equation A-16

During the next half cycle the sign of E will be reversed since the flux density will be changing
from —B, to +B, but the velocity remains positive. In this model then, at any instant of time, the
eddy current per unit depth is then

!

, 0Z
J=-2Boz EAmps/unit depth Equation A-17

In terms of the applied sinusoidal flux

J=-2B,o Viona~Vnlt) __L oy, Equation A-18
2B, 2B, ot
or
J=- ZLBS (l//mmax Yo (t )) ag/tm Equation A-19
Using i/, (t) =V max Cos(a)t) Equation A-20
J= %wzmmax (1— COS(a)t))sin(a)t)Amperes/unit depth Equation A-21

As an example of the use of this model consider the currents carrying steel cylinder shown below
in Figure A-4.

Figure A-4
Steel cylinder with axial current and skin depth
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The separation boundary between the material magnetized +B, and —B; is located at r =1’. As the
boundary moves it causes a change in flux linkage in the region r < r’. There is no change in the
region r'" <r < R. The flux linkage of a small element at time t is

A(t)=—-B,(r'=r,)+B,(R—r') Wb/unit length Equation A-22

At time ¢ + At the surface of separation has moved to r' + Ar’ and the flux linkage has changed to
At +4t)=-B,(r'+ Ar'—r, )+ B,(R—r'— Ar') Wb/unit length Equation A-23

The rate of change of flux linkage is therefore

d_;t =-2B, d_r Equation A-24
dt dt

This expression is independent of 7, so that every element in the region 0 <r <1’ has the same
induced electric field,

E, =-2B; Z—Z Equation A-25

The current density in the conducting annulus is

dr’
dt

J=-2Bc Equation A-26

and the total current in the conductor is

i= 7Z'(R2 - r’z)J Equation A-27

or
dr’

I = —ZBSﬂG(RZ - r’2) pm

Equation A-28

For the case in which i is sinusoidal taking the situation in the figure, the flux is increasing and
the current i is positive. Integrating

- I;VZE B.o (RZ - I"z)dl":J.ot idt Equation A-29
I
%77 Bscf[r'3 —R%r'+ 2R3]= 3 (1 cos(at ) Equation A-30
o

If the current is not sufficient to cause the surface of separation to reach the center, i.e. 6 <R, we
define the depth of penetration d as

5=R_rn’1in

Equation A-31
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This gives

2

21
g7z|3sa52(3R ~68)=

peak
w

Equation A-32

If the depth of penetration is very small compared to the cylinder (& << R) then

I
5= |— Equation A-33
v .RBwoc

In terms of the peak surface current density

peak

J peak = 7R Equation A-34
2]

5= | Equation A-35
woB

S

If the current is such that the surface of separation just reaches the center of the cylinder at the
end of each half cycle then r’= 0 and

peak =

2
= nwoB,R® Equation A-36
3

If the current is great enough that it reaches the center of the cylinder before the end of the half
cycle, then for the rest of the cycle the conductor looks like a dc conductor with uniform current
density throughout.

A.1 Losses

For the small depth of penetration case (6 << R) the loss density (per unit volume) can be
found as

2 2
p(t) = 9 = Lz Equation A-37

and the loss per unit length is

i(t)’ :
P(t) = ;(W) Equation A-38
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The radius of the surface of separation, r', is a function of time and for small &

Assuming that the current is sinusoidal,

_ [ B | i)
Pl)=\ 5 &a \/Ei(t)dt

3 02
P(t): | 2peak Bsa) Sin® wt
27 Ro\ A/1-cosmt

The average power over a half cycle is

|

g B,w sin”0
v = peak .[
27Ro % 1 cosO
4

2

3
= B
I:)avg =12 pea 2
2rRo 3rx

Equation A-39

Equation A-40

Equation A-41

Equation A-42

In terms of the depth of penetration 6 the loss in Watts per unit length is

, 8 1
avg = peak ——

3z 27 Réoc

Equation A-43

If we now define the effective resistance of the cylinder as

R _ I:)avg
ef f = ;2
| “Rms

then

16 1
Reff =5
37\ 27 Réo

Equation A-44

Equation A-45

Assume now that the applied field is sinusoidal. In this case

The surface of separation is located at

A-8

’

