
(armature) winding, creating a magnetic field, which induces
some current in the rotor winding. The reaction of the re-
sulting rotor magnetic field against the stator’s field, causes
the rotor to spin. In the SCI motor, the actual mechanical

MACHINE INSULATION rotation speed is slightly slower than the rotational speed of
the magnetic field. Note that no current is directly input to

This article describes the application of the electrical insula- the SCI rotor, and that the rotor winding consists of uninsu-
tion to electrical motors and generators. Initially an overview lated conductors around the periphery of the rotor.
of the application of electrical insulation in machines is pre- Finally, the inverter-fed drive (IFD) in combination with a
sented, followed by a more detailed discussion of the design conventional SCI motor has become very popular in the
of the insulation systems used in the various types of ma- 1990s, because the IFD enables considerable electric energy
chines, how the insulated windings are made, and how they savings in applications where a constant full load output is
deteriorate and fail. Finally, a review is presented of the not required. As described later, the IFD can pose special haz-
methods available to evaluate the condition of the insulation ards for SCI motors.
in motors and generators. Although the following will concen-
trate on ac motors and generators, much of the insulation as-

ROLE OF ELECTRICAL INSULATIONpects for dc machines is similar to the situation for integral
horsepower motors rated 1000 V or less.

The preceding discussion makes repeated references to the
rotor and stator windings in rotating machines. These wind-

TYPES OF ROTATING MACHINES ings usually consist of copper or aluminum conductors embed-
ded in or wound around a magnetic or nonmagnetic steel core.

Since the invention of the first motors and generators in the Since the core is usually at ground potential, whereas the con-
late 1800s, a wide variety of rotating machines have been con- ductors are at a nonzero ac or dc voltage, electrical insulation
ceived and commercially produced. is needed to isolate the conductors from ground, to ensure

that the currents flow along the desired paths. The electrical
Generators. The most common types of generators, which insulation is a passive component in a rotor or stator winding.

convert mechanical energy to electrical energy, are synchro- However, without its presence, electrical shorts occur that
nous generators. In the synchronous generator, a dc current disturb the magnetic fields, impairing proper machine opera-
from a few volts to as high as 1000 V is passed through a tion; allow circulating currents to flow, increasing losses; and/
‘‘field’’ winding mounted on a rotor. The rotor is most often or enable very large fault currents to flow that can melt the
spun by either a turbine driven by falling water or steam, or steel core and conductors.
an engine (diesel or combustion turbine type). The current Most of the electrical insulation in modern machines is
through the winding creates a magnetic field that interacts based on organic compounds such as enamels, films, polyes-
with the stator (or armature) winding, which is stationary. ter, or epoxy. Such organic insulation materials have low me-
The rotating dc field induces an ac current in the stator wind- chanical strength and low melting temperatures, in compari-
ing. The frequency, voltage, and current developed in the sta- son with steel and copper. As a result, motor and generator
tor winding depend on the electrical characteristics of the ro- winding designers must limit the winding operating tempera-
tor and stator windings, as well as the rotational speed of tures and the mechanical forces to levels within the capability
the rotor. of the insulating materials. In practice, the expected op-

Synchronous generators have been manufactured with out- erating life of a winding is fundamentally based on the capa-
put ratings from less than 1 W up to 2000 MW and with volt- bilities of the insulation. In fact, almost all winding failures
ages from 100 V to 30 kV. There are two basic types of syn- result from deterioration of the insulation, rather than prob-
chronous generators, classified according to the rotor design: lems with the conductors or stator core. In a study of 7500
round-rotor generators (also called turbine generators, and motor failures in electric utility applications, 37% of the fail-
usually driven by engines or steam combustion turbines) and ures were attributed to stator winding problems, which in
salient-pole generators (most often employed as hydrogenera- turn were caused by insulation deterioration (1). Thus the
tors, i.e., falling water drives a turbine). In general, round electrical insulation is of critical concern for the effective op-
rotors are used on generators with a rotor speed of 600 eration of motors and generators.
revolutions/min or more, whereas salient-pole rotors are used
in applications with rotor speeds less than 1000 revolutions/

STATOR-WINDING INSULATION SYSTEMSmin.

Stator windings of the same ratings (watts, voltage) are es-Motors. There are a wide variety of motors, both ac and
dc. However, by far the most commercially important motors sentially the same for both motors and generators, and thus

no distinction will be made between motor or generator sta-today are of the squirrel-cage induction (SCI) rotor type,
which can have ratings from 1 HP (about 700 W) to 40,000 tor windings.

Stator windings consist of parallel paths of series con-HP (about 30 MW), and voltages from 100 V to 13.8 kV and
higher. In the SCI motor, an ac current is fed to the stator nected insulated copper conductors formed into coils. The
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in the slots in the stator core. Usually each coil can have from
2 to 12 turns, and several coils are connected in series to cre-
ate the proper number of turns between the phase terminal
and ground (or neutral)—see Fig. 1. Wire used in form-wound
stators is usually rectangular in cross-section. Careful design
and manufacturing are used to ensure that each turn in a coil
is adjacent to another turn with the smallest possible voltage
difference. By minimizing the voltage between adjacent turns,
thinner insulation is needed to separate the turns. For exam-
ple, in a 4160 V stator winding (2400 V line-to-ground), the
winding may have ten coils connected in series, with each coil
consisting of ten turns, yielding 100 turns between the phase
terminal and neutral. The maximum voltage between adja-
cent turns is 24 V. If the stator were of a random wound type,
there might be 2400 V across adjacent turns, which would

�

Parallel 1

Stator
core

100 turns
in series

Neutral
point

Parallel 2
A∅ B∅

C∅
require much thicker magnet wire insulation.

Figure 1. Schematic of a wye-connected stator with two parallels Figure 3 is a photograph of a diamond-shaped, form-wound
per phase.

multiturn coil being inserted in a stator slot. For stators of
machines larger than approximately 50 MW, the form-wound
coil is large enough that there are difficulties in inserting both

coils have a certain number of loops or turns. Figure 1 shows legs of the coil in the stator slots without risking mechanical
the electrical schematic of a wye-connected three-phase stator damage to the coil during the insertion process. Thus, most
winding consisting of 100 turns between the phase terminal large generators today are made not from multiturn coils, but
and the neutral point. If the stator winding is rated 440 V

rather from ‘‘half-turn’’ coils, often referred to as Roebel bars.(phase-to-phase), the terminal phase-to-ground operating
With a Roebel-bar construction, only one half of a ‘‘coil’’ isvoltage is approximately 260 V. The potential difference be-
inserted into the slot at a time, which is considerably easiertween two sequential turns in the same phase is 2.6 V.
than inserting two sides of a coil in two slots simultaneously.There are two major classifications of stator windings ac-
With the Roebel-bar approach, electrical connections arecording to how the turns in the winding are physically con-
needed at both ends of the bar to make the ‘‘coils.’’ Roebelfigured: random wound and form wound. Random-wound sta-
windings also incorporate an arrangement that physicallytors consist of insulated copper conductors (magnet wire)
transposes the copper strands in the bar. Each strand iswhich are continuously wound (by hand or by a winding ma-
braided through the bar in such a manner that each strandchine) through the stator core slots to form a coil (Fig. 2).
occupies every position in the cross section at some pointEach turn (loop) of magnet wire (i.e., insulated conductor) can
throughout the length of the bar. This method is used to con-be randomly placed against any other turn of magnet wire in
trol circulating currents due to nonuniform magnetic fields.the coil, independent of the voltage level of the turn. Since a
Special insulation material and processes are required to pre-turn that is connected to the phase terminal can be adjacent
vent strand shorts at cross-over points and to smooth out un-to a turn that is operating at low voltage (i.e., at the neutral
even surfaces.point), random-wound stators usually operate at voltages less

To ensure that appropriate magnetic fields are created, tothan 1000 V.
minimize electrical losses and to prevent short circuits, sev-In contrast, form-wound stators are usually intended for
eral types of insulation components are required in statormachines operating at 1000 V and above. Such windings are

made from coils that have been preformed prior to insertion windings. The components are the strand, turn, and

Figure 3. Photograph of a complete form-wound stator.Figure 2. Photograph of a random-wound stator.
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low. For form-wound stators rated 1000 V and above, the
groundwall may be several millimeters thick to withstand
this high voltage. Note from Fig. 4(c) that there is no turn
insulation in a Roebel bar, since the ground insulation is ef-
fectively the turn insulation. In modern random-wound sta-
tors, the insulation is a synthetic polymer (typically polyam-
ide-imide) film that is bonded to the copper conductor.
Random-wound stators rated more than 120 V may also have
thin sheets of flexible insulation (Nomex or similar) to provide
additional insulation between the turns and the stator core or
between the coils in different phases.

Wedge or top stick

Ground insulation or slot cell

Coil separator

Magnet wire

(a)

For form-wound machines, the strand and turn insulation
is often the polymer film, overcoated with Dacron and fiber-
glass tape, which is heat fused to the conductor. A separate
groundwall insulation in the form wound bar or coil is usually
made from layers of tape consisting of small bits of mica,
bonded to the Dacron and/or fiberglass. The tape layers are
then bonded together, as well as to the conductors, with ep-
oxy. Such an insulation system is often referred to as an ep-
oxy–mica system. More details on the materials and manu-
facturing processes are presented later.

ROTOR-WINDING INSULATION SYSTEMS

The most common type of motor uses a squirrel-cage induc-
tion rotor. Since there is no insulation on the conductors that
form the rotor winding, SCI rotors will not be discussed fur-
ther. Most generators have insulated rotor (field) windings.
The field windings consists of multiple turns of copper con-
ductors embedded in the rotor body (round-rotor design, Fig.
5), or conductors coiled around a laminated steel field pole
(salient-pole design, Fig. 6). The rotor windings usually oper-
ate at low dc voltages, with about 1000 V being the highest

�
�
� ��

Semiconductive
coating

Groundwall
insulation

Turn
insulation

Strand
insulation

Midstick
packing

Iron

Top packing

Slot wedge

Bottom
packing

(b)
operating voltage in a very large generator. Thus, the ground
insulation is relatively thin in comparison with the stator
winding insulation. The voltage between turns is usually a
few tens of volts; thus the turn insulation can be relatively
thin. In large generators, the field winding may have currents
of thousands of amps, therefore a large copper cross section
is needed. However, since the current is dc, there is often no
need to break up the cross-sectional area into strands in order
to minimize losses.

On smaller machines, the rotor windings are usually
wound with magnet wire, that is, copper wire coated with a
polymer film. For modern machines rated more than a few
megawatts, the copper conductors are often bare, with aramid
paper or epoxy–glass laminate [National Electrical Manufac-
turers Association (NEMA) material grades G-10 or G-11]
strips used to separate the turns from one another and from
ground. These are discussed in more detail later.

Inserts

Side
ripple
spring

Slot wedge

Top pad
Liner

Groundwall
insulation

Conductor
strands

Depth
packing

Bottom pad

(c)

Figure 4. (a) Cross section of a slot containing random-wound coils.
(b) Cross section of two multiturn form-wound coils in a slot. (c) Cross INSULATION SYSTEM REQUIREMENTS
section of two direct water-cooled Roebel bars in a slot.

The insulation in rotor and stator windings are exposed to the
following stresses:groundwall insulation. Figures 4(a) to 4(c) show the different

insulation components in the cross section of a random-wound
• High temperatures, primarily from the conductor cur-multiturn coil, a form-wound multiturn coil, and a Roebel bar

rent (I2R) losses.(DuPont), respectively, in a stator slot. The purpose of each
insulation component is discussed later. The strand and turn • High mechanical forces. In the stator, these are primar-

ily from the Lorenz magnetic field forces that are propor-insulation is very thin, since the voltages involved are quite
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tional to the conductor current squared. In a stator oper-
ated with 60 Hz current, the stator current creates a 120
Hz vibrating magnetic force on the conductors. In addi-
tion, during motor start-up or a generator out-of-phase
synchronization event, the high stator in-rush current
creates a very high mechanical impulse force. On the ro-
tor, the insulation is exposed to a very high centrifugal
force due to the high rotational speed at the rotor sur-
face.

(a)

(a)
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Pole washer or collar

Conductors

Packing

Pole body insulation

Turn insulation

Pole washer or collar
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Spring

Pole body insulation

Conductor

Taped turns
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(c)

Figure 6. (a) Photograph of a salient-pole hydrogenerator rotor. (b)
Cross section of a strip-on-edge field pole. (c) Cross section of a
multilayer field pole.

Wedge

H2 gas flow

Creepage block

Turn insulation

Groundwall
insulation

Copper
conductors

Sub slot
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Figure 5. (a) Photograph of a round rotor. (b) Cross section of a
round-rotor slot of a direct hydrogen-cooled rotor.
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• High voltages, either from normal operation on machines
rated 1000 V and above, or from electrical transients due
to lightning or switching events from the supply system.

• Harsh environments that may contain oil, moisture, ra-
diation, and abrasive materials in the cooling air stream
flowing over the windings.

Table 2. Material Thermal Classification

Class Temperature Indexa (�C)

A 105
B 130
F 155
H 180

a Maximum operating temperature at the conductor for average life of 20,000 h.
All of these stresses can cause gradual or catastrophic deg-

radation of the insulation materials. Machine manufacturers
have to design the machine to limit the thermal, mechanical, years). Materials are grouped into classes; see Table 2. Most
and electrical stresses to levels that the insulation can with- of the materials used in modern random wound stators have
stand for the design life of the machine. This requires the a class 180 (or class H) capability. Most of the materials used
designers to evaluate the capabilities of the insulation materi- in modern form-wound stators and generator rotors, including
als. This evaluation is done using accelerated aging tests to epoxy–mica insulation, have a class 155 (or class F) rating. It
simulate the aging process an insulation may see in 30 years, is important to note that operating these materials at the
but with higher stress levels so that aging occurs in weeks class temperature (say 155�C) for more than three years im-
or months. (See the articles on INSULATION AGING TESTING and plies that insulation failure is likely. That is why manufactur-
INSULATION TESTING.) Many standard test procedures have ers usually design the machine to have an operating tempera-
been developed to evaluate the thermal, mechanical, electri- ture for the insulation system that is significantly lower than
cal, and environmental capabilities of insulating materials the thermal class.
and systems used in motors and generators. Table 1 identifies Unfortunately, although there are standard test proce-
some of the key Institution of Electronic and Electrical Engi- dures to evaluate electrical and mechanical capability for the
neers (IEEE) and International Electrotechnical Commission insulation materials (see Table 1 for a selection), there is no
(IEC) insulation standards for rotating machines. accepted classification of materials for electrical and mechani-

With regard to the critical requirement of thermal capabil- cal capability for rotating machine application. Thus, machine
ity, all the insulation materials used in motors and generators designers are left to judge the suitability of a particular mate-
are assigned a temperature at which they are expected to op- rial for a specific application.
erate with a low risk of failure for 20,000 h (about three

WINDING LIFE

No insulation system that is economically produced is ex-
pected to last forever. The thermal, mechanical, electrical,
and environmental stresses described previously will gradu-
ally reduce the electrical and mechanical strength of the insu-
lating materials. At some point, the materials will have aged
significantly. In such a case, the insulation breaks down or
cracks under the normal operating voltages or as a result of
a transient electrical (e.g., lightning or switching voltage
surges) or mechanical (from motor switch-on in-rush current
or current transients from faults in the power system, which
cause large magnetic field impulses) situation. If the insula-
tion breakdown occurs in the stator groundwall or turn insu-
lation, this will rapidly lead to high-power-frequency fault
currents and circuit-breaker operation. Failure of the strand
insulation in stators or the turn (and to a limited degree the
ground) insulation in rotors will not result in motor or genera-
tor failure. However, performance will be adversely affected
since the magnetic field intensities will be weaker and non-
symmetrical, leading to vibration, or the efficiency of the ma-
chine will be reduced due to circulating currents.