ZBso-z’a—Z: J, ... sin(at)
ot

S peak

(1« .
7' = \/@J‘O 3, pea SiN(ct)

Equation A-46

Equation A-47
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for each half cycle and the depth of penetration is

2]
S=17,, = |[—2% Equation A-48
B.wo

In the conducting layer, the current density is
J sin wt
J=—=_/B.wcJ —_—— Equation A-49
z Tk 1—cosat

and the loss dissipated per unit of surface area is

jz 2 B sin? ot
P:Z’—:\]ZSpeak Sa) @
o o 1-cosat

Equation A-50

and the average is

p M2, [Bo

avg 37[ S peak Equation A'51

o

Real and reactive components of the electric field due to the eddy currents can also be found.
This will be useful in determining the power factor of the load. The electric field due to the flux
within the magnetic material is

B,wJ sin wt
E=,|——r Equation A-52
o +/1—cos wt

in each half cycle. This can be written as

/B wJ
E=, | ——Spe Cos[ﬂtj Equation A-53
o 2

The fundamental component is

[B,wJ
E-= s—Spea'[gisin ot + 3iCOS a)t} Equation A-54
o T T

The phase angle between the electric field and the exciting current is

0=tan™(0.5)=26.6" Equation A-55

and the power factor is

cos0=0.895 Equation A-56
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A.2 Losses in Nonlinear Steel

To find the loss per square inch of surface, WPSI, use

WPSI =1.51x10*/p;B, f H Equation A-57

Where p. is the resistivity of the steel (€2 —in). B, is the saturation flux density (if not known then
recommend using 120,000 lines/in’ fis the frequency in Hertz. The value of H  is the peak
Amps/inch of the current sheet If we have the current in the tooth, for example, then

|
H, =+2 ﬁ Equation A-58
t

Where b, is the tooth width and /| is the tooth current.

We now compute the permeance and conductance for the equivalent circuit. The loss is the loss
per square inch times the surface area and this also equals the current squared over the
conductance.

2
Itm

WATTS =WPSI x b, x (unit depth)= G

Equation A-59

So

3
WATTS = 2.54x10* |2 ES f | 2m Equation A-60
t

If we call the coefficient and the square root K4 then we have

|
G = % Equation A-61

1
¢
From the theory section the reactance is 1/2 the resistance in the magnetic steel so that

2 2G,

Where P, is the permeance (note that for one turn the inductance and permeances are the same).

p_105 Equation A-63
o G,

We can check the formulation using a nonlinear finite element code (FLUX2D). In this case the
current density is plotted from the rotor surface along a radial path (See Figure A-5). We see that
the current decays swiftly as the depth increases and then goes to zero rather abruptly.
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SIMPLE_SOLID093

_Alsguare mm)
g0 —

50—
40—

’ CURVE C2D 3
30— Curpent ders ity § M amutode
— Path_1
: Phase[Deg): 0
20 __
10 |
- ITIT]
R T T
a a0 100
Figure A-5

Current density vs depth (low current)
This is what the nonlinear theory predicts. Figure A-5 is for 5,000 amperes. The skin depth,

where the current goes to zero is around 35 mm. If we double the current we obtain the following
solution (Figure A-6).
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SIMPLE_Z0OLID1EG
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Figure A-6
Current density vs depth (medium current)

We see that the skin depth is approximately 50 mm. The limiting nonlinear theory tells us that
the skin depth should vary proportional to the square root of the Amperes/in in the peripheral
direction. This seems to be the case. If we now look at the results for 25,000 Amperes in
Figure A-7, the skin depth appears to be around 73 mm. This is also in line with the nonlinear
theory.
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SIMPLE_ZOLID445
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Figure A-7
Current density vs depth (high current)
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