Different stresses combine in different ways to yield a wide
variety of specific failure mechanisms in both the rotor and
stator windings. Some mechanisms are due to pure thermal
stress. For example, in windings that are operated at high
temperatures for long periods of time, the insulation oxidizes,
making it brittle and subject to mechanical failure. Similarly,
insulation abrasion can occur as a result of the magnetically
induced forces causing the winding to rub against the stator
core, until the insulation is thin enough to puncture. Al-
though relatively unusual, pure electrical failure can occur on

Table 1. Insulation Material and System Standards

Standard Purpose

IEEE 1 General principles for determining thermal capa-
bility

IEEE 117 Classification of insulation for ac random
windings

IEEE 275 Classification of thermal capability of ac form-
wound stator coils

IEEE 304 Classification of thermal capability of dc
windings

IEEE 429 Classification of thermal capability of ac wind-
ings sealed against moisture

IEEE 434 Evaluation of functional capability of ac form-
wound windings

IEEE 792 Evaluation of impulse voltage capability of ac
form-wound coils

IEEE 1043 Evaluation of form-wound coil insulation to with-
stand long term 50 (60) Hz voltage stress

IEEE 1107 Classification of thermal capability of ac
random-wound windings sealed against
moisture

IEEE 1310 Evaluation of ac form-wound coils to resist ther-
mal cycling

NEMA MW1000 Classification of magnet-wire insulation
IEC 60034 Classification of rotating-machine insulation sys-

tems (multiple parts)
IEC 60216 Thermal classification of insulating materials

(multiple parts)
IEC 61033 Evaluation of bonding strength of enamel to

magnet wire
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stators operating above 6 kV, since partial discharges (small Knowing which deterioration processes is occurring is im-
portant, since any winding maintenance to extend windingelectrical sparks, sometimes referred to as corona) occur,
life should directly address the processes. For example, clean-which eventually bore a hole through the organic insulation,
ing a winding may slow the electrical tracking process andcausing a short circuit. Finally, partly conductive pollution
lower the winding operating temperature (since winding cool-(for example, oil mixing with dirt) can lead to small currents
ing will be more effective), but such cleaning is not likely toflowing over the insulation surface in the endwinding, leading
slow down an insulation abrasion process if coils are loose into electrical tracking.
a stator slot. Other maintenance is required if the coils areIn addition to these single-stress deterioration processes,
loose. Thus the maintenance should be appropriate for thethe stresses can combine to lead to more complicated deterio-
deterioration processes occurring.ration mechanisms. Long-term operation at moderately high

Determining which deterioration processes are occurringstator winding temperatures can lead to groundwall-insula-
requires tests on the windings and sometimes a visual inspec-tion delamination, that is, the mica-tape layers debond,
tion of the winding. This topic will be discussed later.allowing air gaps to occur within the groundwall. If the stator

is operating above 6 kV, there may be sufficient electrical
stress within these air gaps, causing electric breakdown of FORM-WOUND STATOR WINDINGS
the air, i.e., sparks occur between the tape layers. The sparks
(called partial discharges) break the carbon–hydrogen bonds Due to the complexity of the subject and its commercial im-
in the polymeric components, eventually boring a hole portance, a more extensive description of the design, manu-
through the groundwall, leading to failure. Thus, the combi- facture, and aging of form-wound stator windings in large mo-
nation of thermal and electrical stresses result in failure. tors and generators, follows. The insulation systems in other
There are several multistress failure mechanisms as such. commercially important winding types is detailed later.
Theoretical descriptions of the aging models are presented in Form-wound stator windings are used in motors and gen-
INSULATION AGING TESTING. erators rated 2300 V and above, corresponding roughly to mo-

Additional failure processes can occur due to on–off cycling tors rated a few hundred HP and above, and generators of 1
of motors or load cycling of generators. Such cycling leads to MW and above. Such stator windings usually consist of
large and sometimes rapid swings in winding temperatures. strand, turn, and groundwall insulation components, as well
Such temperature swings can lead to different thermally in- as wedging, bracing, and blocking materials to prevent wind-
duced growth among the different winding components, de- ing vibration and movement. In addition, for stators rated 6
veloping shear stresses between the components. For exam- kV and above, an additional component is normally present:
ple, when a large generator goes from no load to full load in electrical stress control coatings. Finally, in very large electri-
a few minutes, the stator winding copper temperature goes cal generators, often in machines rated a few hundred mega-
from a low temperature to a high temperature, and the copper watts and above, the copper conductors are directly cooled
grows axially along the slot. The insulation temperature is with hydrogen gas or water. This cooling medium must be
lower, and modern epoxy–mica has a lower coefficient of ther- considered an insulation system component. The following ad-
mal expansion than copper, causing the groundwall insula- dresses each of these components.
tion to experience a much smaller axial growth. Since the cop-
per expands more than the groundwall, a shear stress Strand Insulation
develops between the conductor and the insulation. With a

The strand insulation materials used in form-wound coils andsufficient number of load cycles, the groundwall may debond
bars are usually the same as the turn insulation used in sta-away from the conductors, creating an air gap, leading to fail-
tor windings rated 1000 V or less. Thus the following discus-

ure from partial discharges. sion, which primarily discusses magnet-wire insulation, is rel-
The single- and multistress interactions, together with evant to random-wound windings and rotor windings as well.

load cycling, yield about 20 different identifiable failure pro- In form-wound coils and bars, the required ampacity of the
cesses in stator windings, and about 10 mechanisms in rotor conductors is such that a large copper or aluminum cross sec-
windings. See Tables 3 and 4 for a summary of the main fail- tion is required. It is difficult to form a single large conductor
ure processes. Which process will occur in a specific machine into the coil shape mechanically. Thus, most stators rated
and how quickly the failure will occur will depend on: more than a few hundred horsepower will have the turn com-

posed from two or more strands (or subconductors) in order
to make it easier to form the coil or bar. (Recall that a wire• The design stress levels (i.e., operating temperatures,
rope is much more flexible than a steel bar of the same crossmechanical stress, etc.) the machine designer employed,
section.) There are also several electrical advantages to mak-and how close these levels are to the insulation material
ing a turn from two or more strands. A single large conductorcapabilities.
carrying 50 or 60 Hz current will experience electrical skin-• How well the windings were manufactured and assem-
effect losses, which are minimized by using smaller conductorbled.
cross sections. Another factor is that the magnetic field inten-

• The operating environment the user provides, that is, is sity is not uniform from one edge of the conductor to the oppo-
the machine run at constant load or cycled, is it over- site edge. The nonuniform magnetic field induces different po-
loaded; are oil, moisture, or abrasive particles present? tentials in different parts of the conductor, which leads to a

• How well the user maintains the windings, that is, keep- circulating current and thus electrical losses. Finally, in a
ing them clean, keeping them tight to prevent vibration, practical motor and generator, there are some axial magnetic

fields, especially in the end windings (the portions of the coilsetc.
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Table 3. Common Stator-Winding-Insulation Deterioration Mechanisms

Susceptible Relative
Mechanisms Description Root Causes Insulation Types Speed Best Test

Thermal Long-term operation at Overloading, blocked cool- All Slow Visual, PD, tip-up
high temperature, ing, unbalanced voltage,
leading to embrittle- frequent starting
ment and insulation
delamination

Load cycling Rapid, frequent on–off 0% to 100% load changes in FW,a asphaltic mica, Moderate PD, tip-up, visual
cycling leading to de- less than 15 min polyester mica
lamination splitting

Poor impreg- Voids in insulation Lack of penetration of mica FW, polyester, and Moderate PD
nation leading to PD tapes, by epoxy, or poly- epoxy

ester
Internal water Saturation of insula- Water fittings in direct- FW, epoxy-mica Slow Pressure decay,

leaks tion by water from water-cooled windings capacitance map
cracks in hollow cop-
per conductors

Loose windings Abrasion of insulation Insulation shrinkage over FW, RW,a epoxy-mica Fast Wedge tightness,
in slot due to movement in years, oil contamination visual, PD

slot
Electrical slot Partial discharge at- Poorly made semiconduc- FW, epoxy-mica Slow Visual, PD, ozone

discharge tack where semicon- tive coating
ductive coating
missing

Contamination Surface discharges or Poor maintenance All Slow Insulation resistance,
sparking in end visual, PD
windings due to
partly conductive pol-
lution

End-winding 100/120 Hz vibration of Poor design, oil contami- All Moderate Visual
vibration coils leading to insu- nation

lation abrasion,
cracking

Electrical Puncture of turn insu- Voltages developed by mo- RW, FW, multiturn Slow Surge comparison
surges lation by high- tor switch-on or inverter- coils

voltage pulses fed drives combined with
poor or aged turn insu-
lation

a RW denotes random wound, FW denotes form wound.

beyond the stator core). These axial fields lead to circulating another, the stator electrical losses from skin effect and axial
magnetic fields are minimized, that is, the stator winding ef-currents around the periphery of the copper conductors. The

smaller the conductor cross-sectional area, the smaller are ficiency is increased.
The voltage from strand to strand in a form-wound coil orthe induced currents and thus the lower the power (I2R)

losses. By fabricating the required conductor cross-sectional bar is very low, typically less than 1 V. Thus, the strand insu-
lation is very thin, which is very desirable, since this allowsarea from two or more strands that are insulated from one

Table 4. Common Rotor-Winding-Insulation Deterioration Mechanisms

Mechanism Description Root Cause Relative Speed

Thermal Long-term operation at high temperature lead- Overloading, blocked cooling, negative- Slow
ing to embrittlement, insulation distortion sequence currents

Load cycling Rapid, frequent load changes, leading to relative Different coefficients of thermal expansion Moderate
movement, abrasion

Centrifugal Crushed, cracked insulation due to high rpm Poor design, manufacture Moderate
Contamination Shorts due to partly conductive contamination Oil, moisture, or metallic particles due to poor Slow

operation or maintenance
Abrasion Erosion of insulation due to abrasive material Misapplication, poor maintenance Moderate

(e.g., sand) in cooling air
Chemical attack Softening or weakening of insulation due to cor- Misapplication Moderate

rosive chemicals in cooling air



648 MACHINE INSULATION

more copper to be used within the slot, maximizing the rat- confer greater resistance to partial discharges (corona), which
ings for a given stator frame size. have been found to occur even in 440 V motor stators as a

Many different types of strand insulation materials have result of the voltage surges produced by such drives (4,5).
been used over the years in magnet wire (2). The first were For machines operating at 2300 V and above, winding
oleoresinous enamels, composed of natural resins and drying manufacturers have found it prudent to overcoat the enamel
oils. These materials proved unsuitable for high-mechanical- film of magnet wire either with fiberglass or woven polyester
stress applications in rotating machines because they were (Dacron being the DuPont trade name) and glass fibers (Du-
weak and subject to degradation of mechanical properties due Pont, trade name: Daglas), which are thermally fused over
to thermal aging. Polyvinyl acetal (PVA) enamels were then the magnet-wire enamel. The Daglas material is less suscep-
introduced in the late 1930s. This material was vastly supe- tible to damage when the wire is bent or formed and helps
rior to the oleoresinous types and in many ways changed the maintain physical separation between the strands
face of the magnet wire industry. It had good dielectric In stators rated greater than 6 kV, the risk of partial dis-
strength, toughness, flexibility, adhesion, and heat shock re- charges occurring is very high. To maximize the ability to re-
sistance. Since PVA had a good capacity for physical abuse, it sist deterioration by partial discharges, the strand insulation
could be rolled into a tight loop without damage or significant is often upgraded by overcoating it with a mica-paper tape.
impairment of its electrical properties. However, this material Mica-paper tape consists of small mica platelets that are elec-
could not safely operate at temperatures above 100�C. During trostatically held or bonded by a polymer to a backing tape,
the mid-1950s polyester enamel was introduced. Although most commonly made from a woven glass fabric or Mylar.
this material had exceptional thermal endurance, a thermal Mica is used since it is almost completely resistant to deterio-
class of 155�C, good dielectric strength, and tolerable resis- ration caused by the partial discharges. In addition, mica can
tance to abrasion, it became unpopular because its heat- operate at very high temperatures. The backing tape is
shock-withstand capabilities were not nearly as good as those needed to provide mechanical stability to the mica, since mica
of PVA. Consequently, when windings were processed and is easily damaged by mechanical stress. Mica-paper tape is
baked in the same manner as those with PVA enamel, fail- most often used as a strand insulation when the strand insu-
ures were experienced due to heat shock. A modern polyester lation is upgraded to serve also as the turn insulation in high-
(Mylar, from DuPont) was introduced in the 1950s that could voltage multiturn coils.
operate at a higher temperature (class 155); however, it was As mentioned previously, failure of the strand insulation
still limited in its ability to resist heat shock. The shortcom- (when it does not also serve as the turn insulation), will nor-
ings of polyester enamel were overcome when magnet-wire

mally not result in immediate failure. Instead, there will bemanufacturers started overcoating it with other enamels,
larger circulating currents (especially in transposed Roebelsuch as polyimide, which have good heat-shock capabilities.
bars), which reduce efficiency and raise operating tempera-Almost coincident with the development work on polyester
tures.enamels was the development by DuPont of a range of aro-

matic polyimides (Kapton). Although these had relatively
Turn Insulationpoor resistance to abrasion, they had exceptional resistance

to heat shock, solvents, and cut-through, and had exceptional
Half-turn Roebel bars do not require turn insulation. Forburnout resistance in that they could be operated continu-
multiturn form wound coils, the turn insulation must with-ously at temperatures up to 220�C. Being strong in areas
stand 50 or 60 Hz voltages from a few volts in small motorswhere polyesters were weak, the polyimide development
to 200 V in large generators. In addition, the turn insulationprompted further work that culminated in the production of
must be able to withstand from a few hundred volts to thea polyester/polyimide enamel, that is, a polyester enamel
many thousands of volts that can briefly occur during voltageovercoated with polyimide. This gave the polyester enamel
transients. For example, when a motor is switched on, a volt-the required heat-shock capability and a thermal class of
age up to several times the normal line-to-ground voltage180�C.
with a rise time of about 200 ns can impinge on the statorAmide-imide enamel was developed during the mid-1960s
winding, due to transmission-line propagation effects amongby the Anaconda Company and was intended to replace many
the breaker, the power cable, and the stator windings (6). Theof the older types of enamels. Despite the fact that this mate-
fast-rise-time nature of the voltage surge can lead to a non-rial had good thermal and winding properties, it was not gen-
uniform distribution of the voltage through the stator wind-erally used on its own. However, it was found that, like poly-
ing, and up to 40% of the voltage that is applied to the statorimide, it could enhance the properties of other enamels, such
winding can be dropped across the first turn in the coil con-as polyester and polyester-imide, if it was used as a top coat.
nected to the phase terminal (6). If the turn insulation thick-That is, it enhanced windability, resistance to burnout, cut-
ness is insufficient or the turn insulation has degraded due tothrough, and solvent resistance and increased the operating
thermal, mechanical, or electrical (i.e., partial discharge)temperatures of these materials to 200�C. Nowadays, polyes-
aging, then the turn insulation can fail. Failure of the turnter with a polyamide-imide overcoat is the most common mag-
insulation causes a very high current to flow through the af-net-wire insulation material in use.
fected turn and the associated short circuit, which melts theSince the 1980s, General Electric Corp. and now other
copper conductor, and eventually the groundwall insulation.manufacturers have been adding inorganic fillers such as alu-
Once the groundwall has melted, a stator-winding groundmina to the outer film layers of the magnet wire (3,4). Such
fault occurs and the motor fails. Thus, failure of the turn in-fillers with appropriate particle sizes improve the thermal
sulation leads to stator-winding failure, usually within min-conductivity of the insulation, reducing winding tempera-

tures. Of importance to motors driven by IFDs, the oxides also utes or days.
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In modern multiturn form-wound coils rated greater than together. The bonding materials would soften and flow when
the operating temperatures exceeded about 90�C, depending1000 V but less than approximately 6 kV, the most common

turn insulation is made from polyamide-imide film often over- on the formulations. This effectively limited such insulation
to class B (i.e., class 130) operation.coated with fused Daglas fibers. Earlier turn insulations may

have included asbestos. For machines rated approximately 6 In the early 1950s synthetic thermosetting bonding mate-
rials such as polyester and epoxy were starting to replace as-kV and above, it is now common to use magnet wire with one

or two layers of half-lapped or butt-lapped mica-paper tape as phalt. At that time polyesters were much more popular than
epoxies because solventless forms of polyester had been devel-the turn insulation, since this confers greater partial dis-

charge resistance, as well as improves the ability to with- oped that could directly replace the asphaltic bonding com-
pounds being used in a vacuum-pressure impregnation (VPI)stand switching surges.
process (discussed later). The new polyesters did not expand
appreciably in comparison to thermoplastic systems, retainedGroundwall Insulation
good mechanical strength when heated, and had very low vis-

The groundwall insulation in a form-wound coil or bar is usu- cosities in the uncured state. In fact, they flowed so easily
ally composed of many layers of insulation tapes over the through the tape layers that difficulties were experienced in
strand or turn insulation, since the voltage across the retaining the polyester until it was polymerized by heating.
groundwall can be up to 18 kV line-to-ground in the highest The first major manufacturer to introduce a thermosetting
rated large steam turbine generators. Failure of the synthetic resin bonded groundwall insulation system was
groundwall results in a phase-to-ground fault, which will trig- Westinghouse with its Thermalastic system, initially devel-
ger circuit-breaker operation. oped for turbine generators (7). This was a continuous tape

The groundwall-insulation systems employed from the system consisting of large mica flakes sandwiched between
1930s to the 1950s (and later in some countries) were made two layers of a backing material and vacuum-pressure im-
from mica splittings (thin layers of mica flakes up to several pregnated with a thermosetting polyester resin and cured
centimeters in diameter) backed onto cotton tapes and im- prior to winding in the core. With the VPI process, dry (green)
pregnated with shellac or asphalt (called bitumen in some tapes are applied to the coil or bar and then the bar or coil is
countries). As mentioned previously, mica was employed be- placed in a chamber where a vacuum is pulled in order to
cause of its high melting temperature and its excellent ability remove trapped air between the tape layers. The chamber is
to resist partial discharges. The cotton tape (which was even- then filled with polyester (and now epoxy or occasionally
tually replaced by fiberglass or Daglas) gave mechanical sta- other compounds) under pressure to impregnate the tape.
bility to the mica. The tapes (or sometimes sheets) were Once the resin has impregnated all the tape layers, the coils
bonded together with shellac or asphalt. It was important to are removed from the resin bath and heat is applied to cure
bond the tape layers together and exclude air pockets since the resin, usually at the same time that mechanical pressure

is applied to the coils to hold the tape layers together, in order
• This improved the conduction of heat from the I2R losses to shrink any air bubbles that may still be trapped between

in the copper conductors (heat source) to the stator core the layers. There are now many variations of this process.
(the heat sink). Turbine generators using coils and bars made with the poly-

• A well-bonded groundwall would hold the copper conduc- ester VPI process were manufactured with this system in
tors still. If the groundwall was not well bonded, the cop- 1949, and by the early 1950s it was also being used in large
per conductors would be free to move relative to one an- motors and hydrogenerators.
other (driven by the currents in each strand creating a General Electric closely followed Westinghouse with its
magnetic field that would react against the other mag- Micapal system for turbine generators (8), using thermoset-
netic fields), leading to abrasion of the strand and/or ting epoxy resin as a bonding agent. The development of this
turn insulation. system produced two important components of groundwall in-

• Partial discharges (PDs) would occur if an air pocket ex- sulation that are still being used today:
isted in the groundwall in a coil or bar connected to the

• The introduction of mica paper (previously discussed)phase terminal (and thus operating at the highest ac
voltage). For a stator operating at 6 kV or above, suffi- • Application of a thermosetting synthetic epoxy resin
cient voltage will appear across the air gap (due to a ca- bonding material that remained stable at high tempera-
pacitive-voltage division effect) that the air will break tures
down, that is, a spark will occur in the air gap. (The elec-
tric strength of air is about 1% of the electric strength From these materials a groundwall insulation was devel-
of solid insulation.) The spark or discharge consists of oped consisting mainly of half-lapped layers of mica-paper
electrons and ions that bombard the tape layers on either tape, with a few layers of mica-flake tape material inter-
side of the air gap, and any organic materials present spersed between them. Another important feature of this sys-
will decompose into carbon. A well-bonded groundwall tem was that the epoxy bonding resin was impregnated into
will have few significant air gaps, and thus there is no the tapes prior to their application. (The early epoxies were
place for the PD to occur, preventing degradation of the too viscous to penetrate many layers of tape with the VPI
organic parts of the insulation. process.) The epoxy resin was then cured by placing the coils

in an autoclave and applying heat and pressure. This tape is
now commonly known as a resin-rich or B stage tape [the BThe limitation of the early thermoplastic groundwall mate-

rials was the relatively low temperature at which the shellac referring to the A and B (or resin and hardener) parts of the
epoxy that have been mixed]. The manufacturing process isor asphalt would lose its ability to ‘‘glue’’ the mica-tape layers
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called the resin-rich or press-cure process, to distinguish it a complete phase-to-ground breakdown) will gradually car-
from the VPI process. The first large generator using the Mi- bonize the organic portions of the groundwall, leading to
capal system was put into service in 1954. eventual failure.

Since the early 1950s, major improvements have been The problem of PD occurring on the surface of the coils in
made in the development of high-voltage groundwall insula- the slot area (sometimes called slot discharge) was prevented
tion. This improved the quality of mica paper and backing by coating the surface of the coil or bar with a carbon-loaded
materials, the mechanical properties of the resin and the pro- tape or paint. This coating has a surface resistance ranging
cesses by which the synthetic binder is applied and cured. from 500 to 10,000 � per square and is expected to be in elec-

One significant advancement was the introduction of a trical contact with the core all along the length of the slot.
global VPI (also called the post-VPI) process for small- and Therefore, any air gap between the surface of the coil or bar
medium-sized stators. In this process the coils were insulated and the core has no potential across it (the air-gap capaci-
with dry mica paper tapes. With the ‘‘green’’ coils still flexible, tance is shorted out), preventing the slot discharge.
the coils were inserted in the stator core slots and all connec- At the ends of the carbon-loaded coatings at the slot ends,
tions between coils were made. Then, the entire stator core PD occurs from the sharp edges at the end of the coating.
was inserted in a large tank, where a vacuum was drawn to Earlier, this problem was solved by applying electric stress
extract trapped air between the tape layers. The tank was grading materials, such as asbestos impregnated with high-
then filled with resin (epoxy or polyester) under pressure to resistance materials, or by embedding metal foil shielding
impregnate the coils, and the excess resin was drained away. layers into the coil groundwall at the ends of the coil
Heat was then applied by placing the stator in an oven to straights. More recently, a type of paint containing a nonlin-
cure the resin. The advantage of the global VPI process is that ear resistance material such as silicon carbide has been used
all coils are impregnated at the same time, greatly increasing to relieve the electric stress at the slot exits. Such materials
throughput; there is less chance of damaging the coils during reduce the electric stress and effectively ‘‘terminate’’ each end
insertion in the slot (since they are still flexible); and the sta- of the coil or bar, much like a high-voltage cable termination.
tor winding is very mechanically sound. Since the 1960s when
this process was introduced, the size of the stators that can

Mechanical Supportundergo global VPI has grown steadily. In the early 1990s
Siemens and ABB began producing generator stators rated Tremendous mechanical forces induced by the magnetic fields
up to 300 MVA using this process. act upon the coils or bars in the stator slots. Analysis shows

Recently epoxy resins have almost exclusively been used that within the stator slot, there is a net force that occurs
as the bonding agent by stator-winding manufacturers, be- primarily in the radial direction (i.e., up and down in the
cause they were found to be superior to polyesters in mechan- slot), at twice the power frequency. In addition, about 10% of
ical properties and resistant to moisture and chemical attack. the vibrating force is circumferential (i.e., sideways) in direc-
Also, epoxies do not shrink as much after curing. Solventless tion (9). The greatest mechanical force acts on the top bar or
grades of epoxy, suitable for use in a VPI process, are now coil, tending to push the coil or bar to the bottom of the slot.
widely available. However, many rewind shops still prefer

The forces can amount from 1 or so kg/cm of slot length in a
polyester since it is less expensive, and fewer health and

small generator, to 25 kg to 50 kg per cm length of slot insafety precautions are needed in its use. In the mid-1980s,
large turbine generators.polyester-imide VPI resins were introduced in Europe for

In addition, there are large magnetic forces acting on theclass H (class 180) windings.
coils and bars outside of the slots (the end windings or end
arms) as the magnetic fields from adjacent coils and bars in-

Stator Electrical Discharge Control teract. Again, the vibration is at 100 (120) Hz for 50 (60) Hz
current, respectively. These forces can increase dramaticallyAs soon as early machine conductor-to-ground ac rms voltages
during current surges, for example, from motor starting, sincereached values in the order of 3000 V to 4000 V, ground insu-
the forces are proportional to the square of the current. Withlation failures occurred due to slot and stator-core end region
a five-times greater motor start in-rush current, the mechani-PD. It was found that these discharges were apparently
cal force will be 25 times higher than normal, which can crack‘‘eating’’ holes, or even grooves, through the groundwall from
inadequately supported coils and bars.the outside. This effect was most pronounced at the sharp

The coils and bars need to be restrained against these con-edges formed by stator-core cooling ducts and at the ends of
tinuous vibration and the transient forces. Elaborate systemsthe stator core. At this time, the high discharge resistance
consisting of depth packing, wedges, and side packing areof mica was appreciated, since the coils with mica wrappers
used to fix the coils in the slot. Systems involving the use ofexperienced relatively little deterioration.
ripple springs (either under the wedges or on the side) haveThe cause of the PD problem is that with resin-rich and
been in use since the 1960s to take up the slack that some-VPI coils, there will always be an air gap along some portion
times develops as the insulating materials shrink just afterof the coil or bar between the surface of the coil and the
manufacture or with long-term operation at high tempera-grounded stator core. In coils or bars connected to the phase
ture. All these materials tend to be made from epoxy glassterminals of stators rated greater than 6 kV, a capacitive-
laminates or materials closely allied to them. More recently,voltage divider effect will ensure that there is sufficient volt-
resilient materials such as silicone rubber have been used toage across the air gap to ensure that the air will break down,
enable a ‘‘zero-clearance’’ fit between the bar or coil surfacethat is, a spark will occur between the core and the coil sur-
and the core (10). Usually, such materials are partly con-face. As discussed before, this discharge (which is called par-

tial since the remaining epoxy mica-tape layers still prevent ductive.
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In the endwinding, insulating spacer blocks are used to • Poor cooling system design [which may require an up-
grade in the capability of the cooling system (13)]keep the coil or bars from coming too close. Bull rings (usually

made of fiberglass or nonmagnetic stainless steel) and lashing • Unbalanced phase voltages, especially in motors, which
(epoxy or polyester-impregnated cords) are used to prevent leads to negative sequence currents (corrected by ensur-
relative movement. In some applications bracing rings can be ing that the three phases in the power system supply are
made in place using glass or polyester cord, which may be all equally loaded)
pre- or postimpregnated with resin. The endwindings are es-
sentially cantilevered beams subject to enormous forces, espe-

Operation at high temperature essentially oxidizes the or-cially in the case of large two-pole turbine generators that
ganic compounds in the insulation, making the insula-have very long endwindings. The endwinding support system
tion brittle or causing the debonding of the mica-paper tapecan become very elaborate, since metallic parts cannot be
layers. The result is reduced mechanical strength and, inused due to the presence of high voltage, and one has to allow
medium- and high-voltage stators, the occurrence of PD,for the axial expansion of the winding as the load increases
which leads in insulation puncture.(11).

Another important failure mechanism in nonglobal VPI
windings is the eventual abrasion of the groundwall insula-Direct Stator Winding Cooling
tion due to coil or bar looseness in the slot. Looseness occurs

For turbine generators rated more than about 100 MW or hy- because organic insulation materials shrink over the years,
drogenerators rated more than about 500 MW, it is common and the effectiveness of the ripple springs and wedging de-
to cool the high-voltage copper conductors in the Roebel bars creases, especially in the presence of oil. Loose coils and bars
directly. Since the copper conductors are at high voltage, the in the slots vibrate against the laminated steel stator core,
cooling medium must be able to withstand the voltages as it abrading the insulation. When about one-third of the
traverses the cooling circuit. Some stators, principally those groundwall has been abraded, a ground fault occurs. This
rated from 100 MW to 600 MW made by Westinghouse, Sie- mechanism is most prominent with epoxy–mica paper wind-
mens, and Mitsubishi, are directly cooled with high-pressure ings, since epoxy does not expand to fill the slot when it is
hydrogen gas. Usually stainless-steel tubes run the length of brought up to operating temperature. The mechanism can be
the bar, immediately adjacent to the high-voltage copper con- slowed by rewedging, replacing ripple springs and/or packing
ductors. Since hydrogen has to flow through these tubes at materials, and sometimes by injecting of carbon-loaded silicon
the end of the bars, the metallic tubes are exposed, that is, rubbers or epoxies into the slots to replace material that has
protrude through the groundwall insulation. If the winding been abraded and to fix the coils or bars.
gets coated with partly conductive films such as dirty oil, then The third most important failure mechanism is electrical
electrical tracking to ground or to another phase can occur. tracking due to partly conductive pollution over the endwind-
To limit this possibility, very long surface ‘‘creepage’’ dis- ings of the stator. As discussed previously, this allows small
tances must be present. power-frequency currents to flow between coils operating at

Direct water cooling is also very common in large genera- different voltages. Since there will be some portions of the
tors. The water is introduced to one end of the bar, usually current path that will have higher resistance, relatively high
by means of a polytetrafluoroethylene (PTFE) (DuPont trade voltages will appear at discontinuities, leading to sparks or
name: Teflon) hose, connected to a grounded water pipe sys- discharges. The sparks degrade the organic parts of the insu-
tem. The water flows down the bar in hollow copper tubes, lation, leading to carbon tracks over the insulation surfaces.
which also serve as the high-voltage conductors, and pass out After many years, the tracks can lead to phase to phase or
the other end, again by a Teflon hose. Since the conductors phase to ground faults. The mechanism is slowed by cleaning
are at high voltage and the water has to pass to ground poten- the windings to remove any conductive films.
tial for removing the heat, the water must be insulating, that Finally, an important failure mechanism for large two- and
is, demineralized and deionized. Thus, water and the Teflon four-pole turbine generators occurs as a result of endwinding
hoses are part of the insulation system. vibration. Such large machines have endwindings that can be

2 m or more long. This long endwinding can be very difficult
Failure Mechanisms to support physically, allowing relative movement of the bars

against one another, or fatiguing of the insulation at the slotA detailed description of the failure mechanisms for form-
exit, driven by the 100 (120) Hz magnetic forces. The relativewound stator-insulation systems and the associated repair
movement gives rise to insulation abrasion (greasing) and in-procedures is beyond the scope of this article. A summary list-
sulation cracking. The only effective fix is to improve the end-ing of the various failure processes is shown in Table 3, with
winding support system and replace any loose blocking, brac-more extensive descriptions in Ref. 12. It is apparent that
ing, and lashing. Many other less common failure processesthere are many different failure processes.
are identified in Table 3.The most common failure mechanism of stator windings is

probably due to the long-term operation of the insulation at
relatively high operating temperatures. The high tempera-
tures come from RANDOM-WOUND STATOR WINDINGS

• Overloading of the motor or generator Random-wound stators are most commonly used in motors
and generators below about 1000 V. They are much less com-• Deterioration of the cooling system (from blockage of the
plicated than form-wound stators and experience fewer fail-cooling ducts, etc., which normally just requires cleaning

to reverse) ure mechanisms.
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Magnet-Wire Insulation turn to turn faults. In addition, the varnish or resin will im-
prove the transmission of heat from the copper to the statorMagnet wire, that is, copper or aluminum conductors with
core, since the number of air pockets are reduced. As IFDsinsulating enamels or films bonded to the conductors, is
permeate the market, the voltage surges they create can leadformed into coils, usually by coiling machines. The insulation
to destructive PDs in any air pockets. Thus filling of the airmaterials used over the years are discussed in a previous sec-
pockets with varnish or epoxy is becoming more critical, sincetion entitled ‘‘Strand Insulation.’’ The most common magnet
PDs can only occur if air pockets exist.wire for random-wound stators in use today is a round copper

The materials used for varnish or resins follow the samewire insulated with a polyamide-imide insulation (class
progression over the years as impregnates for form-wound220�C) or polyester with a polyamide-imide overcoat. The in-
stator coils (see the section entitled ‘‘Groundwall Insulation’’).sulation thickness is usually from 0.05 mm to about 0.1 mm.
Today, acrylic, polyamide, and polyimide are used as var-The most common standard covering magnet wires is NEMA
nishes, and solventless polyesters and epoxies are used as res-standard MW1000. The insulation on the magnet wire serves
ins. The varnishes are usually applied by dipping the statoras the coil-turn insulation. Failure of the magnet-wire insula-
in a tank of varnish and then heat-curing the stator (referredtion normally yields a turn-to-turn short or turn-to-ground
to as a ‘‘dip-and-bake’’ process). For better impregnation toshort circuit, which normally leads to rapid stator winding
minimize the possibility of air pockets within the winding (tofailure due to high circulating currents melting the copper
improve heat transfer and eliminate partial discharges), aconductor.
VPI process using a solventless epoxy or polyester is pre-With the introduction of IFDs, even motors rated as low as
ferred.440 V have been observed to have the white powder associ-

Recently, trickle coating processes have been introducedated with partial discharge deterioration on the turns con-
for small stators. In this case, rapid curing resins are tricklednected to the phase terminals. Thus new magnet wires have
or poured slowly on the preheated endwindings while the sta-been introduced that contain metal oxides to impart PD resis-
tor is rotated. The resin cures at low or ambient tempera-tance to the normal organic insulation (3,4). These filler mate-
tures. This process offers significant processing speed and in-rials are expected to increase the life of windings subject to
creased resin thickness in appropriate applications.voltage surges from IFDs.

During the 1990s, there has been a trend away from sol-
vent-based varnishes toward solventless resins, even for dip-Phase and Ground Insulation
and-bake applications. Originally this was to comply with en-

Figure 5(a) shows the cross section of a random-wound stator
vironmental regulations. However, solventless resins tend toin the stator slot. As with form-wound machines, typically
produce few voids and have improved heat transfer.there are two coils, often from different phases, in the same

slot. Thus phase insulation is often used to separate the two
Failure Mechanismscoils. The most common phase insulation are papers made

from the synthetic material aramid, sold under the DuPont Many of the deterioration processes listed in Table 3 for form-
tradename Nomex. Nomex has a 220�C thermal classification,

wound machines are relevant to random-wound machines.
is resistant to chemical attack, and has excellent tear resis-

The most common failure processes for random-wound statorstance. Depending on the voltage class, the paper may be from
are as follows:0.1 mm to 0.5 mm thick.

The same aramid material is used as a slot liner to provide
• Oxidation of the insulation due to long-term operation atextra ground insulation between the coils and the stator slot.

high temperatures. This makes the insulation brittle soSimilarly, this material is often used between coils in differ-
that during motor starting, the insulation is easilyent phases in the end winding.
cracked, leading to short circuits if moisture or partly

Wedging conductive contamination is present. Making sure that
the cooling system is effective (usually by cleaning theAs with form-wound machines, the coils need to be secure in
machine) and making sure a motor is not started too fre-the slot to prevent relative movement of coils and turns
quently or overloaded are the best ways to slow thermalagainst one another, or between the coils and the laminated
deterioration. In addition, motor users should make surestator slot. An important component to achieve this is the
there is no more than 1% or so difference in the voltageswedges [Fig. 5(a)]. Modern wedges are made from epoxy glass
between phases.laminates (NEMA G10 or G11) material, which have a 155�C

• Electrical tracking due to partly conductive contamina-or 180�C thermal classification.
tion. Contamination may be due to moisture or dirt mix-

Varnish Treatment and Impregnation ing with oil or other liquids. Winding cleaning is the best
repair, possibly followed by a dip and bake with a var-Most random-wound stators are coated with a varnish or
nish or resin (see preceding section).resin after the coils have been inserted in the slot. This coat-

• For motors using an IFD, partial discharges from theing imparts resistance to moisture and contamination (which
high-voltage spikes, which such drives produce. There islead to electrical tracking) and improves the electrical break-
little that can be done to slow this process, except to re-down strength of the windings. Since the NEMA MW1000
wind with a partial-discharge-resistant magnet wire andspecifications for magnet wire do allow a certain number of
impregnate using the VPI process or install filters be-pinholes in the insulation per length of wire, the varnish or

resin make sure that partly conductive films cannot lead to tween the IFD and the motor.
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Many other failure processes can also occur, but usually then heavy currents will flow, usually damaging the rotor
body. Turn-to-turn short circuits do not result in machine fail-with less probability.
ure. The only consequence of a small number of turn short
circuits are that the dc field is not as strong (requiring more

ROTOR WINDINGS excitation current for the same load), the magnetic field may
be unsymmetrical (leading to vibration), and the currents in

This section discusses only rotor-winding insulation systems some slots will be higher than others, leading to thermal
for salient-pole and round-rotor windings, most commonly bends, which again can increase bearing vibration. Turn short
found on synchronous machines (motors and generators). circuits, however, can imply that a ground fault may occur in

the future, especially if the number of turn short circuits is
Round Rotors increasing with time.
Figure 6(a) shows a photograph of a round rotor as used in a

Salient-Pole Rotorsturbine generator spinning at 3600 revolutions/min. Copper
conductors forming the field winding are embedded in a non- In salient-pole rotors, the field winding is made from insu-
magnetic steel slot, with epoxy glass laminates serving as the lated or uninsulated copper conductors that are formed
ground and turn insulation [Fig. 6(b)]. Often the copper con- around the periphery of a laminated steel pole (Fig. 6). There
ductors are bare strips of copper, rather than being insulated are two basic construction types:
as in a magnet wire. Outside the slots (i.e., in the endwinding)
the copper goes through a right-angle bend and traverses to • The strip-on-edge type, which is used in most hydrogen-
the other slot required to make a pole. Insulation is also re- erators and higher-speed synchronous motors and
quired here to isolate the turns from one another and to iso- standby generators [Fig. 6(b)]. This construction consists
late the turns from the grounded-retaining ring (now usually of coils made from wide copper strips joined at the cor-
made of stainless steel), which ensures that the end windings ners or from a continuous strip bent at the corners, as
remain in place when the rotor is spinning. illustrated in Fig. 6(b). This type is used because it is

The stresses that the rotor winding insulation are exposed mechanically strong and can be easily braced against the
to are different from those in the stator winding (see the sec- centrifugal forces imposed in high-speed machines (up to
tion entitled ‘‘Insulation System Requirements’’) and include: 900 revolutions/min) and large-diameter slow-speed ma-

chines. In modern rotors of this type, the turns are insu-
• Thermal stress from the I2R dc current losses in the field lated from one another by Nomex paper bonded to the

winding copper strips by epoxy and hot pressed to consolidate the
• Centrifugal force from the high rotational speed of the winding prior to insertion on the pole.

rotor • The wire-wound, multilayer type, which is used in small
• Relatively low electrical stress, since the field winding hydrogenerators and medium- and slow-speed synchro-

rarely operates at more than 1000 V dc nous motors and standby generators [Fig. 6(c)]. This con-
struction uses preinsulated magnet wire that can be di-• Oil, moisture, and abrasive materials that may be pres-
rectly wound into the required coil configuration. Thisent in the air gap, which can cause electrical tracking
configuration is used where possible because manufac-between the turns or to ground
turing costs are significantly lower than those for the• Expansion and contraction of the copper conductors ev-
strip-on-edge type. These coils can either be wound di-ery time the machine is turned on and off, where the
rectly onto the pole or be preformed before fitting. Thecopper movement leads to abrasion of the insulation and/
magnet wire insulation may be variations on the amide-or distortion of the copper conductors in the endwinding
imide films discussed in the section entitled ‘‘Strand In-
sulation.’’. For larger rotors, the magnet wire is oftenIn rotors for machines larger than about 100 MVA, the
overcoated with a fiberglass or Daglas tape to add physi-rotors are often directly cooled by air or hydrogen gas to ex-
cal bulk and greater mechanical strength.tract the I2R losses directly from the rotor winding. The cool-

ing channels can sometimes become blocked by debris or from
To isolate the strip on edge or the multilayer coils fromthe insulation slipping or ratcheting under the load cycling

the grounded pole, modern machines now mainly use epoxyforces. (Hydrogen cooling is used on larger generators since
glass laminates.hydrogen creates less windage loss than air, thus improving

As with round rotors, one ground fault can be tolerated,the efficiency of the generator.)
and a large number of turn-to-turn faults can be toleratedOlder round rotors used asbestos strips or mica backed
before machine failure. However, any short circuits shouldwith asbestos as the slot and turn insulation. Such materials
be investigated.had very high thermal capability. Most modern machines use

polyester or epoxy strips reinforced with fiberglass (NEMA
G10 or G11) as the insulation. WINDING TESTING AND MONITORING

The failure of the rotor insulation does not result in imme-
diate failure of the machine. Since the entire rotor winding is The deterioration processes of the electrical insulation that

ultimately lead to motor and generator failure normally takeusually isolated from ground (i.e., the potential of the rotor
body), one rotor ground fault can occur with no impact on many years or decades to play out. That is, many years before

failure, it is often possible to detect that deterioration is oc-machine operation. However, if a second ground fault then
occurs, and if the two ground locations are widely separated, curring. If a deterioration process is discovered, it is often pos-
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Table 5. Common Off-Line Stator Winding Tests

Relevant
Name Description Performance Difficulty Effectiveness Standard

Insulation resistance Apply dc voltage for 1 min to Easy Only finds contamination or IEEE 43
measure leakage of current- short circuits
rated voltage

Polarization index Ratio of 1 min and 10 minute IR Easy Only finds contamination or IEEE 43
short circuits

Dc high potential Apply high dc voltage for 1 min Easy Only finds serious defects IEEE 95
Ac high potential Apply high ac voltage for 1 min Moderate, due to large trans- More effective than dc high

former needed potential
Capacitance Apply low or high voltage to mea- Moderate Moderately effective to find

sure winding capacitance to thermal or water leak
ground problems

Dissipation (power) Apply low or high voltage to mea- Moderate Moderately effective to find
factor sure insulation loss thermal or water leak

problems
Power factor tip-up Differences in insulation loss Moderate Effective to find widespread IEEE 286

from high to low voltage thermal or contamination
problems in FW

Off-line partial discharge Directly detect PD pulse voltages Difficult Finds most problems except IEE 270
at rated voltage end winding vibration, for

FW only
Surge comparison Apply simulated voltage surge Difficult to determine if punc- Effective for finding turn in- IEEE 522

ture occurred in FW sulation problems in RW
and multiturn FW

Blackout Apply high ac voltage and look Moderate Effective for contamination
for discharges with lights out problems in end winding

Wedge tightness ‘‘Hammer’’ wedges to see if loose Moderate Effective to find loose wind-
ings in FW

Side clearance Insert ‘‘feeler gauges’’ down side Easy, after wedges removed Effective to find loose wind-
of slot ings in FW

a FW is form-wound winding; RW is random-wound winding.

sible to repair the deterioration or reduce the rate of deterio- A detailed description of all the tests and monitors used in
rotor and stator winding evaluation is beyond the scope ofration (thus delaying failure) by maintenance or changes in

machine operation. These actions lead to a longer winding life this article. Additional information is presented in INSULATION

TESTING. As a summary, Tables 5 and 6 present the main off-and delay rewinding. In addition, the risk of an in-service fail-
ure and the consequential damage that may occur is reduced. line tests that are currently in use to evaluate stator and ro-

tor windings, respectively. Table 7 presents the on-line moni-The key to long winding life is to detect any deterioration
mechanism that may be occurring as soon as possible. This toring that can detect rotor- and stator-winding problems dur-

ing normal motor and generator operation.will allow repairs, maintenance, and/or operation changes at
an early stage in the failure process, increasing the overall In reality, it is not practical to employ all the tests shown

in Tables 5 to 7, since the testing and monitoring costs wouldlife of the windings. Experience has shown that predictive
maintenance (also called condition-based maintenance), be too high, and in the case of testing, the machine would be

out of service more than is necessary. Instead, to ensure longwhere repairs or corrective action is taken if and only if dete-
rioration has been detected, can be very economically applied winding insulation life, one needs, as a minimum, to do the

following:to rotating machine windings.
Over the past decades, several tests and monitors have

• Ensure that a new winding is subjected to the appro-been developed to allow machine users to detect deterioration
priate commissioning tests and meet the minimum condi-in the early stages, enabling predictive maintenance. As used
tions. The commissioning tests usually include an insula-here, tests will refer to measurements taken while the motor
tion resistance test and a high potential or ‘‘hipot’’ testor generator has been shut down (i.e., off-line tests). Monitor-
(with the winding sometimes sprayed or immersed in wa-ing (sometimes known as on-line testing) will refer to mea-
ter). For form-wound machines, a power factor test andsurements taken during normal operation of the machine.
tip-up test are also often required.The definitive means of assessing the condition of the winding

insulation is a visual inspection by a knowledgeable expert. • Monitor the winding temperatures and bearing vibration
Unfortunately, a good inspection requires a long machine (since the latter is a good indication of rotor-winding
shutdown and disassembly of the machine. Thus inspections problems). In addition, for machines rated 4 kV or above,
are the most invasive means of determining if maintenance monitor the in-service partial discharge activity. Al-

though beyond the scope of this article, monitor the sta-is required.
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Table 6. Common Off-Line Rotor Winding Tests

Types of
Name Description Performance Difficulty Winding Effectiveness

Insulation resistance Apply dc voltage for 1 min to Easy All Only finds contamination
measure leakage current or short circuits

Polarization index Ratio of 1 min and 10 min Easy All Only finds contamination
IR or short circuits

Dc high potential Apply high-voltage dc volt- Easy All Only finds serious de-
age for 1 min fects

Ac high potential Apply high ac voltage for Moderate, due to large trans- All More effective than dc
1 min former needed high potential

Open circuit Measure generator output Moderate All Effective only for genera-
voltage a function of field tors, needs measure-
current to find short- ment when rotor OK
circuited turns

Impedance test Apply 50 (60) Hz current Moderate All rotors with
and measure V/I at differ- slip rings
ent speeds to find turn
short circuits

Pole drop Apply 50 (60) Hz current Easy SPRa Only finds short circuits
and measure voltage drop that occur when rotor
across each pole to find stopped
poles with turn short cir-
cuits

Surge voltage Find turn and ground faults Difficult RRa Effective if close to dead
by measuring discontinu- short circuit
ities in surge impedance

a RR is round rotor; SPR is salient-pole rotor.

tor currents in squirrel-cage induction motors, since this formed. For random-wound machines, the ac test is usu-
will detect broken rotor bars. ally the capacitance or dissipation factor test. For form-

wound machines rated 4 kV and above, the partial dis-• Usually about once per year, take a short machine shut-
charge test is the best indicator of stator problems. Indown where at least one dc test (usually the insulation

resistance or polarization test) and one ac test is per- addition, since end-winding vibration problems are not

Table 7. Common On-Line Monitors for Rotor and Stator Windings

Performance Difficulty
Name Description Applicability and Cost Effectiveness

Temperature RTDs thermocouplers in All machines Easy; inexpensive Very effective to find
stator, V/I measurement widespread thermal
on rotor problems

Bearing vibration Accelerometers measure All machines Moderate; inexpensive Finds rotor winding turn
bearing vibration faults

Ozone Measures O3 concentration Stators � 6 kV Moderate; inexpensive Finds stators with ad-
vanced deterioration
by surface PD

Condition (particulate) Measure ‘‘smoke’’ in Hydrogen-cooled Moderate; very ex- Finds very overheated
monitors hydrogen-gas stream generators pensive (burnt) insulation

Conventional on-line Expert measures PD from Stators � 4 kV Great expertise; mod- Effective for finding most
PD capacitors or RF current erate problems

transformers
PDA or TGAa On-line PD test using per- Stators � 4 kV Easy; moderate Effective for finding most

manently installed sen- problems
sors and noise-canceling
instrumentation

End-winding vibration Use optical sensors to Normally two and Moderate; very ex- Effective for finding en-
measure end-winding four pole gener- pensive dwinding vibration
vibration ators

a Partial Discharge Analyzer or Turbine Generator Analyzer Test, respectively (14).
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easily detected with electrical tests, a quick visual in-
spection of the stator end windings for cracks, abrasion,
and greasing (a black sludge at interfaces) is useful.

With the strategy just outlined, it is likely that most problems
that can result in winding-insulation failure in the next few
years can be identified, allowing corrective action.
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